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Abstract: Prostate cancer is the second leading causenoécaelated deaths in men
from the western world. Treatment of prostate eanigas relied on androgen
deprivation therapy for the past 50 years. Respaates are initially high (70-80%),

however almost all patients develop androgen esaagesubsequently die within 1-2
years. Unlike breast cancer, alternative approa@ttemmotherapy and radiotherapy)
do not increase survival time. The high rate ofspate cancer mortality is therefore
strongly linked to both development of androgenapscand the lack of alternate
therapies.

AR mutations and amplifications can not explaincases of androgen escape
and post-translational modification of the AR hascdme an alternative theory.
However recently it has been suggested that ARctwadors e.g. SRC-1 or pathways
the bypass the AR (Ras/MAP kinase or PI3K/Akt) nséiynulated prostate cancer
progression independent of the AR. This review feitus on how AR coactivators
may act to increase AR transactivation during spitmal DHT concentrations and
also how signal transduction pathways may promotiragen escape via activation
of transcription factors, e.g. AP-1, c-Myc and Mybat induce cell proliferation or

inhibit apoptosis.
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INTRODUCTION

In 2001 prostate cancer was responsible for apprabely 10,000 deaths in the
UK, making it the second most common cause of noalecer related deaths [1].
Treatment for advanced or metastatic prostate cahes relied on androgen
deprivation therapy for the past 50 years [2]. pfdsent, few treatment options offer
effective relief for patients who develop resiseme androgen deprivation. The lack
of novel and effective therapies to treat this assereflects a poor understanding of
the mechanisms underlying development of both thengry disease and more
particularly those events, which drive resistande.part 1 of this review we have
described how prostate cancer growth is stimul@edesponse to androgens and
consequently how androgen deprivation therapy tactombat this. We have then
continued by explaining how modifications to the Aelf via mutations,
amplification and phosphorylation may impact theelepment of androgen escape.
However in recent years it has became increasiagparent that androgen escape
may also involve mechanisms that do not directlydifyothe AR. It is these
mechanisms that we are going to concentrate omigfdart of the review, these
include AR co-factors and how they may influence #&hsactivation and also how
signal transduction pathways can act independerih@fAR to influence prostate
cancer cell growth and survival.
ACTIVATION OF THE ANDROGEN RECEPTOR
Androgen dependent transcription as describeddrpthvious review (part 1) may be
significantly enhanced by interactions betweenARe and “co-activators” [3]. AR
co-activators are proteins that generally do naméelves bind DNA, but are
recruited to gene promoter regions through propeotein interactions with AR,

usually in a ligand dependent manner. A comprdkienisst of currently known



proteins that interact with the AR is availabletie appendix of a recent review by
Lee and Chan, 2003 [4]. Co-activators functiofiatmlitate assembly of transcription
factors into a stable pre-initiation complex. bid@ion, some co-activators including
steroid receptor coactivator-1 (SRC-1), cAMP resgorelement binding protein
binding protein (CBP), and p300 can also remodebrolatin by acetylating histones
and recruiting the p300/CBP associated factor whiehbours intrinsic histone
acetyltransferase activity. When the ligand bo#Ri dimer binds to AREs, co-
activators and p300/CBP associated factor are itedru This loosens the
nucleosomal structure of the gene, by targetedmistcetylation, and initiates the
stable assembly of the pre initiation complex wiaitt bridging function. The end
result is an enhanced rate of transcription indraby RNA polymerase Il.
HORMONE RESISTANT PROSTATE CANCER

As discussed previously in part 1 the functionmdragen deprivation therapy is
to prevent the activation of AR mediated gene tap8on. Recently it has been
demonstrated that androgen escape may note ordyiddéo modification of the AR,
but may also involved the action of AR co-activator pathways independent of AR.
In the remainder of this review we summarise oument understanding of the
molecular mechanisms underlying androgen escage patticular emphasis on AR
co-activators and AR bypass pathways.
ANDROGEN RECEPTOR COFACTORS

AR co-factors by definition are proteins that, thgh binding directly or in a
multi-protein complex to the AR, increase or inhithie transcriptional activity of the
AR. It is most likely that AR co-activators contributethe development of AIPC by

increasing AR transcriptional activity in the prese of low ligand concentrations or



by altering the ligand specificity of the AR|Jlowing antiandrogens and oestrogens to
act as agonis{®].

Co-activators known to alter ligand specify of tAR include AR-associated
proteinsCBP, 3 catenin,ARA55 and ARA70 [6-8]. These co-activators can change
the action of antagonists to agonistsallow other steroids to activate the Aaénhd
may thus be important in the development of clingcalrogen escape.

CBP is overexpressed in hormone refractory prostaecer and allows
hydroxyflutamide to function as an agonist in vif). The AR co-activators ARA55
and 3 catenin/S33F, alter AR ligand specificity and em& AR transactivation in
response to estradifB]. Phosphorylation of ARAS55 by proline rich tyrosikimase 2
(PYK2) decreases AR transcriptional activity as gpiwmrylated ARAS55 cannot
interact with AR. Both PYK2 and ARAS55 are expressed normal prostate
epithelium, however as prostrate cancer prograbsesxpression of PYK2 is reduced
resulting in decreased ARAS55 phosphorylation armleased AR/ARASS interaction
[9]. This ultimately results in an increase in Akediated transcription, and increased
PSA expression.

ARA70 may also modify AR ligand specificity in tlikevelopment of hormone
refractory cancer. Yeh et al. [6] first reported AR as an AR specific co-activator in
1996, and ARA70 overexpression occurs in prostateer and hormone refractory
CWR22 xeonografts [7]. ARA7O0 interacts primarilyithvthe AR ligand-binding
domain, and enables antiandrogens hydroxyflutaramdebicalutamide to function as
AR ligands, increasing transcriptional activity [1OElevated ARA70 expression in
hormone refractory prostate cancer promoting ARvatbn by antiandrogens may
contribute toward the failure of maximum androgésckade even in the presence of

wild type AR. In addition to the action that ARAT@s on anti androgenis) vitro



experiments demonstrate that increased ARA70 esioresilows low concentrations
of adrenal androgens (similar to those found irueduring maximum androgen
blockade) or estradiol to activate AR [11].

However the function of ARA70 as a specific AR aiihzator is disputed by
two groups who demonstrated that ARA70 binds teotiuclear receptors and that
up-regulation of AR activity by ARA70 does not atidthe enhancement of activity
caused by other co-activators [12,13]. In additfdan et al. 1999, reported that
vitro mutations in the ligand binding domain of the ARttimpaired the interaction
with ARA70 and AR only moderately decreased AR saaiptional activity [13].
However the weight of evidence supports the rol@BA70, interacting with both
wild type and mutated AR, in development of hormoefeactory disease [14].

Co-activators that influence development of andnogscape by activating the
AR in the absence of ligan@r at low ligand concentration#clude SRC-1p300,
Tip60, SRC-3and c-Jun.

C-Jun functions as an AR co-activator by bindingtlie N-terminal binding
domain at amino acids 503-555 [15]. This regiomtams many phosphorylation
consensus sites and is critical for ligand indepenhdransactivation of the AR [16],
however, the role of phosphorylation in promotingrdibiting AR/C-Jun interaction
remains unclear at this time. Binding of c-Juntlte N-terminal binding domain
promotes AR homodimerisation (via an AR N-C domiateraction) allowing AR to
bind to DNA in a sequence specific manner and ac &anscription factor even in
the absence of ligand [17]. Howeven vivo, either in normal physiological or
androgen depleted states, it is likely that thisriaction serves to potentiate the action
of AR in the present of low concentrations of ligait is thought that c-Jun can act in

conjunction with the co-activator TIF2 (SRC-2) whigs also overexpressed in



hormone refractory tumours to potentiate AR trahgation. The effect of c-Jun and
TIF2 binding on AR transactivation is additive [17]

TIF-2 is a member of theteroid receptor cofactor family (SRC1, TIF2(SRC2)
and AIB1 (SRC3/RAC3)). This family is commonly oegpressed in hormone
refractory prostate cancer and is known to poten#dr transcriptional activity in the
presence of androgens [18The formation of AR homodimers may be mediated by
SRC-1 which targets both the N-terminal domain @nedligand binding domain [15].
It has also been reported that the MAP kinase nmayease AR activity by
phosphorylating SRC-1, independent of AR phospladigh (Fig. 1) [14,19]. This
offers an alternative route for MAP kinase signadnsduction to influence the
development of androgen escape [3JRC-1 is increased in a large proportion of
recurrent prostate tumours and in LNCaP cells ihaeces ligand independent
activation of the AR by binding to of the N-terminbinding domain. Physical
interaction between the N-terminal binding domainPA& and SRC-1 is critical for
androgen independent AR signalling in LNCaP cel8][ Although such physical
AR/SRC-1 interaction does not require phosphomytattf SRC-1 by MAP kinase, it
is only when SRC-1 is phosphorylated by MAP kinted the AR is activated in the
absence of androgens [3]. The interaction of phosgpated SRC-1 with the AR
results in activation of the AR to the same magtetas that obtained by DHT [20].
In the physiological situation it may be a combimatof MAP kinase phosphorylating
the AR to sensitise it to DHT, allowing it to entdre nucleus and MAP kinase
phosphorylating SRC-1 to increase transcriptionativily. SRC3 expression
correlates with decreased disease free survival fadititates RNA polymerase I
recruitment to a distant enhancer element of th& §&he resulting in increased PSA

levels in response to very low level adrenal anensg18,21].



AR co-activator Tat interactive protein, 60 kDag80) expression and nuclear
localisation increases in response to androgendvatial in both CWR22 prostate
xenografts and LNCaP prostate cancel cells.[2R] hormone refractory tumours
Tip60s exclusive nuclear localisation may mediatereaased AR sensitivity to low
concentrations of androgens as Tip60 is linked wigmscription of PSA gene in
hormone refractory cells lines and is thought tiluence transcription of other AR
genes by inducing changes to the acetylation stdtAR [23].

Expression of the AR co-activator p300 correlatiovith high Gleason score
and is associated with prostate cancer progred@éh P300 is associated with
proliferation of prostate cancer cells bothvitro andin vivo, and is thought to be
involved with the cell cycle. In prostate cancetl dine models, IL-6 stimulated
growth in the absence of androgens requires p3@Gary apoptosis is not detected
following p300 silencing. Therefore p300 may be amant in the development of
hormone refractory prostate cancer [24].

The balance of co-activators to co-repressors h&s l@een demonstrated to
influence the development of androgen escape, idlyem the presence of AR
antagonists. Cell line studies demonstrate thditiad of bicalutamide to cell culture
medium results in a slight reduction in the intéactof SRC-1 with AR. However,
more significantly, when biclutamide is added te ttell culture medium a large
increase in the interaction between the AR andcieepressors SMRT is noted.
However if when SRC-1 is over expressed in thid loeé, this interacts with the
receptor in preference to the co-repressor. Thezehs with breast cancer resistance,
androgen independence may be a combination ofsecetion of co-activators with
AR as well as recruitment of co-repressors. Thilarice should be investigated in the

clinical situation in more detail [25]. It has Ibeguggested that hormone independent



transcriptional activity of the AR and may be meelhsolely through interactions
with co-activator such as the SRC family and p3tH].[

The third mode by which AR cofactors can influertbe development of
androgen escape is not as well established andvas/dinding of co-factors to the
AR resulting in AR translocation to the nucleusn éxample of this is STAT3, which
is a member of the JAK/STAT3 pathwayn vitro studies demonstrate that IL-6
activation of the JAK/STATS3 pathway is accompangth transition from androgen
sensitive to androgen insensitive prostate canekrgoowth [26](Fig. 2). Levels of
activated STAT3 are significantly higher in the in@ne refractory prostate cancer
cell lines (DU145 and PC3) than in hormone sersiggll lines (LNCaP cells) [27].
In LNCaP cells the activated dimer of STAT3 bindgmhd free AR before entering
the nucleus therefore facilitating the translogatd AR to the nucleus in the absence
of androgens [28]. The AR/STAT-3 complex can ativandrogen regulated gene
transcription and PSA expression is elevated everthe absence of androgens
[28,29]. This mechanism is supported by datadleatonstrates IL-6 can activate the
AR in a ligand independent manner [3Q{lowever, it should also be noted that the
oncogenic role of STAT3 in prostate cancer is nearty established and STAT3 has
also been correlated with IL-6 induced growth driascell lines including LnCaP
cells [31,32].

In summary, there is now strongvitro evidence that implicates AR co-factors
in the development of androgen escape via thretesoualtering ligand specificity,
activation in the presence of low levels of andregand translocation to the nucleus.
However these have not all been demonstratedvo. The clinical evidence that is
available to supports the role of co-factors ireratly the specificity of AR to

surrogate ligands (e.g. flutamide), may explain VA8A levels fall in some patients



following anti-androgen withdrawal. As in breasincer, this may indicate a degree
of anti-steroid therapy dependence in these tumdimsse patients may respond well
to removal of anti-androgen therapy. In the lightswongin vitro evidence for the
involvement of AR co-factors in the promotion oémstid resistance, studies seeking
to identify thein vivo significant of these findings are urgently reqdir©nly once
such evidence is available will we be able to detee the potential of these

pathways as therapeutic targets in hormone insemgitostate cancers.

ANDROGEN RECEPTOR BYPASS PATHWAYS.

As previously discussed in part 1, the MAP kindsg.(1), PI3K (Fig. 3) and
PKC (Fig. 4) cascades may be involved in the dgreknt of androgen escape via
activation of the AR. These pathways may also hawebe involved in the
development of androgen escape by increasing celifgration and decreasing
apoptosis completely independently of the AR. Rus/Raf/MAP kinase cascade
may influence cell cycle regulation and/or increasd proliferation via AP-1, c-
MYC and NF«B transcription factors [33-35] (Fig. 1IMembers on the MAP kinase
cascade are amplified in hormone refractory prestancer [36] and cell line studies
demonstrate that androgen escape may be inductdrsfection with Ras, resulting
in increased expression and activation of MAP len§33]. Weber et al. 2004
demonstrated that following castration, prostatecearecurrence in mice correlated
with up-regulation of phosphorylated and hencevatéd MAP kinase [37]. It has
also been demonstrated in human tissue that aeraserin Raf expression in the
transition from hormone sensitive to hormone ratmacprostate cancer is associated

with time to relapse and expression of activatedPM#nase increases with Gleason
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score, tumour grade and androgen resistance [3H#BIce it is evidence that the
MAP kinase cascade is associated with the developraé hormone refractory
cancer, however the down stream events remain tcaigied. We have recently
demonstrated that those patients who express ligtlsl of phosphorylated c-Jun
survive for a significantly shorter period than seowho express low levels of
phosphorylated c-Jun [39]. This data supportdeafay AP-1 activation possibly via
the MAP kinase cascade in the development of hoemefractory prostate cancer.
AP-1 is involved in control of cell growth and difentiation, and is composed of the
nuclear proteins c-Jun and c-Fos, encoded-jun andc-fos proto oncogeneAP-1
can either be a c-Jun/c-Jun homodimer or a c-Joogcheterodimer, the latter being
the most stable [40]. Formation of either dimeguiees c-Jun phosphorylation at
serine residues 63 and 73 by c-Jun N-terminus &ir@slK)[40]. AP-1 induces
transcriptional activation by binding to the TPAspensive element (TRE) [40].
TRESs are recognised by both AP-1 c-Jun homodimaascaJun/c-Fos heterodimers
[40]. AP-1 is thought to influence the developmehandrogen escape by competing
with the AR to alter expression of androgen regulajenes (Fig. 1)[40]. AR and AP-
1 are capable of binding to each other, this pnfpeotein interaction prevents either
from being able to bind to DNA and hence resulta itlecrease in gene transcription
[40]. However evidence also suggests that AP-limenease expression of androgen
regulated genes by binding to a TRE domain witlie promoter region [40].
Therefore the effect of AP-1 on androgen regulagemse expression could be
dependent on the ratio of AR to AP-1 and the abdit free AP-1 or AR to bind to
specific promoter regions within the androgen ratgd gene [41]. Such competition
could influence the ability of AP-1 to increase mgen regulated genes in the

absence of androgens and hence might influencdetelopment of androgen escape
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[42]. This is especially important in androgenuladed genes which contain multiple
TRESs in the promoter region such as PSA and PSMA [4#h a situation where the
ratio of AP-1 to AR is high (e.g. in the absencanéflrogens), there would be less AR
available to initiate transcription by binding teetARE [40]. However there would
be excess AP-1 available for binding to an altevealRE, resulting in an increase in
androgen regulated gene expression. Therefoseciinceivable that such a situation
could influence the development of androgen escapécrease androgen regulated
gene expression in the absence of androgens [40d3jtro work has demonstrated
that in PC3 cells (prostate cancer cells which havegressed to androgen
independence), the intracellular concentration-&fic and c-Fos is 7 fold greater than
in LNCaP cells (androgen sensitive prostate caceks)[40]. This suggests that AP-
1 influences androgen escape in the PC-3 cell J¢lH. Our work in vivo
substantiates that found in cell line studies #Rt1 is involved in the development
of hormone refractory prostate cancer[39].

Similarly Akt may influence the development of amgien escape independent
of AR phosphorylation. Akt has been demonstratetidee roles in control of cell
apoptosis and proliferation in prostate cancerloedls. Akt may inhibit apoptosis by
suppressing the pro-apoptotic functions of BAD, @ar*® phosphorylation and
caspase 9 (Fig. 3) [44]. Akt may also signal fdr €Il cycle progression by mTOR
and p78% which act via p29™"“A™ and hence CDK4 and cyclin D1 (Fig. 3) [45]. In
addition Akt may inactivate the Forkhead familytadnscription factors to decrease
protein expression of pZ7?, a cell cycle regulator [46]. Therefore there andtiple
routes by which Akt may influence the developmehharmone refractory prostate
cancer and all of these mechanisms have been déatedsto function in prostate

cancer cell lines [45,46].
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PKC has also been demonstrated to influence thela@went of androgen
escape in cell line studies. We have recently destnated that those patients who
have an increase in PKC expression with the dewsdmyp of hormone refractory
prostate cancer survive for a significantly shorpariod that those who PKC
expression remains unchanged or falls [39]. Thessdwot, in contrast to data fram
vitro studies, appear to be mediated via AP-1 activdd@n42. Fig 4]. PKC is widely
expressed in tissue and abnormal levels have lmerdfin many transformed cell
lines and tumours [47]. The PKC family consistsabfleast 12 isoforms that have
been reported to have different and occasionallyosimg roles in cell growth and
differentiation [48]. The diversity of PKC isoformmgas highlighted in a recent review
by Mackay and Twelves[48]. They reported that P& and € may activate the
Raf-1/MAP kinase pathway via Raf phosphorylatiolKCP8 may activate the
Racl/IJNK pathway via Rac-1 and PKCB1 andy may specifically inactivate GSK-
3B by phosphorylation, leading to activation of thdumn transcription factor [48].
There is therefore significant potential for PKGrteract with many of the pathways
described above. Data on timevivo expression of specific PKC isoforms in hormone
resistant prostate cancer is currently lackingretfoge it is difficult to speculate at
present which of the above mechanisms may be resgpenfor the association
between PKC expression and hormone escape.

In conclusion; there is stronign vitro signal transduction mechanisms may
promote androgen escape independent of the ARegalation of apoptosis and cell
proliferation. However, as discussed below, thegbyays interact significantly with
AR co-activators and co-repressors as well as ttjrecodifying the AR itself. The
pluripotant nature of these signalling pathwayskdid to a growing body of evidence

that they provide effective therapeutic targetsggests that future therapies for
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hormone resistant prostate cancer may well be tedesgainst specific targets within
these pathways.
CONCLUSION
It is likely that prostate cancer cells achieve tilamsition to from androgen sensitive
to androgen independent by different multistep esutincluding adapting the
androgen receptor pathway via the MAPK, PI3K, JAKAS pathways or by
bypassing the androgen receptor via inhibition pb@osis or increased cellular
proliferation. In order to develop future therapiedgs crucial that the molecular
alterations underlying the development of androgmzape are fully understood.
As previously discussed in part 1 is now apparbat the control of AR function
involves interaction of the receptor with multigle-activators and co-repressors and
that these interactions, and the function of thei&BIf, are modified significantly by
post-translational modification (generally via ppberylation). The signalling
pathways which mediate these modifications can plsgmote tumour growth by
bypassing the AR completely. Given the complexitytrese pathways, it is likely
that prostate cancer cells achieve the transitboantdrogen independent growth by
different multistep routes. These include co-fast@dapting the AR pathway via the
MAPK, PI3K and PKC pathways or by bypassing the A& inhibition of apoptosis
or increased cellular proliferation. Further, nplki mechanisms may be active within
a single cell population. However, despite this ptaxity, significant progress has
been made and it may now be possible to predicintbst fruitful avenues for future
therapeutic studies.

The dominant pathways involved in the developmdrarmlrogen escape both
via AR modifications (as described in part 1) amdeipendent of the AR are the MAP

kinase and PI3K pathways. These may act by affediR sensitivity to androgens
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and altering expression of genes responsible fomption of tumour growth and
inhibition of apoptosis (Figs. 1 and 3). Alreatheite seems to be sufficient evidence
to begin early clinical trials of drugs that inhilthese pathways with agents such as
farnesyl transferase inhibitors or Akt/mTOR bagsddbitors

Current evidence suggests that in the future thst reffective way of treating
prostate cancer would involve profiling of indivelutumours in order to identify
appropriate therapies. It appears that it is donjlymatching therapies to individual
tumours that we are going to offer significant imygment on current approach to
treatment of prostate cancer. By using this appraee believe that we will begin to

solve the problem of androgen escape.
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FIGURE LEGENDS

Figure 1 shows how the MAP kinase pathway impaotstpte cancer growth. AR
denotes androgen receptor, HSP denotes heat shotkng, SRC denotes steroid
receptor cofactor and P denotes phosphorylation.

Figure 2 shows how the JAK/STAT pathways impactssfate cancer growth. AR
denotes androgen receptor, and P denotes phosatianyl

Figure 3 shows how the PI3K pathway impacts prestancer growth. AR denotes
androgen receptor, HSP denotes heat shock pr@etP denotes phosphorylation.
Figure 4 shows how PKC impacts prostate cancertiprodR denotes androgen
receptor, HSP denotes heat shock proteins, DAGtdsmlacylglycerol, PMA

denotes phorbol 12-myristate 13-acetate and P dgpbiosphorylation.
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