
T H E MODULATION OF A N D R O G E N ACTION IN P R O S T A T E C A N C E R BY 

EXOGENOUS CHEMICALS, E F F L U X TRANSPORTER P-GLYCOPROTEIN 

AND Y - B O X BINDING PROTEIN-1 

by 

MATTHEW NICHOLAS FEDORUK 

B.Sc, The University of Alberta, 1995 

A THESIS SUBMITTED IN PARTIAL FULFILMENT OF 

THE REQUIREMENTS FOR THE DEGREE OF 

DOCTOR OF PHILOSOPHY 

in 

THE FACULTY OF GRADUATE STUDIES 

Pathology and Laboratory Medicine 

THE UNIVERSITY OF BRITISH COLUMBIA 

November 2005 

©Matthew Nicholas Fedoruk, 2005 



Abstract 

Prostate cancer is the most frequently diagnosed malignancy and the second leading 

cause of cancer deaths in Canada. Human prostate carcinomas are often androgen-dependent 

and respond to androgen withdrawal therapy by temporary regression, followed by androgen-

.independent recurrence. These well-established features of prostate cancer strongly suggest 

that androgens play a major role in prostate carcinogenesis. 

The overall goal of the research described in this thesis is to gain a more comprehensive 

understanding of the mechanisms modulating androgen action in prostate cancer cells. This 

focused on the influence of exogenous chemicals, the efflux transporter P-glycoprotein and the 

multi-functional transcription factor Y-box Binding Protein-1. Epidemiological evidence, based 

on agricultural occupational exposures, instigated experimental work that showed pesticides 

have the potential to mimic or antagonize hormone action, in many cases through androgen 

receptor binding and interfering with transcriptional activity, thus are capable of disrupting the 

male hormone-signaling pathway. Furthermore, in prostate cancer cells, androgen 

responsiveness is modulated by Pgp activity and expression. The biological consequences of 

increased Pgp expression are decreased androgen accumulation and a corresponding 

decrease in androgen-regulated transcriptional activity and prostate-specific antigen gene 

expression. Experimental evidence further supports the hypothesis that early in prostate cancer 

progression, increased YB-1 expression increases Pgp activity, which consequently lowers 

androgen levels in prostate tumour cells. Suppression of androgen levels may activate cell 

survival pathways and lead to an adaptive survival advantage of androgen-independent prostate 

cancer cells following androgen ablation therapy. 

Understanding the complex molecular mechanisms by which prostate cancer cells can 

control androgen function, and how prostate cancer cells evade apoptotic death, provides a 

paradigm to explain the relationship between androgen action and chemotherapeutic 



resistance. As a result, the final objective investigated the effects of YB-1 knockdown using 

antisense oligonucleotides in vitro, and in vivo after androgen withdrawal in human LNCaP 

prostate cancer tumour xenografts, with the aim of suppressing cellular proliferation and 

increasing chemosensitivity. Intratumoral injection of 2'-0-(methoxy)ethyl ribose-modified YB-1 

A S O and paclitaxel incorporated into a biodegradable, controlled-release formulation in 

castrated mice delayed Al progression. These results suggest that YB-1 may be a promising 

target for the treatment of prostate cancer based on a strategy of inhibiting cellular proliferation. 

Our understanding of the molecular links between androgen action, tumorigenesis, apoptosis, 

and drug resistance provides the foundation for a new era of targeted cancer therapy. 
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CHAPTER 1. LITERATURE REVIEW, HYPOTHESES AND OBJECTIVES 

Cancer is a broad term describing a plethora of conditions characterized by abnormal 

and uncontrolled cellular proliferation. In Canada, cancer is the leading cause of premature 

death and morbidity (NCIC, 2005). Cancerous tumours are pathologically variable and 

heterogeneous; however, all share the ability to proliferate beyond the constraints limiting 

growth in normal tissue (Hanahan and Weinberg, 2000). There are many diverse causes of 

cancer, which may include genetic predisposition, dietary and environmental influences, 

infectious agents, and ageing (Hsing and Devesa, 2001). The massive challenge is to identify 

and understand the complex molecular anatomy and biology of the pivotal steps in tumour 

progression, identifying how tumour cells differ from normal cells and how those differences can 

be exploited to develop effective therapies. 

This Ph.D. dissertation represents a broad project that began as a study of endocrine 

disruption in the context of prostate cancer, first examining the influences of exogenous agents, 

specifically pesticides, on steroid receptor binding and transcriptional activity interference. 

Further research examined the deregulation of cellular androgen action in prostate cancer cells, 

revealing the novel finding that the cellular transport and accumulation of dihydrotestosterone 

(DHT) is dependent on the expression of functional androgen receptor (AR) and is modulated in 

part by cell membrane efflux transporter Permeability-glycoprotein, which is commonly known 

as P-glycoprotein (Pgp). 

The project further focused on studying Y-box binding protein-1 (YB-1), shown in the 

literature to be directly involved in multi-drug resistance (MDR1) gene activation in a variety of 

cancers in response to genotoxic stress (Kohno et al., 2003). Results show that in prostate 

cancer, YB-1 expression is markedly increased during benign to malignant transformation, and 

further following androgen ablation. It is hypothesized that increased YB-1 expression leads to 

decreased androgen-regulated gene expression, in part through a Pgp-mediated mechanism. 

Finally, to bring clinical relevance to the project, targeted suppression of YB-1 
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expression in vitro and in vivo using antisense oligonucleotides, possibly leading to decreased 

cellular growth and/or taxane chemosensitivity, was examined in P C - 3 cells and a murine 

LNCaP prostate tumour xenograft model. The results suggest that YB-1 may be a promising 

target for treatment of prostate cancer based on a strategy of inhibition of cellular proliferation. 

1.1 Prostate Cancer 

1.1.1 Prostate Biology and Function 

Anatomically, the human prostate gland is located between the base of the bladder and 

the rectum, completely surrounding the proximal urethra. It is a single alobular structure with 

central, peripheral and transitional zones, and is roughly the size and shape of a walnut, 

weighing approximately 20 grams (Cunha et al., 2004). The prostate is a hormone-target organ 

whose differentiation, development, growth and function are hormone-regulated, primarily by 

androgens - or male sex hormones (Cunha et al., 2004; Hayward and Cunha, 2000; Huggins et 

al., 1941; Labrie et al., 1993). The prostate undergoes dramatic morphologic changes at puberty 

as it acquires the ability to produce seminal fluid in response to stimulation with androgens. 

After puberty, the normal function of the prostate is to produce a protein- and organic solute-rich 

fluid that contributes approximately 30-50% of the total seminal fluid secretions. Prostatic 

secretions are poorly characterized; however, recent proteomic studies have been aimed at 

identifying proteins necessary for sperm viability, and better biomarkers of prostate cancer 

(Fung et al., 2004; Starita-Geribaldi et al., 2001). Future comparative studies of seminal fluid 

obtained from normal patients and patients diagnosed with prostate cancer may identify a set of 

protein biomarkers that offer improved diagnostic and/or prognostic sensitivity and specificity 

(Fung etal. , 2004). 

The prostate is made up of epithelial glands and a fibromuscular stroma as characterized 

in Figure 1.1. The glandular epithelium, where prostate adenocarcinoma commonly develops, 

has three types of cells: basal; luminal secretory; and neuroendocrine, in two defined 
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Prostate Cross-Section 

Neuroendocrine cell 

Figure 1.1 Representation of a Prostate Cross-Section with Epithelial Cell Layers. 

The prostate is made up of epithelial glands and a fibromuscular stroma. The glandular 

epithelium has three main cell types: basal; luminal secretory; and neuroendocrine. Intermediate 

"amplifying" cells are characterized by their state of differentiation, migration, and proliferation 

and express combinations of markers, such as keratins, common to both the basal and luminal 

epithelial layers. The prostate epithelium is variable in androgen-sensitivity, with androgen-

independent basal stem cells, and androgen-dependent luminal secretory cells (Modified from 

Long et al., 2005). 
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compar tmen ts ( G a r r a w a y et a l . , 2003) . It r ema ins unc lea r how the prosta te ep i the l ia 

dif ferentiates to basa l , neuroendocr ine and luminal secretory ce l ls . T h e basa l compar tment 

conta ins basa l cel ls , which p o s s e s s high proliferative activity and have been shown to be the 

s tem cel ls of the prostate (Bonkhoff and Remberger , 1996). They secre te componen ts of the 

basement membrane and are thought to be responsib le for generat ing the secretory epithel ial 

cel ls. The basal cel ls are a lso androgen- independent , and lack express ion of the A R . In contrast 

to the basal cel ls, the luminal compartment harbours the terminally differentiated secretory cel ls , 

wh ich sec re te componen ts of prostat ic f luid, e x p r e s s the A R and sec re te prostate spec i f i c 

ant igen ( P S A ) in an androgen-dependen t manner . T h u s , the normal prostate epi thel ium is 

c o m p o s e d of different cel l types that have varying androgen-sensi t iv i ty , including and rogen -

independent basa l s tem ce l l s , and rogen-dependen t luminal secre tory ce l l s , and and rogen -

independent but androgen-sens i t ive transit ional "ampl i fy ing" intermediate cel ls ( Isaacs, 1999), 

as shown in Figure 1.1. Accord ing to Isaacs (1999), the androgen milieu of the normal prostate 

determines the normal progress ion of basa l s tem cell to secretory cel l to a l low for a ba lanced 

"steady-state" in which neither prostatic regression nor cont inuous glandular overgrowth occurs 

( Isaacs, 1999). However , there is still signif icant debate about which speci f ic cel l type g ives rise 

to prostate cancer . O n e theory that Isaacs and Cof fey (1989) and Arno ld and Isaacs (2002) 

have p roposed postu la tes that prostate c a n c e r or ig inates from the luminal secre to ry cel l 

compar tment b e c a u s e of the express ion of A R , P S A , and prostate ac id phospha tase ( P A P ) in 

a d e n o c a r c i n o m a ce l ls . However , most androgen- independent prostate c a n c e r a l so exp ress 

basa l cell character ist ics, such as the express ion of B cell l ymphoma-2 (bcl-2) proto-oncogene, 

wh ich contr ibutes to their apoptot ic-resistant phenotype (McDonne l l et a l . , 1992). Long et a l . 

(2005) propose that prostate cancer a r ises from the basa l layer and that androgen-dependent 

tumours cons is t of he te rogeneous cel l types that may inc lude androgen- independen t ce l ls . 

Alternatively, intermediate cel ls may deve lop into prostate cancer cel ls due to their state of cel l 

proliferation, migration, and differentiation (van Leenders et a l . , 2002). 
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Neuroendocr ine ce l ls are a lso found in the basa l compar tment and their funct ions are 

poorly understood. It has been hypothes ized that increased preva lence combined with the low 

proliferation rate of neuroendocr ine cel ls in hormone-refractory prostate cancer may al low them 

to surv ive t reatment with most chemotherapeut ic agen ts , a s wel l a s endocr ine and radiat ion 

treatments (Debes and Tindal l , 2004) . In addi t ion, they may secre te neuropept ides that can 

i nc rease the prol i ferat ion of ne ighbour ing c a n c e r ce l l s , thereby promot ing p rogress ion of 

hormone-refractory prostate cancer (Hansson and Ab rahamsson , 2001). 

T h e s t roma is c o m p o s e d of f ibroblasts, smooth musc le ce l ls , endothel ia l ce l ls , dendri t ic 

ce l ls , nerves, and s o m e infiltrating ce l ls , s u c h as mast cel ls and lymphocytes . S o m e stromal 

cel ls are androgen-respons ive and produce growth factors that act in a paracr ine fashion on the 

epithelial cel ls. Stromal-epithel ial crosstalk is an important regulator of the growth, development , 

and hormonal r esponses of the prostate (Cunha et a l . , 2004 ; Kurita et a l . , 2001) . Thus , the 

normal prostate is inherently heterogeneous in its sensitivity to androgens. 

1.1.2 Androgen Sensitivity and Progression to Androgen-lndependence 

Substan t ia l ep idemio log ica l data suppor ts a cri t ical role for and rogens in prostate cance r 

development in the context of steroid hormone signal ing (Platz and G iovannucc i , 2004; Soronen 

et a l . , 2004) . Prostate cancer deve lopment is absent in men with marked androgen def ic iency, 

such as eunuchs , or men with markedly reduced androgenic i ty of the prostate. For example , 

those with the a b s e n c e of 5 a - r e d u c t a s e e n z y m e activity in w h o m the prostate rema ins a 

vest ig ia l organ ( R o s s et a l . , 2003 ; W u and G u , 1991). P ioneer ing s tud ies by Hugg ins and 

Hodges showed as far back as the 1940's that nearly all prostate cancer is androgen-dependent 

at the time of d iagnos is , and androgen deprivat ion has s ince been the cornerstone of therapy 

for prostate cance r (Huggins et a l . , 1941 ; or iginal paper reprinted in Hugg ins and H o d g e s , 

2002). And rogen ablat ion typical ly results in an initial reduct ion of tumour vo lume, but unlike 

normal prostate epithel ial ce l ls , mal ignant cel ls surv ive and adapt to the androgen-depr ived 

env i ronment a s shown in Figure 1.2 (Craft et a l . , 1999; Isaacs, 1999; Renn ie and N e l s o n , 
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time 

Figure 1.2 Androgen-lndependent Prostate Cancer Progression. 

Tumour burden in prostate cancer is monitored by serum P S A , and d e c r e a s e s dramatical ly with 

androgen ablat ion. Dur ing this androgen-dependen t (AD) p h a s e of d i s e a s e the tumour still 

requires androgens for growth and survival ; therefore, removal of androgens leads to apoptos is 

of c a n c e r ce l ls and initial tumour reg ress ion . F o r r e a s o n s not fully unders tood , a sma l l 

populat ion of prostate cance r cel ls switch to an androgen- independent (Al) state in which cel ls 

b y p a s s the growth s igna ls requi red for A D growth, and prol i ferate uncontro l lab ly . A s a 

consequence , androgen- independent recurrence is character ized by a dramat ic increase in both 

tumour burden and serum P S A levels. 
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1999) . T h e s e ce l l s u l t imately c rea te the a n d r o g e n - i n d e p e n d e n t (Al) pheno type that is 

cha rac te r i zed in part by the up-regu la t ion of g e n e s that init ially requi re a n d r o g e n s for 

express ion , such a s P S A , but become constitutively re-expressed in the a b s e n c e of androgens 

(Gregory et a l . , 1998). Histor ical ly, two main hypo theses attempt to exp la in the acquis i t ion of 

a n d r o g e n - i n d e p e n d e n c e - the c lona l se lec t ion hypo thes is and the adapta t ion hypo thes is 

( Isaacs and Kyp r i anou , 1987). C l o n a l se lec t ion invo lves both the se lec t i ve surv iva l and 

outgrowth of pre-exist ing androgen- independent cel ls within the tumour by androgen ablat ion. 

Adaptat ion, on the other hand, sugges ts that androgen- independence may be an intrinsic, but 

dormant, property of some prostate cancer cel ls involving adapt ive changes in gene express ion 

patterns that are act ivated in response to androgen ablat ion (Bruchovsky et a l . , 1990; Isaacs 

and Cof fey , 1981 ; van W e e r d e n , 1991). T h e s e genera l theor ies have more recent ly been 

s u p e r s e d e d large ly by add i t iona l c o n c e p t s re la ted to the a n d r o g e n receptor . S e v e r a l 

mechan i sms may lead to androgen- independent adaptat ion in prostate cance r ce l ls , including 

i nc reased androgen receptor sensi t iv i ty to low se rum and rogen leve ls , and rogen receptor 

mutat ions leading to aberrant act ivat ion, androgen receptor-related protein-protein interactions 

and co-regulators, effectual c i rcumvent ion of normal l igand-steroid hormone receptor activation 

by growth factors s u c h as insul in- l ike growth factor ( IGF), and facil i tation of proliferation and 

apoptot ic inhibition by the activation of anti-apototic s ignal ing pathways, involving proteins such 

as bcl-2 or clusterin (Buchanan et a l . , 2001 ; Co lombe l et a l . , 1993; Koivisto et a l . , 1997; Miyake 

et a l . , 2000) . T h e s e m e c h a n i s m s share an important prerequis i te: Pros ta te c a n c e r s can be 

charac ter ized a s he te rogeneous tumours, compr i sed of var ious subpopu la t ions of ce l ls that 

respond differently to androgen wi thdrawal therapy ( S o et a l . , 2005) . Fur thermore, it is very 

likely that other gene exp ress ion pa thways are act ivated and contr ibute to the progress ion 

pheno type lead ing to i nvas ion , me tas tas i s , and drug res i s tance . C o n s e q u e n t l y , tumour 

progress ion is a highly dynamic p rocess involving the interplay between a plethora of complex 
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molecular mechan isms , ultimately al lowing cel ls to e s c a p e from normal regulatory controls. A s a 

result, androgen- independent progress ion is the main obs tac le to improving the survival and 

quali ty of life in patients with advanced d i s e a s e , emphas i z i ng the need for novel therapeut ic 

strategies targeting the molecu lar bas is of the res is tance of prostate cance r to both androgen 

withdrawal and chemotherapy. 

1.1.3 Prostate Cancer Epidemiology 

Prostate cancer is commonly a d i sease of the elderly; around the wor ld, three-quarters 

of c a s e s occur in men aged 65 years and older (Quinn and B a b b , 2002) . In C a n a d i a n men , 

prostate cance r will cont inue to be the leading form of d iagnosed cance r with approximate ly 

20,500 new c a s e s of prostate cancer d ignsoses expected in 2005 , represent ing an annual age -

adjusted inc idence of 133 per 100,000 men (NCIC , 2005). O v e r their l i fet imes, 1 in 8 men will 

develop prostate cancer , but only 1 in 26 will die from it. Approx imate ly 4 ,300 men are predicted 

to s u c c u m b to the d i s e a s e in 2 0 0 5 ( N C I C , 2005) . T h e inc idence of prostate c a n c e r has 

i n c r e a s e d rapid ly dur ing the last 15 y e a r s , part ly due to the w i d e s p r e a d u s e of P S A 

measu remen ts as a routine d iagnost ic test (Hankey et a l . , 1999). The inc idence of prostate 

cance r s h o w s strong age , race, and geograph ica l d e p e n d e n c e . Ve ry few c a s e s of prostate 

cancer occur in men younger than 50 years old, but rates then increase very steeply with age . 

Rac ia l variat ion in prostate cance r inc idence and mortality rates in the U S is pronounced with 

Af r i can-Amer ican men having the highest prostate cancer inc idence and mortality rates among 

any racial or ethnic group (Platz and G iovannucc i , 2004). The inc idence and mortality rates in 

A f r i c a n - A m e r i c a n men are 1.6 and 2.3 t imes those for wh i tes , respec t i ve ly (P la tz and 

G iovannucc i , 2004) . T h e recorded inc idence of prostate cance r var ies enormous ly around the 

world. The rate in the U S A is more than twice that of S w e d e n and Austra l ia , over three t imes the 

rate of the U K and e lsewhere in Europe, and 10 t imes the level in the Fa r Eas t in countr ies such 

as S ingapore , J a p a n , India and C h i n a . (Quinn and Babb , 2002). Mortality in S ingapore , J a p a n , 

India and C h i n a w a s lower than in other Wes te rn nat ions and consis tent with the pattern in 
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inc idence (Quinn and Babb , 2002). Due to the age ing demograph ic , prostate cancer cont inues 

to affect l ives and accoun t for a subs tan t ia l number of dea ths in Br i t ish C o l u m b i a , with 

approximately 3,200 predicted d iagnoses in 2005 , and 580 predicted deaths (NCIC , 2005). In 

spite of the high inc idence and mortality rate of this mal ignancy, the etiology of prostate cancer 

remains poorly understood. 

T h e relat ive cont r ibut ions of and re la t ionsh ips be tween mult ip le e t io log ic fac tors 

assoc ia ted with prostate cance r are comp lex and unclear . Env i ronmenta l factors are c lear ly 

shown in migration s tud ies; for examp le , large inc reases in prostate cance r risk in J a p a n e s e 

men occur when they move to the United States (Shimizu et a l . , 1991). Other et iologic factors 

include age ing , race, hormonal in f luences, diet (both inductive and preventat ive factors), and 

lifestyle factors (Hsing and D e v e s a , 2001). A l though age and race are clear ly important, wel l -

d o c u m e n t e d pos i t ive and negat ive r isk fac tors a l so inc lude dietary in f luences . R e d meat 

consumpt ion and high fat diets correlate with e levated risk; ant iox idants such a s vi tamin E, 

l ycopene, se len ium, ces ium are assoc ia ted with lowered risk; and hormone levels are most 

l ikely crit ical factors a s wel l (A lavanja et a l . , 2003 ; He inonen et a l . , 1998; Y o s h i z a w a et a l . , 

1998). Final ly, during the last two d e c a d e s , ev idence for genet ic risk factors has accumula ted . 

Posi t ive family history is one of the strongest risk factors. A n individual in North A m e r i c a with a 

f irst-degree relative who is affected has a two-fold increased risk of develop ing prostate cancer 

(Bruner et a l . , 2003). Most studies suggest that genet ic factors are clearly involved in about 5-

10% of prostate cancer c a s e s (Carter et a l . , 1992; Ost rander and Stanford, 2000; Scha id et a l . , 

1998). However , a twin study indicated that up to 4 0 % of prostate cancers might be inf luenced 

by inheri ted ef fects (L ichtenste in et a l . , 2000) . R e g a r d l e s s of the spec i f i c pe rcen tage of 

genet ical ly determined c a s e s , the interplay between genet ic factors, endogenous hormones and 

environmental factors is likely to be important in the pathogenes is of prostate cancer (Bos land , 

2 0 0 0 ; E k m a n et a l . , 1999; P e n t y a l a et a l . , 2000 ; P l a t z and G i o v a n n u c c i , 2004) . R e s u l t s 

presented in Chapter 2 of this thesis suggest that the interplay between mechan i sms involved 
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in gene transcr ipt ion and exogenous env i ronmenta l chemica l s , spec i f ica l ly pest ic ides, cou ld 

induce abnormal gene activation and express ion in prostate cancer ce l ls , potentially leading to 

increased prostate cancer risk in occupat ional ly-exposed workers. 

1.1.4 History and Diagnosis 

T h e course of prostate cancer is highly var iable and difficult to predict. T h e prognosis of a 

man with prostate cancer depends on the stage of the cancer and the age at which the d i sease 

is d iagnosed . The history of prostate cancer is incomplete ly unders tood, partly b e c a u s e early 

s tages of prostate cancer may go undetected for many years . It has long been recogn ized that 

prostate cancer may exist in men not cl inically d iagnosed (Carter et a l . , 1990; Quinn and Babb , 

2002 ; Sch rode r , 1995). A l though au topsy s tud ies of o lder men frequent ly identify prostate 

cancer as an incidental f inding, studies in younger men report a surpr is ing inc idence of prostate 

cancer (Sakr et a l . , 1993; Sak r et a l . , 1994). In 152 men in Cal i forn ia, all less than 50 yrs o ld, 

who died of other c a u s e s , 3 4 % of those 40-49 yrs old and 2 7 % of those 30-39 yrs old had 

m ic roscop ic ev idence of cance r in their prostate g lands (Sakr et a l . , 1993). The history of 

loca l ized prostate cancer is general ly one of s low local progress ion with late deve lopment of 

lymph node and distal me tas tases , indicat ing that c a n c e r cel ls have e s c a p e d the prostate 

capsu le , consequent ly indicat ing a poor p rognos is . Mos t ca rc i nomas ar ise in the per ipheral 

z o n e of the prostate g land, where a l so the ear l iest detec tab le precursor les ion of prostate 

cancer , prostat ic intraepithelial neop las ia (PIN) is found. Mos t of the remain ing cance rs are 

found in the periurethral region termed the transit ion z o n e (Marker et a l . , 2003) . Cur ious ly , the 

virtually ubiqui tous p rocess of benign prostate hyperp las ia ( B P H ) or ig inates in the transit ion 

zone of the prostate (Marker et a l . , 2003). 

Cl in ica l ly , prostate cance r is d i agnosed upon histo logical eva luat ion of need le b iopsy 

samp les of prostate t issue, taken b e c a u s e of an abnormal phys ica l examinat ion , an e levated 

se rum P S A , or both. The majority of all prostate ca rc i nomas are typical a d e n o c a r c i n o m a s , 

wh ich are common l y d iv ided into different tumour G l e a s o n g r a d e s ( G l e a s o n , 1992). T h e 
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average 5-year survival of patients with cl inical ly detected prostate cancer is largely dependent 

on the s tage of the tumour at the t ime of d iagnos is and var ies from approx imate ly 87% for 

loca l i zed , ear ly -s tage, low grade d i s e a s e , to approx imate ly 25% for pat ients with a d v a n c e d 

d i s e a s e ( N C I C , 2005; Qu inn and Babb , 2002). Regret tably, approx imate ly a third of prostate 

cance r pat ients present with a d v a n c e d d i s e a s e (Klotz, 2000). Fortunately, with ear ly cl in ical 

d iagnos is and treatment, the f ive-year relative survival has been reported to be 89% for men 

between the ages of 55 and 74 (NCIC , 2002). 

P S A w a s introduced as a screen ing tool in the mid 1980's and is primarily responsib le 

for the two-fold increase in inc idence rates observed between 1986 and 1992 (McDav id et a l . , 

2004), a s wel l a s the substant ial dec rease in the percentage of c a s e s d iagnosed annual ly with 

d isseminated d i sease (Cata lona et a l . , 1991). P S A is a ser ine protease with a chymotrypsin- l ike 

subst rate speci f ic i ty , wh ich is normal ly sec re ted by the prostate in large amoun ts into the 

semina l p lasma, with only smal l amounts entering into the b loodstream. Se rum P S A is currently 

the most useful marker of response and prognos is in patients treated with androgen ablat ion. 

P S A levels greater than 4 L i g / L after six months of androgen ablat ion are assoc ia ted with a 

median survival of 10 months compared with 42 months with a se rum P S A below 4ng/L (Mil ler 

et a l . , 1992). Fur thermore, a r ising P S A is the earl iest s ign of p rogress ion , preced ing cl inical 

s igns of recurrence by 6-12 months (So et a l . , 2003). 

Current d iagnost ic app roaches have their l imitations, result ing in both fa lse-negat ives 

and fa lse-pos i t ives. P S A results are limited by poor tumour specif ic i ty: one in three c a s e s of 

prostate cancer are assoc ia ted with a normal P S A value (Thompson et a l . , 2003), whi le genet ic 

po lymorph isms can increase basal levels of P S A in individuals without prostate cancer (Cramer 

et a l . , 2003). Therefore, extensive research using D N A microarrays and proteomics is focused 

on develop ing new biological markers, and identifying susceptibi l i ty genes and somat ic genet ic 

changes assoc ia ted with prostate cancer (Ahram et a l . , 2002). T h e s e may include members of 

the kall ikrein family of ser ine proteases other than P S A , insulin-l ike growth factor-1 (IGF-1) and 
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IGF b inding prote in-3 ( I G F B P - 3 ) , IL-6, and t ransforming growth factor p i (Watson and 

Scha l ken , 2004). In addit ion, Chapter 4 presents data suggest ing that the cel lular local ization of 

YB-1 may have d iagnost ic potential in prostate cancer , and may be a marker of early tumour 

development. 

1.2 Prostate Cancer Therapy 

1.2.1 Early Stage Prostate Cancer 

Early s tage prostate cancer is typically treated with either surgical removal or internal or 

external local ized radiotherapy, or in s o m e c a s e s is just fo l lowed without treatment ("watchful 

wait ing"). Surgery or radiat ion can be very success fu l at cur ing ear ly s tage prostate cance r 

when the tumour is conf ined to the gland (Diaz and Pat terson, 2004). Rad ica l prostate cancer 

therapy, or t reatment with the intention to cure, can be ach ieved by two m e a n s : surgery or 

radiation therapy (RT). Rad ica l prostatectomy, the surgical app roach , has b e c o m e the routine 

procedure, and improved operat ion techn iques have led to a marked d e c r e a s e in the intra­

operat ive a n d postoperat ive mortality a n d morbidi ty (Wa lsh et a l . , 1994) . T h e operat ion is 

per formed most ly on younger pat ients with act ive s e x u a l funct ions, and a ims to p reserve 

neurovascu la r bund les and the capac i ty for peni le erect ion (Walsh et a l . , 1983). T h e most 

common long-term adverse effects of radical surgery are impotence and incont inence (Cata lona 

e t a l . , 1999; Wa l sh e t a l . , 1994). 

R T is app l ied a s a curat ive mode external ly or internal ly (brachytherapy) with 

radioact ive seed implants. The results of external R T reported in s o m e studies are as good as 

radical prostatectomy (Mart inez et a l . , 2000 ; Sh ip ley et a l . , 1999). For pat ients with local ly 

advanced d i s e a s e , or for pat ients too old for surgery, external R T is r ecommended , with or 

without adjuvant therapy (Akakura et a l . , 1999a and 1999b; St romberg et a l . , 1997). O n the 

other hand , b rachy therapy is feas ib le for sma l l tumours ( D A m i c o and C o l e m a n , 1996). 

Espec ia l l y for "low risk d i s e a s e " patients, brachytherapy g ives as good a prognos is as radical 

prostatectomy or external R T ( D A m i c o et a l . , 1998). The most common adverse s ide effects of 
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R T are irritation of the ur inary b ladder and rectum, enteri t is, incont inence and impotence 

(Ship ley et a l . , 1994). Other less common ly used radical treatment forms include u l t rasound-

guided percu taneous cryoablat ion (Bahn et a l . , 1995) and high intensity f ocused ul t rasound 

(Beer lage e t a l . , 1999). 

1.2.2 Advanced Prostate Cancer 

Androgen wi thdrawal remains the only effective form of sys temic therapy for patients 

with a d v a n c e d d i sease ; that is, men whose cance r has sp read outs ide the prostate g land. In 

addi t ion, up to 8 0 % of pat ients demonst ra te object ive r e s p o n s e s to con t inuous and rogen 

ab la t ion , but the med ian length of r e s p o n s e is on ly 18-24 months (Den is et a l . , 1993) . 

Unfortunately, progression to androgen- independence ultimately occurs in the majority of these 

c a s e s and the average range of overal l survival is only 23 to 37 months (Hur tado-Co l l et a l . , 

2002). Recent ly , Petrylak et a l . (2004) and Tannock et a l . (2004) are the first to report studies of 

the treatment benefi ts with the use of the cytotoxic agent docetaxe l , increas ing the survival of 

patients with metastatic androgen- independent prostate cancer. 

Huggins and H o d g e s p ioneered the use of androgen ablat ion in prostate cance r using 

surgical orch iectomy (testicular removal) , which subsequent ly b e c a m e the "gold s tandard" and 

ea rned them a Nobe l P r i ze for Med ic ine in 1941 (original paper reprinted in Hugg ins and 

Hodges , 2002). Until recently, androgen withdrawal therapy w a s restricted to a cho ice between 

bilateral orch iectomy and the administrat ion of est rogen in the form of diethylsti lbestrol ( D E S / 

Honvol®) (Beck et a l . , 1978; S o et a l . , 2003) . O v e r the past two d e c a d e s , the most c o m m o n 

agen ts u s e d for and rogen ab la t ion are leu ten iz ing -hormone re leas ing ho rmone ( L H R H ) 

agonis ts , such as leuprol ide acetate, which result in down-regulat ion of L H R H receptors in the 

pituitary g land, and those blocking the per ipheral effects of androgens (G leave et a l . , 1999). 

Steroidal and non-steroidal ant i -androgens have been used a lone or in var ious combinat ions to 

ach ieve total med ica l cast ra t ion (Sa rosdy , 1999). Th is prevents res idua l and rogens f rom 

act ivat ing A R - m e d i a t e d gene exp ress ion pa thways in the prostate (Fe ldman and F e l d m a n , 
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2001) . An t iandrogens approved for use in C a n a d a inc lude the stero idal agent , cyproterone 

acetate (Androcur®), and non-steroidal agents , such as b ica lcutamide (Casodex®), f lutamide 

(Euf lex®), and ni lutamide (Anandron®). The m e c h a n i s m s of act ion for the two c l a s s e s of A R 

antagon is ts differ. Wh i le s tero idal an tagon is ts compe te with and rogens for b inding to the 

hydrophobic l igand-binding pocket of A R to prevent cognate l igands from binding, non-steroidal 

agents encourage assemb ly of transcript ional ly inactive A R protein comp lexes in the nuc leus 

(Masiel lo et a l . , 2002). 

Unfortunately, there are limitations to the cont inuous use of androgen ablat ion therapy. 

Treatment can result in numerous s ide effects, including hot f lashes , loss of l ibido, impotence, 

and genera l fat igue (B lack ledge et a l . , 1996). B o n e deminera l iza t ion, anem ia , lipid d isorders 

and muscle wasting have been reported with long-term chemica l castration (So et a l . , 2003). 

T h e main p rob lem in the conse rva t i ve reg imen of ho rmona l t reatment is that the 

c a n c e r o u s t i ssue may b e c o m e increas ing ly l ess sens i t i ve to therapy resul t ing in d i s e a s e 

re lapse. The concept of intermittent androgen suppress ion (IAS) is based on the hypothesis that 

the ma in tenance of apoptot ic potent ial by s u c c e s s i v e rounds of and rogen wi thdrawal and 

replacement might delay androgen- independent tumour progress ion. There are severa l s tudies 

concern ing intermittent hormonal therapy (Crook et a l , 1999; Go ldenberg et a l . , 1995; Hurtado-

Col l et a l . , 2002; Klotz et a l . , 1986). A recent cl inical study of patients undergoing IAS suggests 

the average time for onset of androgen- independent d i sease is extended to 48 months fol lowing 

initial treatment (Pether et a l . , 2003). 

1.2.3 Androgen-lndependent Prostate Cancer 

Regard less of treatment modality, d i sease progress ion to androgen- independence s e e m s 

inevitable. Treat ing androgen- independent prostate cancer with sys temic therapies has proved 

difficult; however, recent advances in combined chemotherapy regimes and the development of 

novel therapies may make it poss ib le to modulate the adapt ive changes in gene express ion that 

cha rac te r i ze or med ia te p rog ress ion to a n d r o g e n - i n d e p e n d e n c e and e n h a n c e cytotox ic 
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chemosensi t iv i ty (Diaz and Pat terson, 2004). Taxane -based chemotherapy regimens appear to 

be a promising step in the evolution of prostate cancer treatment. T a x a n e s act by disrupting the 

microtubular network that is essent ia l for mitotic and interphase cel lu lar funct ions in prostate 

cance r ce l ls . They promote the a s s e m b l y of tubulin into stable microtubules and inhibit their 

d i sassemb ly , caus ing ce l l -cyc le arrest and eventual apoptos is (P ien ta , 2001) . M a n y cl in ical 

s tud ies have recent ly invest igated the dos ing reg imens and the cho ice of wh ich agents to 

combine with taxanes, but a c lear consensus has not yet been estab l ished. Docetaxe l has been 

successfu l ly paired with both estramust ine and calcitriol (Diaz and Pat terson, 2004). For the first 

t ime, an increase in median survival has been reported in P h a s e II s tudies enrol l ing metastat ic 

a n d r o g e n - i n d e p e n d e n t prostate c a n c e r pat ients for t reatment with c h e m o t h e r a p y . T w o 

randomized studies - T A X 3 2 7 and S W O G S 9 9 1 6 - have reported the first P h a s e III randomized 

data ava i lab le for survival compar i sons showing signif icantly increased survival for doce taxe l -

based regimens over other cytotoxic agents (Petrylak et a l . , 2004; Tannock et a l . , 2004). 

Fur ther s tud ies that c o m b i n e c o m p o u n d s inc lud ing a n g i o g e n e s i s inhib i tors, sma l l 

mo lecu les , and an t isense targets with docetaxe l , are underway at severa l institutions. T h e s e 

new therapeut ic strategies emphas ize molecular mechan isms. For example , G l e a v e and Miyake 

(2005) have identified clusterin a s an anti-apoptotic protein upregulated in an adapt ive survival 

manner by androgen wi thdrawal and chemotherapy , that confers res is tance to var ious cel l 

tr iggers, including hormone treatment, radiotherapy, and chemotherapy. P h a s e II cl inical trials 

are current ly underway us ing c luster in- targeted an t i sense o l igonuc leot ides to e n h a n c e cel l 

death, fol lowing treatment with androgen ablat ion and docetaxel (G leave and Miyake , 2005). In 

another examp le , P h a s e I c l in ical trials with G 3 1 3 9 , a bcl-2 an t i sense o l igonucleot ide w h o s e 

ant i tumor ef fects in prec l in ica l mode l s are e n h a n c e d w h e n comb ined with t a x a n e - b a s e d 

chemo the rapy , report posi t ive safe ty and b io log ic act ivi ty w h e n g iven with pac l i taxe l or 

doce taxe l for the t reatment of p rogress ive prostate tumours (Morr is et a l . , 2005) . F inal ly , 

Chapter 5 presents precl inical in vitro and in vivo data suggest ing that targeted knockdown of 
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Y B - 1 us ing an t isense o l igonucleot ides may d e c r e a s e cell growth and prolong progress ion to 

androgen- independence. 

1.3 Androgen Action and Endocrine Disruption in the Prostate 
1.3.1 Endocrine Systems 

Endoc r ine sys tems have evo lved in mult i -cel lu lar o rgan i sms as vital commun ica t ion 

networks des igned speci f ica l ly to orchest rate dynamic phys io log ica l c h a n g e s n e c e s s a r y for 

reproduct ion and surv ival in response to st imulat ion from our envi ronment. Ho rmones are the 

t ransmiss ion s ignals the endocr ine sys tem uti l izes and are produced in a wide range of t issues, 

inc lud ing the pituitary, thymus , thyro id, para thyro id , and adrena l g lands , as wel l a s the 

pancreas , testes, and ovar ies. Hormone signal ing to target t issue occurs through four modes of 

de l ivery : endoc r ine , neu roendoc r ine , parac r ine , and au tocr ine . In endoc r i ne t ransport , a 

hormone is produced and re leased which travels through the blood s t ream to its target t issue. 

Neu roendoc r i ne ce l ls c a n a l so p roduce a ho rmone that t ravels to the target cel l v ia the 

b loods t ream. Neuroendoc r ine ho rmones such a s norep inephr ine , inhibin, and oxytoc in are 

re leased by neurons and act on target t issues throughout the body. Paracr ine interactions occur 

locally, and the hormone is secre ted to a neighbour ing cel l v ia gap junct ions or c lose contact. 

Final ly, autocr ine act ion occurs when a cel l p roduces a hormone that then acts on the s a m e 

cel l . Steroid hormones elicit their act ions at very low concentrat ions, typically in the range of 10" 7 

to 10" 1 2 g/L. Effective endocr ine regulation requires tight temporal control of individual hormones 

in order to elicit the appropr iate r esponse in the des i red t ime f rame (Shan et a l . , 1997) . A s 

d i scussed in this thesis, steroid hormones, speci f ical ly androgens , and the androgen-s ignal ing 

axis are the principal regulators of the development , funct ion, and growth of the prostate g land. 

Due to the crit ical role of androgens in prostate cance r deve lopment and progress ion, further 

e lucidat ion of the molecu lar m e c h a n i s m s govern ing androgen act ion may al low us to more 

accurately predict how modulat ion of androgen act ion may affect normal prostate deve lopment 

and function, and/or possibly encourage the progression of a malignant phenotype. 
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1.3.2 Androgen-Receptor Mediated Action 

A n d r o g e n s are steroid ho rmones that carry out their funct ion through the and rogen 

receptor. T h e A R is a member of the nuc lear hormone receptor superfami ly, wh ich is a large 

fami ly of hormone-regu la ted transcr ipt ion fac tors . T h e A R be longs to a fami ly of s teroid 

receptors a long with the glucocort icoid, progesterone, and mineralocort icoid receptors. T h e s e 

C l a s s I s teroid receptors sha re s imi lar doma in st ructures and m e c h a n i s m s of ac t ion. T h e 

mechan i sm of A R act ion is d i s cussed in detail in Sect ion 1.5.5. M e m b e r s of this superfami ly 

share a c o m m o n tripartite structure with a highly conserved central DNA-b ind ing domain (DBD) , 

which separa tes the receptor amino (NH 2 ) terminus from the carboxy ( C O O H ) terminus. The 

C O O H terminus, l inked to to D B D by a hinge region, harbours the l igand-binding domain (LBD) 

and the l igand-dependent transcript ional activation function (Beato et a l . , 1995). After binding to 

and rogen , A R is ab le to recruit genera l transcript ion factors to its target gene promoters. In 

addit ion to its direct interaction with severa l factors of the genera l transcript ional machinery, it 

has become clear that assoc ia t ing proteins termed coact ivators (such as Steroid Recep to r C o -

Activator-1 ( S R C - 1 ) , p3007 C R E B binding protein ( C B P ) and A R A 7 0 ) and corepressors (such as 

calreticulin or cycl in D1) modulate the transcriptional activity of A R ( M c K e n n a et a l . , 1999). Both 

types of coregulators are necessary for efficient modulation of A R target gene transcription. 

1.3.3 Androgen Biosynthesis and Metabolism 

T h e dif ferentiat ion and maturat ion of the ma le reproduct ive o rgans , ma in tenance of 

spe rmatogenes is and the deve lopment of male secondary sex character is t ics are induced by 

androgens (Hsing et a l . , 2002) . In men , androgens are formed primarily in the testes and the 

adrena l g land, but per ipheral t i ssues such as the prostate and sk in are a l so respons ib le for 

producing smal l amounts of androgens . Testos terone b iosynthesis begins with the convers ion 

of cho les tero l to p regneno lone by the cho les tero l s ide cha in c l e a v a g e enzyme (P450cc ) . 

P r e g n e n o l o n e is a p r e c u r s o r for mul t ip le s te ro ids inc lud ing t e s t o s t e r o n e , e s t r o g e n , 

progesterone, Cortisol, and aldosterone. Figure 1.3 is a simpli f ied diagram of steroid synthes is , 
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Estradiol Aldosterone 

Figure 1.3 An Overview of Steroid Hormone Biosynthesis. 

Mul t ip le steroid h o r m o n e s , inc lud ing tes tos te rone , a l dos te rone , Cortisol, es t rad io l and 

progesterone are der ived from cholestero l . The e n z y m e s involved are (1) the cholesterol side 

chain c leavage enzyme; (2) steroid C(17) hydroxylase; (3) steroid C(17), C(20) lyase; (4) steroid 

C(21 ) hyd roxy lase ; (5) s tero id 1 1 p - h y d r o x y l a s e ; (6) s tero id C (18 ) hyd roxy lase ; (7) 18-

hydroxysteroid ox idase; and (8) aromatase. (Reproduced from Voet , 1990, Chapter 23, p.657). 
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including testosterone. Approx imate ly 9 0 % of the androgens produced by the Leydig cel ls in the 

testes are secre ted as testosterone, the principal androgen in c i rculat ion. T h e remainder is 

secre ted by the adrenal cortex a s dehydroepiandrosterone ( D H E A ) , which can be converted to 

testosterone in other t i ssues (So et a l . , 2003). The product ion of testosterone by the testes is 

regulated by a negat ive f eedback st imulated by luteinizing hormone (LH) p roduced by the 

pituitary g land, and L H R H via the gonad-hypothalamus-pitui tary axis (Figure 1.4). 

In men , the prostate is a major site of non-test icular product ion of D H T , which is der ived 

primarily from testosterone. S e x hormone-binding globulin ( S H B G ) is the major binding protein 

for sex steroids, including testosterone, in the circulat ion, thereby regulating the availabil i ty of 

f ree tes tos te rone to the h o r m o n e - r e s p o n s i v e prosta te ce l l s . In b lood , rough ly 44% of 

testosterone is bound with high affinity to S H B G , 54% is bound with low affinity to a lbumin, and 

only 1 - 2 % of testosterone ex is ts in a free (unbound) state (Bruchovsky and W i l s o n , 1968), 

which equates to a serum concentrat ion of 1nM (Partin and Rodr iquez , 2002). More recently, 

S H B G has a l so been shown to funct ion as part of a novel s tero id-s ignal ing sys tem that is 

independent of the c lass ica l intracellular steroid receptors that are l igand-act ivated transcription 

factors. Kahn et a l . (2002) report that S H B G mediates androgen signal ing at the cel l membrane 

by way of c A M P , wh ich in turn tr iggers downst ream s ignal ing and init iates genomic effects 

through act ivat ion of promoters conta in ing c A M P - r e s p o n s i v e e lemen ts (Kahn et a l . , 2002 ; 

R o s n e r e t a l . , 1999). 

Within the prostate, testosterone is converted irreversibly to D H T by 5a-reductase type 2, 

as shown in Figure 1.5. In humans , two 5a-reductase i s o e n z y m e s have been identif ied. T h e 

type 1 e n z y m e is exp ressed most ly in skin and hair, whe reas the type 2 e n z y m e is loca l ized 

pr imari ly in and rogen target t i ssue , inc luding prostate, ep id idymus , and sem ina l v e s i c l e s 

(Thigpen et a l . , 1993). D H T , the primary nuc lear androgen and the most potent l igand for the 

androgen receptor, is found at higher concentrat ions than testosterone in prostate t issue. T h e 
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Prostate 
Figure 1.4 Androgen-Signaling Axis. 

A simpl i f ied representat ion of the endocr ine pathways leading to the synthes is , re lease , and 

action of androgens in the prostate. In the hypothalamus, L H R H is re leased and travels to the 

pituitary where it interacts with L H R H receptors ( L H R H - R s ) . Th is interaction st imulates the 

re lease of L H , adrenocort icotropic hormone ( A C T H ) , and prolactin. L H that is re leased by the 

pituitary binds to L H receptors (LH-R) in the testes, inducing production of testosterone, which is 

s y n t h e s i z e d f rom the p recursor , cho les te ro l . T e s t o s t e r o n e enters prostate ce l l s , and is 

conver ted to D H T by 5ct-reductase. D H T binds tightly to A R , d imer i zes , and the comp lex 

t rans locates to the nuc leus where it act ivates transcript ion of genes that regulate cell growth 

and survival . Increased testosterone levels can a lso dec rease L H R H and L H production through 

negat ive- feedback loops, thereby maintaining serum testosterone at physio logical levels. The 

adrena l g land c a n a l so p roduce and ros tened ione that subsequen t l y ac ts on the prostate 

(Adapted from Partin and Rodr iguez, 2002). 
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Figure 1.5 Conversion of Testosterone to DHT. 

T h e 5a - reduc tase react ion involved in the convers ion of testosterone to D H T is i r reversible. 

Both i soenzymes 1 and 2 can perform this convers ion (Adapted from Soronen et a l . , 2004). 



concentrat ion of D H T in blood serum is only one tenth that of testosterone, the concentrat ion of 

D H T in prostatic t issue is severa l t imes higher than that of testosterone, suggest ing that D H T 

levels in t issue are important in prostate deve lopment and tumour igenes is (Des lypere et a l . , 

1992). About 2 5 % of the D H T in the circulation is secre ted by the testes, whi le most (65-75%) 

a r i ses from convers ion of tes tos terone in per ipheral t i ssue , in a react ion ca ta lyzed by the 

e n z y m e 5a - reduc tase from circulat ing inact ive androgens , such as andros tened ione , D H E A , 

and D H E A sul fate. D H T is much more potent than testosterone in promot ing growth of the 

prostate; however, testosterone is better in regulating its differentiation (So et a l . , 2003). 

1.3.4 Mechanisms of Androgen Action and Androgen-independent Prostate 

Cancer 

Androgens elicit their effects v ia A R signal ing thereby modulat ing prostate differentiation, 

development , growth and function as shown in Figure 1.6. Consequent ly , androgens have the 

abil i ty to regulate the exp ress ion of hundreds of target g e n e s (Ne l son , 2002) . T h e best -

charac te r i zed and rogen - respons i ve g e n e s are P S A , kal l ikre in-2, ka l l ikre in-3, prostat ic ac id 

phospha tase , sex- l imi ted protein, and probas in . Throughout the deve lopment of the normal 

prostate and of prostate cancer , cel l survival depends primarily on the androgen receptor. This 

steroid receptor is bound to heat -shock proteins in the cy top lasm of prostate cel ls . The act ive 

androgen dihydrotestosterone, formed from the test icular androgen testosterone, b inds to the 

A R , thereby dissociat ing it from heat -shock proteins and al lowing it to be t ranslocated into the 

nuc leus. It is known that a l though the prostate A R can bind both testosterone and D H T , the 

affinity of the A R for testosterone is only 3 3 % of that for D H T (Rennie and Bruchovsky , 1972). 

In the nuc leus, the androgen receptor d imer izes , binds to androgen- response e lements in the 

D N A , ult imately act ivat ing the transcript ion of genes involved in cel lu lar growth, survival and 

proliferation. S ince androgens are essent ia l to the survival of prostate cel ls , a major quest ion is 

how prostate cel ls survive after androgen ablat ion therapy. Recen t research sugges ts that the 

androgen receptor p lays a crit ical role in the deve lopment of androgen- independent prostate 
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testosterone 

Figure 1.6 Mechanism of Androgen Action Within an Androgen-Responsive Prostate Cell. 
Androgen act ion within the prostate is def ined by both the concentrat ion of D H T and severa l 

other factors, including the level of androgen receptor, androgen receptor coact ivators , and 

growth factors. In the blood, testosterone is bound to albumin and sex hormone binding globulin 

( S H B G ) . Tes tos te rone d i ssoc ia tes from S H B G as free tes tos terone and pass ive ly d i f fuses 

a c r o s s the ce l l m e m b r a n e into the pros ta te ce l l . T h e e n z y m e 5cc-reductase conver ts 

testosterone to the more potent physio logical l igand DHT . Heat -shock proteins ( H S P ) d issoc iate 

f rom the a n d r o g e n recep to r ( A R ) and a l low b ind ing of D H T and s u b s e q u e n t receptor 

phosphory lat ion. The A R then d imer izes , and t rans locates into the nuc leus where it b inds to 

androgen- response e lements in the promoter regions of target genes (Br inkman et a l . , 1999). 

T h e A R comp lex binds spec i f i c co-act ivators (such as S R C - 1 , p 3 0 0 / C B P and A R A 7 0 ) and 

co rep resso rs (such a s calret icul in or cyc l in D1) that faci l i tate or prevent, respect ive ly , the 

interaction of A R with the general transcription apparatus (GTA) . Biological responses , including 

growth, survival and the production of P S A , are a result of the activation (or repression) of target 

g e n e s . A n d r o g e n s are a l so ab le to in f luence potent ia l t ranscr ip t ion- independent ac t ions 

(Adapted from Fe ldman and Fe ldman, 2001). 
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cance r (Hoffman and S o m m e r , 2005) . C h e n et a l . (2004) showed that the androgen receptor 

gene is the only gene that is consistent ly upregulated during tumour progress ion in different 

experimental models of androgen- independent d i sease (Chen et a l . , 2004). 

T h e m e c h a n i s m s of the deve lopmen t of and rogen- independen t prostate c a n c e r are 

common ly div ided into two distinct pathways in the literature - those involving the androgen 

receptor and those that bypass the receptor. T h e s e pathways are not mutually exc lus ive and 

f requent ly co-ex is t (Debes and T inda l l , 2004) . T h e pa thways involv ing androgen- recep to r 

mediated surv ival of prostate cance r ce l ls include ampl i f icat ion or mutat ions of the receptor, 

deregulat ion of growth factors or cytok ines, and alteration of coact ivators and/or co- repressors 

(Fe ldman and F e l d m a n , 2001) . T h u s , a receptor that is normal ly act ivated spec i f ica l ly by 

dihydrotestosterone can , if mutated, respond to other steroids a s wel l as to ant iandrogens. In 

addi t ion, there can be an alterat ion of the funct ion or exp ress ion of androgen- receptor co -

act ivators and /o r co - rep resso rs that faci l i tate a "p rom iscuous " act ivat ion of the receptor . 

Exper imenta l data have shown that in the a b s e n c e of androgen , non-androgen ic hormones , 

such as estradiol , vitamin D, and insulin-l ike growth factors in combinat ion with A R can trigger 

androgen ic act ion (Cul ig et a l . , 1996; G n a n a p r a g a s a m et a l . , 2000) . Androgen- independen t 

prostate cancer cel ls may a lso use survival pathways that a im to bypass the androgen receptor. 

T h e s e inc lude neuroendocr ine dif ferentiat ion of prostate c a n c e r ce l ls and deregula t ion of 

apoptot ic genes . Neuroendoc ine ce l ls are more prevalent in androgen- independent prostate 

cancer and they are very resistant to most chemotherapeut ic agents , as well as endocr ine and 

radiation treatment (Debes and Tindal l , 2004). In addit ion, deregulat ion of apoptot ic genes can 

occur through loss of tumour -suppressor gene P T E N (phosphatase and tensin homologue) , 

wh ich in turn i nc reases Akt activity and b locks apop tos is (Debes and T inda l l , 2004) . Akt 

act ivat ion f rees bc l -2, a l lowing it to inc rease cel l surv iva l . Ove rexp ress ion of bcl-2 has been 

shown to be involved in p rogress ion to androgen- independent prostate cance r p rogress ion 

(G leave et a l . , 2003) . Indeed, many other o n c o g e n e s and tumour-suppressor genes may a lso 
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be involved in a l lowing mal ignant ce l ls to deve lop al ternat ive s ignal ing pathways to subver t 

therapeutic attempts to control cell growth by androgen ablation. 

1.3.5 Disruption of Endocrine Action 

Over the past four d e c a d e s , there has been steadi ly growing awa reness and concern 

from the sc ient i f ic wor ld , the m e d i a , and other in terested part ies that a w ide var iety of 

hormonal ly act ive envi ronmenta l contaminants may exert adve rse phys io log ic effects on the 

reproduct ive f i tness and health of many spec ies by disrupt ing normal endocr ine funct ion. A n 

endocr ine disruptor can be descr ibed as an exogenous agent that interferes with the product ion, 

re lease, transport, metabol ism, binding, act ion, or el imination of natural hormones in the body 

responsib le for the maintenance of homeostas is and the regulation of developmenta l p rocesses 

(Fisher, 2004). 

Wh i l e c h e m i c a l s may rece ive routine toxicity sc reen ing dur ing deve lopmen t prior to 

market ing, endocr ine activity is not specif ical ly a s s e s s e d . Concurrent ly, there has been a steady 

inc rease in deleter ious health effects thought to be assoc ia ted with env i ronmenta l endocr ine 

d is rupt ion , inc lud ing d i so rde red fetal deve lopmen t , impa i red reproduct ive capabi l i ty and 

behaviour, and excess i ve cell prol i feration-promoting carc inogenes is (Safe, 2004). Whi le s o m e 

of the inc rease can be attributed to improved detect ion, it is specu la ted that i nc reases in 

endocr ine -sens i t i ve c a n c e r s , birth de fec ts , endomet r ios is , and immune d iso rders , may be 

attributed in part to the effects of envi ronmental contaminants on endocr ine sys tems (Brucker-

Dav i s et a l . , 2 0 0 3 ; Co lbo rn et a l . , 1993; Fos ter , 2 0 0 3 ; Gui let te et a l . , 1995; S a f e , 2004 ; 

S k a k k e b a e k , 2 0 0 2 ; W e i d n e r et a l . , 1998) . T h e s e con taminan ts inc lude m a n y c o m p l e x 

m o l e c u l e s , s u c h a s pes t i c ides and a romat i c hyd roca rbons , a s wel l a s relat ively s imp le 

mo lecu les such a s nonylphenol , which are ubiquitous and persistent in the environment. S e x 

hormone-regula ted t i ssues , such a s the prostate, are part icularly vu lnerable and sens i t ive to 

endocr ine disruption (Gil l , 1988; Sato et a l . , 1997). 

It is apparent from research with synthet ic therapeut ic steroid agonis ts and antagonists 
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that the l igand-binding pocket of steroid receptors has the ability to bind to molecu les that are 

structurally distinct from their cognate physiological l igands, albeit with different binding affinities 

and activit ies (Blair et a l . , 2000; F isher , 2004; Wal le r et a l . , 1996). Whi le a speci f ic endogenous 

steroid hormone el icits the appropr iate phys io log ica l r esponse upon binding to its receptor, 

exogenous l igands may bind to the receptor result ing in a high level (agonist) or a low level 

(weak agonist) of gene exp ress ion , or may block the exp ress ion of a gene (antagonist). For 

examp le , agonis t ic binding of an t i -androgens, such a s C a s o d e x or f lutamide to the A R , is 

thought to induce a conformat ional change in the receptor, differing from that of agonist binding, 

thereby altering its ability to act ivate transcript ion (Martin et a l . , 1988). Hormone antagonis ts 

may bind to the receptor and promote D N A binding but fail to initiate transcript ion, or prevent 

D N A binding and transcript ional act ivat ion (Truss et a l . , 1994). Sensi t iv i ty to hormone levels 

change within the individual over the cou rse of their l ifetime. Dur ing per iods of low levels of 

endogenous hormones, such as fetal deve lopment and early ch i ldhood, an endocr ine disrupter 

that is normally a weak agonist , may act as a strong agonist . Converse ly , the s a m e compound 

may act antagonist ical ly during reproduct ive years when high levels of endogenous hormones 

are present in a tightly regulated fash ion n e c e s s a r y for appropr ia te phys io log ica l funct ion 

(Bigsby et a l . , 1999). W h e r e a s chemica l exposure may be transient, s o m e of the effects are 

irreversible (Gray and Ke lce , 1996). The mechan isms of action of endocr ine disrupters within an 

androgen target cel l are presented in Figure 1.7. 

It is ev ident that the endocr ine sys tem is an ext remely comp lex one in wh ich many 

hormones interact in order to make all facets of reproduction possib le. It is precisely because of 

the highly complex nature of hormonal sys tems that there are a large number of points at which 

disruption can occur . Moreover , endocr ine disrupters can attack var ious s i tes s imul taneously . 

A l though natural steroid ho rmones funct ion by binding to spec i f i c receptor s i tes , synthet ic 

env i ronmenta l hormonal ly act ive c o m p o u n d s can interfere with the hormona l s ys tem in a 

number of ways (Bigsby et a l . , 1999; Co lborn et a l . , 1993; F isher , 2004; Gray et a l . , 1999). They 
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Figure 1.7 The Potential Mechanisms of Endocrine Disruptor Action in an Androgen-

Responsive Target Cell can occur by affecting: (1) competi t ion for the l igand-binding domain ; 

(2) conformat ional change of A R ; (3) nuclear t ranslocat ion; (4) D N A binding and transcript ional 

activation (Adapted from Sul tan et a l . , 2001). 
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may compet i t i ve ly b ind to spec i f i c recep to r s i tes , and e v o k e a r e s p o n s e that m im ics 

e n d o g e n o u s ho rmones . Inappropriately bound l igands may inc rease the metabo l i sm of the 

hormone receptor, wh ich o rphans natural ho rmones (Breinholt et a l . , 2000 ; P ink and Jo rdan , 

1996). In addi t ion, the number of receptor s i tes may dec rease when a hormone is present in 

e x c e s s . A l ternat ive ly , endoc r ine d isruptors may al ter e n d o g e n o u s ho rmone syn thes i s or 

metabo l ism upsett ing the normal hormonal homeos tas i s within an o rgan ism (Badawi et a l . , 

2000 ; F isher , 2004; Kes te r et a l . , 2000) . Two key examp les of this are the ability of certain 

phthalate esters to disrupt testosterone synthes is , and the ability of certain endocr ine disrupting 

compounds to inhibit the bio-inactivation of estradiol by inhibiting the sul fotransferase e n z y m e s 

(F isher , 2004) . A l though steroid ho rmones evoke their f inal ac t ions by binding to nuc lear 

receptors , regulat ion of steroid hormone transport to target t i ssues is control led in part by 

steroid binding proteins ( S B P s ) that bind to steroid hormones with low but speci f ic affinity, then 

t ransport h o r m o n e s to the appropr ia te t i s s u e s . Improper b inding of S B P s to endoc r ine 

d isrupters may result in al tered levels of e x o g e n o u s c o m p o u n d s within ce l ls . Al ternat ively, 

exogenous l igands may bind to S B P s to d isp lace native hormones, and effectively increase the 

concentrat ions of endogenous hormones (Danzo 1997; Dechaud et a l . , 1999). Final ly, t issue 

local ized membrane express ion of the mult ixenobiotic transport protein P g p suggests its role in 

both ho rmone sec re t ion and xenob io t i c c l e a r a n c e (Ba in and L e B l a n c , 1996) . Ho rmona l 

interference can espec ia l l y be detr imental dur ing deve lopment in utero, pre-puberty, and at 

puberty, where acute exposure to endocr ine disruptors may have a permanent consequence on 

t i ssue di f ferent iat ion a s w a s demons t ra ted by t ransp lacen ta l e x p o s u r e to D E S on fetal 

development (Bisby et a l . , 1999). 

Interference of steroid receptor act ion may a lso occur through the indirect mechan ism of 

act ivat ing other transcr ipt ional factors that compete for the s a m e limiting co-act ivator proteins 

(Kamei et a l . , 1996; Kumar and Pe rdew, 1999; Sheppa rd et a l . , 1998). Fo r example , 2,3,7,8-

tetrachlorodibenzo-p-dioxin ( T C D D ) can transcript ionally activate the aryl hydrocarbon receptor 
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( A h R ) and act ivat ion of A h R - d r i v e n t ranscr ip t ion in L N C a P prostate c a n c e r ce l l s c a n 

competi t ively inhibit AR-d r i ven transcript ion (Jana et a l . , 1999). It has been postulated that this 

occurs because both receptor sys tems compete for common co-act ivators, such as p 3 0 0 / C B P , 

A R A 7 0 , or S R C - 1 , and thus st imulat ion of one sys tem may repress the other (Kamei et a l . , 

1996). 

The c lass ica l v iew that steroids act only through the binding of the steroid to a high affinity 

steroid receptor has been cha l l enged . The re is inc reas ing l iterature regard ing rap id , non-

genomic act ions of steroid hormones (Simoncin i and G e n a z z a n i , 2003). T h e s e rapid effects do 

not rely on g e n e t ranscr ip t ion or protein syn thes i s , but rather suppor t s te ro id - induced 

modulat ion of cy top lasmic and cel l membrane bound regulatory proteins, and intracel lu lar 

s igna l ing c a s c a d e s wh ich have been shown to involve mi togen act ivated protein k i nases , 

phosphot idy l inos i to l -3-OH k inase or tyrosine k inases (Fisher , 2004) . Therefore , the act ion of 

steroid hormones upon target cel ls and organs is regulated by a complex interplay of genomic 

and non-genomic s ignal ing, which is required to maintain both cel lular and bodily homeos tas is 

(Fisher, 2004). 

1.3.6 Pesticides Possess Endocrine Disrupting Activity 

A wide variety of synthet ic chemica ls are found in the envi ronment as a c o n s e q u e n c e of 

modern manufactur ing and agricultural productivity efforts. The general populat ion is exposed to 

t hese c h e m i c a l s pr imari ly through dietary c h a n n e l s , and b e c a u s e of their stabi l i ty and 

hydrophobicity, these chemica ls accumulate in lipids and ad ipose t issue and their concentrat ion 

inc reases as they progress up the food cha in . Exposure to endocr ine disrupting pest ic ides and 

organochlor ine industrial chemica ls and their byproducts during crit ical s tages of life, including 

developmenta l per iods, can produce permanent alterations of hormonal sys tems. At such t imes, 

even a s ing le , relat ively low d o s e of a hormone-d is rupt ing subs tance , even be low normal 

toxicity levels, can result in irreparable damage . Further, an important theme that emerges from 

many s tud ies is the part icular suscept ib i l i ty of the deve lop ing o rgan i sm to e x p o s u r e s of 
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hormonal ly act ive subs tances at levels that have minor, transient, or no impact in adults. Low-

level deve lopmenta l exposu res to subs tances that modula te endocr ine activity can have life 

long impacts if the exposure occurs dur ing a per iod of unique vulnerabil i ty. Seve ra l c a s e s of 

c lear -cut , cause -and -e f f ec t re la t ionsh ips have been d o c u m e n t e d be tween env i ronmenta l 

exposures and adverse reproduct ive ou tcomes in f ish, birds, and mammals (Ankley and G iesy , 

1998; Co lbo rn and C lement , 1992;). In addi t ion, there have been numerous c a s e s where a 

signi f icant correlat ion has been es tab l i shed between env i ronmenta l chemica l exposu re and 

impaired reproduct ion, including abnormal i t ies found in reproductive organs or sexua l behaviour 

of birds, marine mammals , panthers, al l igators, f ish and snai ls (Begley and Gl ick, 1994; Raloff, 

1994). Human reproduction has been affected by chemica ls of this nature as wel l , with reported 

effects ranging from decl ining sperm counts (Car lsen et a l . , 1992) to an increased female / male 

sex ratio (Davis et a l . , 1998). Final ly, increasingly frequent human cancers over the past few 

decades include those of the breast, ovar ies, testes and prostate, all t issues that are sensit ive to 

steroid hormones (Re is et a l . , 1994). In the c a s e of prostate cancer , it has been shown that 

occupat ional P C B exposure increases the risk of prostate cancer (Robinson et a l . , 1999). 

S te ro id recep to rs s u c h a s a n d r o g e n , e s t r o g e n , and p roges te rone recep to rs are 

transcript ion factors that regulate gene express ion v ia l igand dependent DNA-b ind ing (Quigley 

et a l . , 1995) and cross-talk with other transcription factors (Peterziel et a l . , 1999; P ica rd , 2003). 

Unfortunately, certain envi ronmental chemica ls are ab le to interact with steroid receptors. A n 

interplay be tween the mult ip le fac tors invo lved in g e n e t ranscr ip t ion and env i ronmenta l 

contaminants with the potential to disrupt normal endocr ine funct ion could induce abnorma l 

gene activation and express ion (Kelce et a l . , 1998; Wolff and Tonio lo, 1995). Androgen act ions 

mediated by the A R play an essent ia l role in the deve lopment and differentiation of the male 

embryo and spermatogenes is initiation and maintenance (Bentvelsen et a l . , 1994). Act ivat ion of 

the A R by var ious polyaromat ic hydrocarbons has been shown to have detr imental effects on 

the deve lopment and function of the male reproduct ive sys tem (Gray et a l . , 2001). In addit ion, 
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many s tud ies have repor ted the in ter ference of env i ronmen ta l con tam inan ts , s u c h a s 

herb ic ides, pest ic ides, and fungic ides, with A R function (Gray et a l . , 1996; G ray et a l . , 1999; 

Ke l ce et a l . , 1995; Koj ima et a l . , 2004; Lemai re et a l . , 2004; M o n o s s o n et a l . , 1999; Ostby et a l . , 

1999; Sul tan et a l . , 2001; Tamura et a l . , 2003). 

1.3.7 Endocrine Disruption and Mechanisms of Hormone Transport 

Organ isms , including humans , have evo lved de fense m e c h a n i s m s to protect themse lves 

f rom tox ic xenob io t ics . T h e mult idrug t ransporter P g p , e n c o d e d by the mult idrug res is tance 

gene, is a t ransmembrane efflux pump shown to regulate the cel lular efflux of a wide variety of 

c h e m i c a l s , inc luding both natural s u b s t a n c e s s u c h a s s tero ids , and xenob io t i cs , s u c h a s 

environmental contaminants and chemotherapeut ic agents (Bain et a l . , 1997; Bain and LeB lanc , 

1996; Ernest and Be l l o -Reuss , 1998; K im and Benet , 2004; Lann ing et a l . , 1996; Or lowski and 

Gar r igos , 1999). Increased P g p express ion has been widely reported in normal and mal ignant 

t i ssues upon xenob io t ic exposu re . P g p is predominant ly located on ap ica l m e m b r a n e s of 

epi thel ia, on the luminal sur face of the smal l intestine, co lon, capi l lary endothel ia l ce l ls of the 

brain and on kidney proximal tubules, indicating its role as a natural detoxif ication sys tem (van 

de Vr ie et a l . , 1998). A limited number of pest ic ides have been directly invest igated for their 

effects on P g p express ion and activity (Abu-Qare et a l . , 2003) . S tud ies with M D R 1 a knockout 

mice further support this protect ive funct ion, showing that an a b s e n c e of P g p exp ress ion in 

brain capi l lary endothel ium cel ls c a u s e s increased brain intoxication to the pest ic ide ivermectin 

(Sch inke l , 1999). Fur thermore, P g p exp ress ion in the test is and p lacenta can protect t hese 

' sanc tuar ies ' f rom cytotoxins (Co rdon -Ca rdo et a l . , 1990). Other env i ronmenta l ly pers istent 

endocr ine disruptors, such as P C B s , d ioxin, and other pest ic ides have yet to be eva luated for 

their effects on P g p . A l though P g p is often thought of as a cel lular detoxif icat ion pump, many 

studies investigating the normal phys io logica l function of P g p sugges t steroid hormones could 

be natural P g p substrates (Barnes et a l . , 1996; K im and Benet, 2004; Naito et a l . , 1989; U e d a et 

a l . , 1992; van Ka lken et a l . , 1993). Taken together, these results indicate that xenobiot ics may 
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affect the efflux of natural steroids through a P g p mediated mechan ism by possib ly inf luencing 

both P g p express ion and activity. In male reproductive organs, such as the prostate, disruption 

of steroid hormone s ignal ing and hormonal levels could have detr imental effects on t i ssue 

dif ferentiat ion, deve lopment , and homeos tas i s , leading to fertility p rob lems and endoc r ine -

related cancer . 

1.4 P-glycoprotein and Multi-Drug Resistance 

It is wel l es tab l i shed that P g p p lays an important role in multidrug res is tance ( M D R ) . 

Intrinsic or acqui red res is tance of cancer cel ls to a wide variety of structurally and functionally 

unre lated drugs cha rac te r i zes the p h e n o m e n o n M D R (Sch inke l and Jonke r , 2003) . Mos t 

impor tant ly , M D R is a major p rob lem in the c h e m o t h e r a p e u t i c t rea tment of c a n c e r 

(S tav rovskaya , 2000) . The ef f icacy of an t icancer drugs is d imin ished b e c a u s e P g p act ively 

ef f luxes them out of the ce l l , thereby prevent ing their interact ion with intracel lular targets 

(Kartner et a l . , 1983). T h e character izat ion of M D R and the reversa l of M D R are two major 

a reas of cancer research with the objective of improving patient response to chemotherapeut ic 

treatment. Ju l iano and Ling (1976) were the first to detect P g p and initially thought it p layed a 

role in modulat ing cel lular permeabil i ty. S i n c e then, P g p has been implicated in M D R by acting 

as an energy-dependent drug efflux pump, and consequent ly has been extensively molecular ly 

and cl inical ly character ized (Ambudkar et a l . , 1999; Leith et a l . , 1999; N g et a l . , 1998; Tay lor et 

a l . , 2001 ; Track e t a l . , 1997). 

1.4.1 Structure 

P-g lycoprote in be longs to the a d e n o s i n e t r iphosphate ( A T P ) b inding casse t te ( A B C ) 

super fami ly of t ranspor ter prote ins, sub fami ly B ( G e r m a n n and C h a m b e r s , 1998) . A B C 

transporters are ubiquitous with over 300 family members identified in all known organ isms from 

bacter ia to m a m m a l s . Forty-e ight different A B C t ranspor ter prote ins (grouped into s e v e n 

subfami l ies ranging from A - G ) have been def ined in the human g e n o m e based on s e q u e n c e 

homology. A B C transporter proteins are known to perform transport funct ions a c r o s s both 
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intracel lular and/or p lasma membranes , wh ich depends on their intracel lular locat ion. S o m e 

e x a m p l e s of the transport funct ions inc lude uptake of nutr ients, the t ransport of ions and 

pept ides, the extrusion of nox ious compounds , the secret ion of toxins, or cel l s igna l ing. The 

most striking property of A B C transporter proteins is they can transport an incredibly d iverse 

range of compounds , which do not share obv ious structural character is t ics. Interestingly, many 

of these compounds are natural in origin, der ived from plants, bacter ia, fungi, and sponges , or 

minor var iants of natural p roduc ts , inc lud ing s u g a r s , a m i n o a c i d s , cho les te ro l , s te ro ids , 

phospho l ip ids , pept ides, proteins, tox ins, ant ibiot ics, and xenob io t ics (Higgins, 1992). Other 

m e m b e r s of the A B C transporter super fami ly inc lude mult idrug res is tance related proteins 

( M R P 1 - M R P 7 ) , M X R / B C R P (mitoxantrone res is tance/breast cancer res is tance protein) and the 

cyst ic f ibrosis t ransmembrane regulator (Dean and Al l ikmets, 2001) . The ability to confer M D R 

is common to many members of the A B C superfamily of transporter proteins. 

A s shown in Figure 1.8, P g p is a 170 kDa membrane protein of about 1280 amino ac ids 

and 12-segments which local ize predominantly to the p lasma membrane of the cell and are a N-

g lycosy la ted . A s an A B C transporter, P g p is an integral membrane protein cons is t ing of two 

homologous ha lves each containing six putative t ransmembrane a-he l ica l domains and a large 

intracytoplasmic loop encod ing an energy-coupl ing A T P - b i n d i n g site. Th is topology; however , 

remains controversia l and has been cha l lenged by alternative topologies (Jones and Geo rge , 

1998; S k a c h et a l . , 1993). 

1.4.2 P-glycoprotein Gene Family 

There is a strong body of research in the M D R family of g e n e s that e n c o d e for drug 

res is tance. Ex tens ive s tud ies have isolated and charac ter ized the g e n e s respons ib le for P g p 

express ion in normal t i ssues and overexpress ion in M D R cance r cel l l ines. Three c l a s s e s of 

mamma l i an P g p s are shown in Table 1.1. On ly two c l a s s e s , I and III, can confer the M D R 

phenotype. O f the two human g e n e s , primari ly M D R 1 confers drug res is tance (Ueda et a l . , 

1987), w h e r e a s out of the three rodent g e n e s products, two have the M D R phenotype. T h e 
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Figure 1.8 Putative Two-Dimensional Topology of Human MDR1 Pgp Based on Predicted 

Structure and Amino Acid Sequence Homology. 

Pgp cons is ts of two t ransmembrane domains , each containing 6 t ransmembrane segments , and 

the two nucleot ide-binding doma ins ( N B D s ) are A T P - b i n d i n g s i tes shown as grey c i rc les. N-

l inked glycosylat ion s i tes are represented by b ranches at the first extracel lu lar loop (Adapted 

from Germann , 1993). 
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Species Class 1 Class II Class III 

Human MDR1/ABCB1 MDR3/ABCB4 a 

Mouse mdr1a/Abcb1a b mdr1b/Abcb1bc mdr2/Abcb4 

Rat mdr1a/Abcb1a mdr1b/Abcb1b mdr2/Abcb4 

Table 1.1 Mammalian Multidrug Resistance Genes - Nomenclature and Classification. 

Two sys tems of nomenclature are commonly used in the literature. Hsu et a l . (1989) introduced 

the first sys tem of nomenc la ture . A new sys tem of nomenc la ture for A T P - b i n d i n g casse t te 

( A B C ) transporter genes that adopts the " A B C " prefix is now the official nomenclature. C l a s s I 

and II g e n e s convey the M D R phenotype; c l a s s III g e n e s e n c o d e a P g p funct ioning a s a 

phosphat idy lchol ine t rans locase. Rat mdr genes are des ignated p g p l , pgp2 and pgp3 in s o m e 

studies. Notes: (a) M D R 3 is a lso known as M D R 2 ; (b) m d r l a is a lso known as mdr3; (c) m d r l b 

is a lso known as m d r l . 
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murine m d r l b ( m d r l , pgp2) c D N A w a s c loned and confers M D R when t ransfected into drug 

sensit ive cell l ines (Gros et a l . , 1986), whereas the second M D R conveying gene, m d r l a (mdr3, 

p g p l ) , w a s subsequent ly c loned based on its high homology (Devault and G r o s , 1990). Both 

genes have over lapping but distinct transport propert ies (Devault and Gros , 1990). S i lverman et 

a l . (1991) pub l ished the c loned m d r l b gene of rats, whe reas the rat m d r l a gene w a s more 

recently c loned (Hooiveld et a l . , 2001) . The mammal ian P g p mult igene famil ies are c lustered in 

tandem on a s ing le c h r o m o s o m e , human c h r o m o s o m e 7, m o u s e c h r o m o s o m e 5, and rat 

ch romosome 4 . 

1.4.3 Biochemistry 

P g p med ia ted t ranspor t is an act ive p r o c e s s d e p e n d e n t on A T P hydro lys is . T h e 

coord inate funct ioning of the mo lecu le requi res the interact ion of the two ha lves of P g p , 

speci f ical ly the interaction of the two A T P binding sites (Ambudkar et a l . , 1999; S h a r o m , 1997). 

During the transport of one molecu le of substrate, hydrolysis of two mo lecu les of A T P occurs 

such that one is involved directly in a conformat ional change in the t ransmembrane domains 

that results in translocat ion of the drugs out of the cel l , while the second s e e m s to be necessary 

to restore the transporter to its or iginal high affinity state for subst rates (Sauna et a l . , 2 0 0 1 ; 

S a u n a and Ambudkar , 2000). Substrate transport is dependent on the interaction between A T P 

binding si tes and the drug-binding pocket. Subst ra tes interact with different over lapping regions 

of a c o m m o n drug-b ind ing pocket that is large enough to a c c o m m o d a t e more than one 

compound (Loo et a l . , 2003a ; S h a r o m , 1997). It has been hypothes ized that drug binding may 

o c c u r through a subs t ra te - i nduced fit m e c h a n i s m ; the con fo rmat ion of t r a n s m e m b r a n e 

segments is changed upon Pgp binding to particular substrate (Loo et a l . , 2003b). 

A large diversity of compounds , which do not share obv ious structural character ist ics, can 

be actively effluxed by P g p across the cell membrane generat ing a drug concentrat ion gradient. 

Interestingly, many Pgp substrates are cytotoxic compounds of natural origin or minor variants 

of natural compounds that are used extensive ly as cance r chemotherapeut ics , such as V i n c a 
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alkalo ids, taxanes , and anthracyc l ines. A s a c o n s e q u e n c e of the p romiscuous nature of P g p , 

known subs t ra tes a l so inc lude a d iverse var iety of med i ca l and synthet ic c o m p o u n d s , for 

examp le , antibiot ics (rifampicin), ant imicrobial agents (co lch ic ines) , ant iepi lept ics (phenytoin), 

ho rmones (dexamethasone) , ca lc ium channe l b lockers (verapami l ) , HIV pro tease inhibitors 

( indinavi r ) , pes t i c i des ( ivermect in ) , a n t i d e p r e s s a n t s (amit r ipty l ine) , i m m u n o s u p r e s s a n t s 

(cyc lospor ine A ) , d ig i toxin, and D N A intercalators (ethidium bromide) ( C h e n et a l . , 1986; 

Endicot t and L ing , 1989; S c h i n k e l , 1997; S touch and G u d m u n d s s o n , 2002) . T ranspor ted 

compounds have d iverse chemica l structures, and much research has tried to def ine common 

propert ies of a typical substrate (Ueda et a l . , 1997). Phys i cochemica l propert ies are currently 

the ma in de te rm inan ts of whe the r a par t icu lar c o m p o u n d is t ranspor ted or not, with 

hydrophobici ty, three-d imensional structure and sur face charge distribution all be ing poss ib le 

factors which inf luence interaction with P g p . The only common structural denominator identified 

s o far is that all t ransported P g p subs t ra tes are hydrophob ic and amph ipa th ic (containing 

spat ia l ly separa ted hydrophob ic and hydrophi l ic moiet ies) in nature, poss ib ly related to the 

m e c h a n i s m of drug t ranslocat ion by P g p (Ueda et a l . , 1997). O n e theory sugges ts that the 

amphipath ic nature of substrates may al low them to insert in one hemileaflet of the lipid bi layer 

(Higgins, 1992). Transported compounds can range in molecular m a s s from 250-2000 Da (Ford 

and Hait, 1990; G e r m a n n , 1996; S h a r o m et a l . , 1999). How P g p m a n a g e s b iochemica l ly to 

recognize and transport such a wide diversity of chemica l structures remains an area of intense 

research, highly debated but as yet, unresolved. 

1.4.4 Transport Models 

The wide variety of chemica l structures transported by P g p has led to the development of 

many different mode ls p ropos ing the m e c h a n i s m used by P g p to t ransport subs t ra tes . A l l 

mode ls ag ree that the t rans locat ion of subst ra tes from the cel l by P g p is A T P - d e p e n d e n t 

( G o t t e s m a n a n d P a s t a n , 1988 ; S h a r o m , 1997 ; S t e i n , 1997) , but the p r e c i s e t ranspor t 

mechan ism is still a matter of strong debate. The more popular models propose a direct-pump 
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mechan ism (Got tesman and Pas tan , 1993; Higgins and Go t tesman , 1992), al though alternative 

indirect-pump models have a lso been developed (Roepe, 1995; Zhu , 1999). 

T h e majority of exper imenta l data as dep ic ted in Figure 1.9 favours direct t ransport 

models (Ambudkar et a l . , 1999; Got tesman et a l . , 1996; Got tesman and Pas tan , 1993; S a u n a et 

a l . , 2 0 0 1 ; S h a r o m , 1997). T h e s e hypo theses propose that pharmaco log ica l agents pass ive ly 

d i f fuse d o w n a concen t ra t ion grad ient th rough the ce l l m e m b r a n e , b e c a u s e they are 

hydrophob ic . P g p subsequen t l y ex t rudes d rugs through the l ipid b i layer direct ly f rom the 

cy top lasm, or from the inner leaflet of the lipid bi layer even before they enter the cy top lasm 

(Eytan, 2005 ; Eytan and Kuche l , 1999; Go t tesman and Pas tan , 1993; Shap i ro and L ing, 1997; 

S h a r o m , 1997). Bes ides the binding affinity for P g p , the lipid solubil ity of the substrate and the 

rate of partitioning within the bi layer a lso determine whether a substrate is efficiently transported 

(Begley, 2004; See l ig and Landwoj towicz, 2000). T h e possibi l i ty of P g p extract ing substrates 

from the cytop lasmic, extracel lular, or both leaflets of the membrane remains to be e luc idated. 

Accord ing to the 'hydrophobic vacuum cleaner ' hypothesis proposed by Rav iv et a l . (1990), P g p 

extracts drugs in a nonse lec t i ve fash ion f rom both leaf lets of the m e m b r a n e direct ly to the 

extracel lu lar env i ronment (Go t tesman and P a s t a n , 1993). T h e ' f l ippase mode l ' al ternat ively 

sugges ts that P g p carr ies its substrate from the inner leaflet to the outer leaflet (Higgins and 

Go t tesman , 1992; Shap i ro et a l . , 1997; Shap i ro and L ing, 1997; S h a r o m , 1997) whereupon the 

subst ra te is ef f luxed to the ext racel lu lar env i ronment . F inal ly , a s there are many different 

subst ra tes , the possibi l i ty cannot be exc luded that there is more than one mechan i sm with 

which P g p transports drugs, depend ing on the part icular substrate (Germann and C h a m b e r s , 

1998). 

1.4.5 Pgp Modulators 

P g p c h e m o s e n s i t i z e r s or modu la to rs can reverse P g p - m e d i a t e d M D R resul t ing in 

dec reased drug efflux and increased cel lular drug accumulat ion (Van Zuy len et a l . , 2000). The 

abi l i ty to reve rse M D R in c a n c e r pat ients is of i n tense interest ; howeve r , has on ly 
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'Pump' efflux model Extracellular 
environment 1 

! ! ! 1111! ^SP e f f u x models 

Energy dependent-efflux 
Cytoplasm Membrane 

interaction 

Flippase' efflux model 

Outer layer 

Inner layer 

Figure 1.9 Models of Substrate Efflux by P-glycoprotein. 

Subs t ra tes enter the membrane before they interact with P g p . (Left) P g p might recogn ize 

subst ra tes in the cy toso l and expe l them direct ly to the ext racel lu lar med ium in an A T P -

dependent manner ('pump efflux or vacuum c leaner model ' ) . (Right) Alternatively, the substrate 

and lipid membrane interact, and the substrate intercalated into the inner leaflet is f l ipped into 

the outer leaflet by P g p and subsequent ly re leased into the extracel lular medium ('fl ippase efflux 

model ' ) . Membrane re lease from the inner leaflet to the cytosol should be a s low p rocess for 

effective functioning of Pgp (Adapted from Johnstone et a l . , 2000a). 
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had l imi ted s u c c e s s d u e to dose - l im i t i ng tox i c i t i es , poo r P g p se lec t i v i t y , a l t e red 

pharmacok ine t ics and biodistr ibution of co-admin is tered ant icancer drugs, and adve rse s ide 

effects. Accord ing to Li tman et a l . (2001), there are likely as many P g p modulators as there are 

"true" P g p substrates, in part icular b e c a u s e of the difficulty in discr iminat ing between the two. 

The complex interaction of P g p with its var ious substrates is such that, for instance, substrates 

can modulate P g p transport of other substrates, whi le at the s a m e time they are themse lves 

transported. Inhibitors with a strong affinity for P g p usual ly s e e m to be substrates, and may be 

transported at a low rate. They may have such a high affinity for Pgp that their off-rate is too low 

to detect . A l ternat ive ly , they may enter the m e m b r a n e faster than P g p c a n pump them, 

occupy ing binding sites (Bareck i -Roach et a l . , 2003). 

1.4.6 Pgp Distribution in Non-malignant Tissue 

P g p is exp ressed in var ious non-mal ignant human and rodent t i ssues , bes ides its wel l -

character ized express ion in M D R tumour cel ls (S tavrovskaya, 2000). Northern blot (Fojo et a l . , 

1987), R T - P C R , and immunohis tochemica l s tudies using different ant ibodies (Cordon-Cardo et 

a l . , 1990; Brad ley et a l . , 1990; S u g a w a r a et a l . , 1988; Th iebaut et a l . , 1987; Thiebaut et a l . , 

1989) have shown that P g p is dif ferential ly e x p r e s s e d a m o n g t i ssues of var ious s p e c i e s 

(S tav rovskaya , 2000) . High exp ress ion has been d iscovered in the intest ine, adrena l g land, 

pregnant uterus and placenta where its normal physiological funct ions include detoxif ication and 

transport of l ipophil ic mo lecu les . Signi f icant levels of P g p have a lso been shown in the brain, 

spinal cord, liver, kidney, heart, testes, lung and sp leen (Endicott and L ing, 1989). 

Ve ry high levels of P g p have interestingly been located in the adrenal g land of humans , 

mice and hamster (Sugawara et a l . , 1988; Th iebaut et a l . , 1987). Observa t ions in hamsters 

indicate that high level of adrenal express ion is limited to males , suggest ing that P g p may be 

involved in transport of sex-spec i f ic adrenal hormones (Bradley et a l . , 1990). With the except ion 

of the homogenous distribution at adrenal cort ical cell membranes , P g p is mainly exp ressed at 

the luminal membrane of epithelial or endothel ial cel ls forming physio logical barriers like at the 
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secretory sur face of intestinal m u c o s a and renal proximal tubular cel ls (Thiebaut et a l . , 1987), 

and is highly expressed at blood-t issue barriers of the brain, testis, and placenta (Fromm, 2004; 

Thiebaut et a l . , 1989). This local izat ion sugges ts that P g p is primarily involved in the extrusion 

of substrates from the epithelial cell layer into the adjacent luminal space . 

Tumours that ar ise from t issues that normally express P g p may be intrinsically resistant to 

chemo the rapy , w h e r e a s tumours that are init ial ly r e s p o n s i v e may deve lop M D R dur ing 

chemotherapy by ove rexp ress ion of P g p (S tav rovskaya , 2000) . G e n e transfer exper iments 

involving M D R c D N A under control of different eukaryot ic promoters have shown that increased 

express ion of P g p confers M D R to cultured cel ls sensi t ive to chemotherapeut ic agents (Ueda et 

a l . , 1987) . In cance r , P g p o v e r e x p r e s s i o n may be the result of an adapt ive react ion to 

chemotherapy that occurs at the transcript ional level through the M D R - 1 gene promoter (Kohno 

e t a l . , 1989). 

1.4.7 P-glycoprotein Expression in the Prostate 

P g p express ion has been a s s e s s e d in the normal urothelial tract and prostate. P g p is not 

exp ressed in the normal urothel ium, but there are reported low levels of express ion within the 

prostate ( C o r d o n - C a r d o et a l . , 1990; G i m e n e z - B o n a f e et a l . , 2004 , Th iebaut et a l . , 1987). 

S tud ies by Kawa i et a l . (2000) conf i rmed that not only normal prostate epithel ial ce l ls , but a lso 

most of the prostate cancer cel ls expressed at least the M D R 1 P g p isoform (Kawai et a l . , 2000). 

In contrast to many other mal ignanc ies, there has been very little work on P g p express ion 

and prostate cancer . At present there have been very limited immunohis tochemica l s tudies of 

Pgp express ion in prostate cancer . In these studies, patients with metastat ic d i sease exp ressed 

high levels of P g p and patients with local ized d i sease exp ressed low levels or did not express 

P g p (Bhangal et a l . , 2000; Izbicka et a l . , 1998;). Us ing immunohistochemistry, Fojo et a l . (1987) 

detected low levels of M D R 1 m R N A in normal prostate and van der Va lk et a l . (1990) reported 

P g p exp ress ion in prostate epi thel ia l ce l ls . Go lds te in et a l . (1989) looked at two prostate 

c a r c i n o m a s by a R N A slot blot method and cou ld not detect M D R 1 e x p r e s s i o n in ei ther 
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s p e c i m e n . S i e g s m u n d et a l . (1997) looked at 35 benign and mal ignant prostate s a m p l e s of 

different origin using R T - P C R and found M D R 1 m R N A in 31 . 

High levels of P g p express ion are assoc ia ted with the emergence of drug res is tance in 

many ma l ignanc ies and are thought to correlate with a reduced response to chemotherapy , 

al though a c lear funct ional role of P g p in advanced prostate cancer remains to be estab l ished 

(Bhanga l et a l . , 2000) . A l though prostate cance r is initially t reated with hormona l therapy, 

chemotherapy is admin is tered at re lapse and leads to an improved quali ty of life if g iven in 

conjunct ion with steroids (Moore and Tannock , 1996). In breast cancer , wh ich in many w a y s 

paral lels prostate cancer , there is a cons iderable body of ev idence that suggests treatment with 

hormonal agents or chemotherapy is assoc ia ted with an inc reased l ikel ihood of express ion of 

M D R 1 . T h o s e patients w h o s e tumours exp ressed M D R 1 were three t imes as likely to fail to 

respond to chemotherapy as those w o m e n with low levels of M D R 1 express ion (Track et a l . , 

1997). It is still not c lear whether response to hormonal treatment or any other cl inical parameter 

is related to P g p express ion in prostate cancer ; however , i nc reased exp ress ion of P g p may 

have a role in both drug res is tance and and rogen- independen t p rogress ion of a d v a n c e d 

prostate cancer . V a n Brusse l et a l . (2001) demonstrated that the emergence or up-regulation of 

severa l mult idrug res is tance-re la ted proteins w a s a lso assoc ia ted with a signif icant ly higher 

histological grade, although in the prostate cancer samp les ana lyzed they were unable to show 

P g p express ion . It remains poss ib le that a variety of multidrug res is tance-re lated proteins, not 

only P g p , may provide prostate cance r ce l ls with protect ive m e c h a n i s m s , result ing in more 

progressive and multidrug resistant tumours. 

1.4.8 Regulation of Pgp Expression 

Regulat ion of P g p express ion is complex and remains incompletely understood, al though 

substant ia l a d v a n c e s have been m a d e in recent yea rs in unders tand ing the m e c h a n i s m s 

govern ing P g p induct ion. T h e human M D R 1 promoter region conta ins a number of putative 

recogni t ion s i tes for t ranscr ipt ion factors , inc luding act ivator protein-1 (AP-1 ) , st imulat ing 
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protein-1 (SP-1 ) , nuclear factor-Y (NF-Y ) , and C C A A T - e n h a n c e r binding protein-f i (Labial le et 

a l . , 2002) . C a n c e r o u s tumours are known to increase their P g p express ion when treated with 

chemotherapeut ic drugs, and this increase may be due to select ion of Pgp-express ing cel ls or 

due to an increase in m R N A translation (Got tesman and Pas tan , 1993). Further, it is known that 

severa l s t ressors, such as oxidative s t ress, increase P g p express ion (Fel ix and Bar rand, 2002). 

T h e M D R 1 gene may a lso be act ivated after exogenous simulat ion from cytotoxic d rugs and/or 

carc inogens (Kohno et a l . , 1989; Mick ley et a l . , 1989). Th is activation appears to be mediated 

through nuc lear transcript ion factors, including Y B - 1 , where studies have shown that it has a 

role in t ranscr ipt ional act ivat ion of the M D R 1 gene in the p r e s e n c e of env i ronmenta l or 

genotox ic s t ress (Asakuno et a l . , 1994; O h g a et a l . , 1998). It s e e m s plausib le that upst ream 

regulators of P g p express ion such as Y B - 1 may play a large role in adaptat ional responses to 

st ress, and this thesis offers further insight into this relationship. 

Other results a lso indicate that steroids may be able to alter P g p express ion (Demeule et 

a l . , 1999; K im and Benet , 2004 ; P i e k a r z et a l . , 1993; Z h a o et a l . , 1993). The M D R 1 gene 

promoter is not known to have any androgen- respons ive e lements , al though regulation of P g p 

express ion through protein-protein interact ions of androgen receptors and other transcript ion 

factors might be poss ib le . Another mechan i sm of inc reased M D R 1 express ion is the frequent 

amplif ication of the M D R 1 gene (Riordan et a l . , 1985). Th is gene amplif ication can be regulated 

by the methylat ion of the promoter . D N A methylat ion has been shown to be a p laus ib le 

regulator of gene exp ress ion s ince there is an inverse correlat ion be tween methylat ion and 

transcr ipt ion in both normal and mal ignant ce l ls (Laird and J a e n i s c h , 1994). T h e s e f indings 

suggest that increased express ion of the M D R 1 gene that leads to overexpress ion of P g p and 

an M D R phenotype in human cance rs is induced through local izat ion of transcript ion factors 

such as YB-1 or by gene amplif ication through methylation of the M D R 1 promoter. 

K n o w l e d g e of the t ranscr ip t ional regulat ion of the M D R 1 g e n e is far f rom be ing 

complete. However , the previously ment ioned studies bring new insights into the l inks, on the 
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one hand, between xenobiot ics and the physio logica l modulat ion of M D R 1 and , on the other, 

between oncogenes and the pathological express ion of M D R 1 in tumours. 

1.4.9 The Role of Pgp in Normal Physiological Processes 

It has been postulated that the speci f ic t issue distribution and subcel lu lar local izat ion of 

P g p , comb ined with its subst rate transport character is t ics , strongly sugges t that it p lays an 

important role in l imiting ce l lu lar absorp t ion and distr ibut ion of e x o g e n o u s tox ins and in 

increasing excret ion of these xenobiot ics or metabol i tes (Stavrovskaya, 2000). Not surprisingly, 

the majority of research has focused on the protective function of Pgp , categor iz ing the plethora 

of subs tances t ransported, and understanding the prec ise m e c h a n i s m s of P g p structure and 

function. In depth investigation of the normal physio logical role of P g p has been made poss ib le 

by the genera t ion of m d r l a , mdrb, or m d r l a / m d r b g e n e knockout mice (Sch inke l , 1997; 

S p a r r e b o o m et a l . , 1997). A l l three types of knockout mice appea r to have normal growth, 

deve lopment , viability, life span and fertility and do not show gross anatomica l or histological 

abnormal i t ies ; they are comple te ly normal a s long a s they are not cha l lenged with drugs . 

Ana lys i s to date has shown that P g p is not vital to bas ic liver, kidney, or intestinal function, or to 

funct ions of the brain, adrena l g land, ovar ies , or uterus dur ing pregnancy . Unfortunately, no 

studies in knockout mice have examined P g p function in the prostate. S e v e r e prob lems with 

pharmaco log ica l handl ing appear in P g p knockout mice when treated with drugs that are P g p 

substrates. For examp le , mice with an inactivated m d r l a gene have no detectable P g p in gut 

epithel ium and brain capi l lar ies, and consequent ly increased oral uptake, dec reased c learance, 

shifts in excret ion route and e n h a n c e d uptake in fe tuses of var ious potential ly harmful or 

therapeut ic c o m p o u n d s have been demons t ra ted in t hese knockou ts (Smit et a l . , 1999 ; 

Spar reboom et a l . , 1997). 

Var ious other physio logical funct ions of P g p , in addit ion to its protective role, have been 

proposed to provide an explanat ion for the unusual basa l A T P hydrolysis in the a b s e n c e of any 

e n d o g e n o u s subst ra te . P g p might be involved in t ransport of cy tok ines or t rans locat ion of 
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phospho l ip ids ( C h o n g et a l . , 1993), and recent ly it w a s s u g g e s t e d to act ive ly t rans locate 

cholestero l to the outer cel l membrane (Gar r igues et a l . , 2002) . In addi t ion, P g p has been 

impl icated in the et io logy of A l zhe imer ' s d i s e a s e a s it may be involved in el iminat ion of p-

amyloid from the brain (Lam et a l . , 2001). C lose ly related to later observat ions in Chapter 5, it 

has been p roposed that P g p may part ic ipate in p rog rammed cel l death (Johns tone et a l . , 

2000b) . A role in steroid transport; however , is the most frequently sugges ted funct ion, which 

may exp la in its exp ress ion and poss ib le role in the protect ion or h o m e o s t a s i s in steroid 

hormone-assoc iated t issues. 

1.4.10 Pgp as an Anti-apoptotic Protein 

There is little doubt that P g p plays a pivotal role a s a M D R conferr ing efflux pump. New 

ev idence sugges ts that in addit ion, Pgp may act as a general anti-apoptotic protein to increase 

the threshold for ce l l death (Johns tone et a l . , 1999; J o h n s t o n e et a l . , 2 0 0 0 b ; Ruef l i and 

Johnstone, 2003; Scotto and Johns tone, 2001). Effectively, the cel ls are protected at two levels, 

firstly by decreas ing the amount of toxins that accumula te in the ce l l , and second ly by blocking 

apoptotic pathways induced by toxins and cel lular s t ress. For example , M D R cel ls were found to 

be c ross - res i s tan t to a numbe r of s t imul i , inc lud ing rad ia t ion, rather than exc lus i ve l y 

chemotherapeut ic drugs (Got tesman and Pas tan , 1993). Recen t s tudies provide ev idence that 

Pgp can act as a general anti-apoptotic molecule to inhibit caspase -dependen t cell death , and 

further sugges ts that P g p may inhibit c a s p a s e act ivat ion (Ruefl i and Johns tone , 2003 ; Scot to 

and Johnstone, 2001). 

1.5 P-glycoprotein and Androgens 

1.5.1 The Interaction between Pgp and Steroids 

Cent ra l to the main hypothes is p resented in this thes is , relat ively little attention and 

research has been given to factors, such as the poss ib le interaction between P g p and steroids, 

which may inf luence the intracellular concentrat ion of steroids. The current v iew sugges ts that 

steroids, by virtue of their highly l ipophil ic nature and smal l s i ze , readily diffuse ac ross p lasma 
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m e m b r a n e s . A n energy -dependen t t ransport m e c h a n i s m within the membrane , result ing in 

reduced accumula t ion of steroid mo lecu les by mamma l i an ce l ls w a s first p roposed in 1968 

(Gross et a l . , 1968). It w a s obse rved that the transport p rocess only affected s o m e of the 

steroids tested, such as Cortisol, dexame thasone , and predniso lone. In addit ion, testosterone 

and estradiol were shown to interfere with the extrusion mechan ism (Gross et a l . , 1970). Thus , 

this publ icat ion w a s the first report of car r ie r -media ted transport of a steroid mo lecu le by 

mammal ian cel ls. 

M a n y s tud ies have demons t ra ted the impor tance that s tero ids p lay in phys io log ica l 

funct ions; however there has been a long held dogma that steroids move freely into and out of 

the cell by s imple diffusion. Steroid hormones affect every organ in the mammal ian body with a 

w ide var iety of funct ions from modulat ion of nuc lear t ranscr ipt ion and protein syn thes is to 

cellular s ignal t ransduct ion, thus triggering genomic events that are responsib le for physio logical 

r e s p o n s e s (Wehl ing, 1997). In vitro s tudies by J o h n s o n et a l . (1984) were among the first to 

examine the interactions between mouse mdr l Pgp and glucocort icoids. In addit ion, high levels 

of P g p express ion in the adrenal cortex and p lacenta gave rise to specula t ion that the major 

physio logical function of P g p may involve steroid transport (Fojo et a l . , 1987; Ho lcberg et a l . , 

2003 ; Th iebaut et a l . , 1987). Th is idea w a s further s t rengthened when it w a s d iscovered that 

P g p could transport the cort icosteroid hormones Cortisol, cort icosterone, and a ldosterone, and 

the glucocort icoid dexamethasone (Ueda et a l , 1992; V a n Ka lken et a l , 1993; Wol f and Horwitz, 

1992). O n the bas i s of steroid structure, it w a s p roposed that steroid interact ion with P g p 

d e p e n d s on the hydroxyl g roups present in posi t ions 11, 16, and 17 of the g lucocor t ico id 

(Bourgeois et a l . , 1993). Interestingly, this w a s a lso the first suggest ion of the possib le transport 

of androgens by mouse P-glycoprotein due to the inhibitory effect of testosterone on vinblast ine 

binding. In an extensive study of interactions of P g p and steroid hormones using M D R human 

colon ca rc inoma cel ls , Ba rnes and co l leagues were the first to sugges t that a wide range of 

s tero ids , inc luding the and rogens , tes tos terone and D H T , were reduced to an extent that 
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correlated wel l with their relative hydrophobici ty (Barnes et a l . , 1996). More recently, studies in 

mice, deficient for both m d r l a and m d r l b P g p , report that penetrat ion of endogenous steroid 

hormones cor t icosterone, Cortisol, a ldosterone and progesterone into the brain is enhanced 

(Uhr et a l . , 2002) . T a k e n together, these s tud ies s h o w that interaction of s teroids with P g p 

compr ises a spect rum - at one end , steroids like dexamethasone and Cortisol are mainly Pgp 

subst ra tes , and in oppos i t ion , s tero ids such as proges terone may main ly inhibit P g p . The 

distinction between P g p substrates and inhibitors is based on their respect ive P g p binding and 

transport behavior. Whi le steroid P g p inhibitors bind avidly to P g p , the steroid is not transported 

out of the ce l l , in compar ison to the Pgp-med ia ted transport of other steroid substrates. Th is 

paradox ica l phenomenon may be exp la ined by the high l ipophicity of P g p inhibitors, such as 

progesterone, result ing in a fast partit ioning into the p lasma membrane leaflets (Eytan et a l . , 

1996). The high rate of back diffusion fully counteracts the P g p media ted outward f l ipping of 

progesterone and no drug gradient can be es tab l ished (Eytan et a l . , 1996; S h a r o m , 1997). It 

strongly compe tes for P g p mediated transport and due to its rapid insert ion into the p lasma 

membrane, progesterone overwhelms the P g p transport machinery, which leads to the inability 

of P g p to transport other substrates. 

A recent art icle by Li et a l . (2004) examin ing the st ructure- funct ion re la t ionsh ips 

between P g p and steroids shows that steroid hydrophobici ty plays an more important role in the 

b inding affinity to P g p of inhibi tors than of subs t ra tes . S te ro ids with s t ronger inhibitory 

capaci t ies , such as pregnanedione and progesterone have intense hydrophobici ty making their 

binding with P g p too strong for them to leave or to be pumped out by P g p . However , steroid 

c o m p o u n d s with w e a k inh ib i tory e f fec ts , s u c h a s a l d o s t e r o n e , c o r t i c o s t e r o n e , and 

dexamethasone are less hydrophobic (Li et a l . , 2004). 

1.5.2 The Hypothesized Role of Pgp on Androgen Transport and Prostate 

Cancer 

Steroid efflux by drug transporters may be a more general ly occurr ing phenomenon than 
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is current ly apprec ia ted (Kral l i and Y a m a m o t o , 1996 ; T h o m p s o n , 1995). T h e prev ious ly 

d i scussed in vitro studies combined with the p resence of P g p in hormone-sensi t ive cel ls has led 

to suggest ions that P g p has a physio logical role in steroid secret ion. The importance of P g p as 

a steroid transporter is ques t ioned; however , by the generat ion of P g p knockout mice, and the 

observa t ion that t hese m ice s h o w no g ross phys io log ica l d i s tu rbances , inc lud ing steroid 

transport (Schinkel et a l . , 1997). P g p may be involved in steroid transport in a more subtle way 

by protecting the p lasma membranes of s tero id-producing cel ls f rom the toxic effects of high 

steroid concentrat ions under the condi t ions of s t ress induced activity (Ambudkar et a l . , 1999; 

V a n Ka l ken et a l . , 1993). A protect ive role of P g p would a lso be more cons is tent with its 

property to transport drugs out of the p lasma membrane. Alternatively, P g p may play a role in 

the regulation of steroid exposure of hormone respons ive cel ls like prostate cel ls. A role of P g p 

in the deve lopment of androgen- independent prostate cance r in "protect ing" the cance r cel l 

against steroids has therefore been postulated. Subt le changes in intraprostatic hormone levels 

due to ageing or during benign hyperplasia may act to s ignal the increased express ion of P g p in 

prostate ce l ls as an adaptat ional s t ress response . Together with other genet ic alterations, this 

may act a s an early trigger encourag ing the upregulation of other hormone- independent growth 

pathways and consequent ly aberrant cel lu lar growth. C h a n g e s in the cel lular androgen levels 

after androgen ablation may further act to affect cel lular P g p express ion . The resultant increase 

of P g p express ion in androgen- independent prostate cance r progress ion and ability of P g p to 

transport severa l and rogens sugges ts that P g p may play an important role in modulat ion of 

androgen a c c e s s to androgen receptors and transcript ional machinery, thus affecting androgen 

act ion. Th is hypothesis formed the basis of research descr ibed in this thesis. 

Pros ta te cance r cel l growth d e p e n d s on the ratio of proli ferating ce l ls to those dy ing. 

And rogens are the main regulator of this ratio by both st imulat ing proliferation and inhibiting 

apoptos is . Prostate cancer depends on a critical level of androgen ic st imulation for growth and 

survival . In this context, one major focus of this thesis is the observat ion that the physio logical 
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androgen D H T appears to be a P g p substrate in prostate cance r ce l ls . Th is observat ion has 

fur ther led to the h y p o t h e s i s that in P g p o v e r e x p r e s s i n g c e l l s , wh i ch a re p resen t 

heterogeneous ly in prostate cance r samp les (Kawai et a l . , 2000), cel lu lar D H T levels may be 

reduced and facil itate adaptat ion to androgen withdrawal prior to castrat ion. In addit ion, s ince 

the mult i functional t ranscr ipt ion factor YB-1 is directly involved in MDR1 gene act ivat ion in 

response to genotox ic s t ress , coord inated upregulat ion of YB-1 and P g p may be a posit ive 

se lec t i on factor in the d e v e l o p m e n t of drug r es i s t ance in prosta te c a n c e r . U l t imate ly , 

character iz ing the role of YB-1 and P g p , together with elucidat ion of the molecular mechan isms 

of drug-steroid interactions in prostate cance r progress ion, may contribute to the deve lopment 

of nove l p rognost ic markers and therapeut ic a p p r o a c h e s for the t reatment of a n d r o g e n -

independent prostate cancer. 
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1.6 The Y-box Protein Family and Y-box Binding Protein-1 

1.6.1 Y-box Proteins 

Y-box proteins are members of the cold shock doma in ( C S D ) protein family, thought to 

play a role in a wide variety of env i ronmenta l s t ress react ions, and are evolut ionari ly highly 

conse rved from bacter ia to m a m m a l s (Kohno et a l . , 2003) . Prokaryot ic Y -box proteins were 

initially charac te r i zed as major co ld -shock proteins b e c a u s e they a l low bacter ia to adapt to 

growth at low temperatures due to strongly enhanced synthes is by dec reas ing temperatures 

(Gualerz i et a l . , 2003). Y -box proteins are multifunctional regulators of gene express ion in both 

eukaryot ic and prokaryot ic organ isms, interact with D N A and R N A to control the transcript ional 

and t rans la t ional exp ress ion of spec i f i c g e n e s and are thought to play a role in ce l lu lar 

proliferation or transformation (Ladomery and Sommerv i l le , 1995). First identified in 1987, Y -box 

prote ins w e r e iso la ted by binding to a D N A probe conta in ing the Y - b o x s e q u e n c e (5'-

T T C T G A T T G G T T A A - 3 ' ) (Dorn et al . , 1987). It has been demonst ra ted that Y -box proteins can 

exert their control over gene express ion by binding a large range of nucle ic ac ids ; specif ical ly, to 

double and s ing le-s t randed D N A and R N A , a s wel l as d a m a g e d D N A and R N A (Koike et a l . , 

1997; Matsumoto and Wolffe, 1998). K loks et a l . (2002) descr ibes the domain structure of Y -box 

proteins which are general ly c o m p o s e d on three domains : an amino- terminal a lanine-prol ine-

rich region (N-terminal), a central ly located C S D , and a carboxyl - terminal (C-terminal) region 

charac ter ized by four alternating c lusters of bas i c and ac id ic amino ac ids , each of wh ich are 

about 30 amino ac ids in length, cal led a B/A (basic/acid ic) repeat (K loks et a l . , 2002). F igure 

1.10 is a schemat ic representation of the domain structure of Y -box proteins. The function of the 

N-terminal doma in is unclear; however , it s e e m s to be crit ical for t ranscr ipt ional regulat ion. 

Interestingly, p53 has been shown to bind to the N-terminal region (Okamoto et a l . , 2000). The 

C S D facil i tates binding to nucle ic ac ids . It forms an anti-paral lel p-barrel, enfolding the nucle ic 

acid like a chaperone protein (Kloks et al . , 2002). The C-terminal domain facil itates R N A binding 

and is involved in protein-protein interactions (Bouvet et al . , 1995). 
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F igu re 1.10 Y - b o x P ro te i n D o m a i n S t ruc tu re . 

T h e Y - b o x proteins have three funct ional domains : the var iable N-terminal domain , the co ld-

shock domain ( C S D ) and the C-terminal domain . The C-terminal domain consis ts of ac id ic (A) 

and bas ic (B) b locks of about 30 amino acid res idues each . The central C S D has a sequence 

identity which is highly conse rved within the family of Y -box proteins. The function of the N-

terminal domain is not well understood (Adapted from Kloks et al. , 2002). 
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Saku ra et a l . (1988) first identified two novel prokaryot ic DNA-b ind ing proteins, known as 

DNA-b ind ing protein A (dbpA) and dbpB, as a result of developing a s imple method for isolating 

D N A c lones encod ing DNA-b ind ing proteins which bind with ep idermal growth factor-1 receptor 

e n h a n c e r and c -e rbB-2 promoters . S u b s e q u e n t l y in eukaryo tes , d b p B has b e c o m e most 

commonly known as Y B - 1 , but depending on the spec ies , is a lso known as p50, murine YB-1 

protein ( M S Y - 1 ) , N u c l e a s e Sens i t i ve E lement Binding Protein-1 ( N S E P - 1 ) , and Mul t i -Drug 

R e s i s t a n c e Nuc lea r Factor-1 ( M D R - N F - 1 ) . T h e human Y B - 1 gene s p a n s approx imate ly 19 

k i l obase pairs of genom ic D N A conta in ing 8 exons , and is located on c h r o m o s o m e 1p34 

(Makino et al . , 1996; Toh et a l . , 1998). YB-1 m R N A is approximately 1.5kb long which encodes 

a 4 3 k D A protein (324 amino acids) (Kohno et al. , 2003). Human YB-1 w a s initially identified as a 

transcript ion factor that binds to the Y-box sequence appear ing in the major histocompatibi l i ty 

comp lex ( M H C ) c l ass II promoter (Didier et a l . , 1988). A c lose ly related Y-box-b ind ing gene 

identif ied as d b p C (contrin) w a s c loned in 1999 and is germ-ce l l -spec i f i c (Kudo et a l . , 1995; 

Teku r et a l . , 1999). Regard ing the domain structure, the C S D is s imi lar in dbpA, Y B - 1 and 

contr in in its abil i ty to bind D N A and R N A , and the amino ac id s e q u e n c e s are highly 

homologous (Kohno et a l . , 2003). In all vertebrates studied, the C S D of Y B - 1 proteins are 100% 

identical, and are 4 5 % identical to the E. coli C s p A bacterial protein (Bader et a l . , 2003). The C -

terminal domain of YB-1 may a lso contribute to D N A / R N A binding and may a lso be a docking 

site for other proteins that interact with YB-1 (Sommervi l le and Ladomery , 1996; Wolffe, 1994). 

For example , in vitro s tudies measur ing translat ional activit ies attribute an inhibitory activity to 

this domain; the mechan ism by which it interferes with translation remains unclear. 

1.6.2 Pleiotropic Functions of YB-1 

Y B - 1 has a mul t i tude of b io log ica l ro les in both no rma l and ma l ignan t ce l l s . 

Mult i functional YB-1 binds to D N A and R N A , and has been shown to regulate gene express ion 

at both the transcript ional and translat ional levels (Matsumoto and Wolf fe, 1998; Sommerv i l le . 

1999). Y B - 1 has been es tab l i shed to play a cri t ical role in ce l lu lar prol i ferat ion and drug 
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res is tance by functioning as a transcription factor, regulating the express ion of genes by binding 

to promoters with a Y - b o x (5'- C T G A T T G -3') motif ( S w a m y n a t h a n et a l . , 1998) . A s a 

transcription factor, YB-1 can either posit ively or negatively regulate gene express ion depending 

on the cel lu lar context. Y B - 1 can regulate t ranscr ipt ional control in three ways : by directly 

binding to the Y-box and related s e q u e n c e s or directly binding to the Y - b o x in combinat ion with 

other transcript ion factors; interacting with transcr ipt ion factors, thereby funct ioning a s a co-

act ivator or co- repressor ; and finally, by binding the s ing le-s t randed region of the promoter 

ei ther enhanc ing or b lock ing the binding of t ranscr ipt ion factors to the D N A (Kohno, et a l . , 

2003) . E x a m p l e s of g e n e s that are t ranscr ipt ional ly ac t ivated by Y B - 1 are M D R - 1 , matrix 

metal loproteinase 2 (MMP-2 ) , epidermal growth factor, thymidine k inase, D N A top isomerase II, 

D N A po lymerase, protein tyrosine phospha tase 1B ( P T P - 1 B ) , proliferating cel l nuc lear ant igen 

( P C N A ) (Gu et a l . , 2001 ; F u k a d a and Tonks , 2003 ; Ladomery and Sommerv i l le , 1995; Mer tens 

et a l . , 1997; O h g a et a l . , 1998 ; S h i b a o et a l . , 1999 ; Wol f fe , 1994) . G e n e s that a re 

transcriptionally repressed by Y B - 1 include M H C c lass II genes , g lucose-re lated protein (grp78), 

col lagen a1 and col lagen a 2 (Didier et a l . , 1988; H igash i et a l . , 2003; Li et a l . , 1997; Norman et 

al . , 2001 ; Ting et al . , 1994). 

In addit ion, Y B - 1 a lso shows pleiotropic modulat ion of not only transcript ion, but is a lso 

responsib le for the induction of D N A damage repair sys tems (Ise et al . , 1999; Marenste in et a l . , 

2001 ; Okamoto et al . , 2000), D N A replication (Holm et a l . , 2002), the modif ication of chromatin 

(Hasegawa et a l . , 1991) and translat ional events. Whi le in the cy top lasm, YB-1 part ic ipates in 

al ternat ive spl ic ing of m R N A ( C h a n s k y et a l . , 2001) , a s wel l as serv ing as a main m R N A 

packag ing protein, be ing invo lved a s a c h a p e r o n e in m R N A transport, modulat ing m R N A 

turnover and regulat ing protein syn thes is (Evdok imova et a l . , 2 0 0 1 ; Skabk in et a l . , 2004 ; 

S k a b k i n a et a l . , 2005) . Y B - 1 binds doub le-s t randed D N A with low-affinity; it has much higher 

affinities for s ingle-st randed R N A (Izumi et a l . , 2001 ; M a c D o n a l d , 1995; Mer tens et a l . , 1997). 

The associat ion with R N A is not sequence-spec i f i c , but si tes with a high G content are preferred 
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( Z a s e d a t e l e v a et a l . , 2002) . Y B - 1 is the p redominan t protein c o m p o n e n t of m e s s e n g e r 

r ibonucleoprotein part ic les and has a dose-dependent effect on translat ion; low concentrat ions 

promote the formation of R N A dup lexes, whi le high concentrat ions c a u s e unwinding of double-

s t randed forms thereby inhibiting translat ion (Skabkin et a l . , 2001) . It has been proposed that 

because of the known deregulat ion or aberrant express ion of severa l distinct components of the 

translat ion appara tus in human mal ignancy, perhaps the deregulat ion translat ional control of 

YB-1 p lays a role in tumour progress ion (Fukuda et a l . , 2004) . Nekrasov et a l . (2003) showed 

that YB-1 can turn off the interaction of m R N A with the m R N A cap binding protein, eukaryot ic 

translat ion initiation factor 4 E (e lF4E) , thereby affecting the translat ion of the 5'-untranslated 

(UTR) regions which play an key role in the regulat ion of gene exp ress ion . If the U T R s of 

m R N A s encod ing important proteins are d isrupted, such a s heat shock proteins known to 

protect ce l ls aga ins t ce l lu lar s t resses , including heat shock , viral infect ion, or exposure to 

ox idat ive free rad ica ls , then inc reased Y B - 1 exp ress ion cou ld indirect ly result in the ce l ls 

inability to posit ively respond to adverse extracel lular stimuli or envi ronmental s t ress (Nekrasov 

et a l . , 2003) . To understand the integrated funct ions of Y B - 1 , F i g u r e 1.11 indicates how the 

pleiotropic functions of YB-1 are expressed via a diverse range of molecular interactions. 

1.6.3 YB-1 and Cancer 

The c a s c a d e s of gene express ion initiated by YB-1 have been l inked to invasion in cancer 

(Levenson et a l . , 2000 ; Ise et a l . , 1999; Sh ibao et a l . , 1999). In the last few years , there has 

been rapid progress in understanding the b iochemica l , physio logical and pathological roles of 

YB-1 in cancer research, in the hope of exploit ing it a s a potential novel therapeut ic target and 

prognosticator. The immunohis tochemical ana lyses performed in cl inical studies have identified 

increased cel lular express ion of YB-1 protein in breast cancer (Bargou et al . , 1997; J a n z et al . , 

2002) , ovar ian cance r (Kamura et a l . , 1999; Y a h a t a et a l . , 2002) , non-smal l cel l lung cancer 

(Sh ibahara et a l . , 2001), bone os teosa rcoma (Oda et a l . , 1998), co lon cancer (Sh ibao et a l . , 

1999), synovial sa rcomas (Oda et a l . , 2003), and thyroid cancer (Ito et a l . , 2003). Subsequent ly , 
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F igu re 1.11 Mu l t ip le F u n c t i o n s of Y B - 1 in V a r i o u s C e l l u l a r P r o c e s s e s . 

YB-1 performs a diverse range of roles in both normal and malignant cel ls - including multiple 

drug resistance and cellular proliferation (Adapted from Kohno et a l . , 2003). 
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our research has a lso shown increased YB-1 protein express ion during androgen- independent 

prostate cancer progress ion. O h g a et al. (1996) and Koike et a l . (1997) were the first to suggest 

that cel lular YB-1 protein is local ized mainly in the cytoplasm but is t ranslocated into the nuc leus 

w h e n ce l ls are treated with ultra-violet (UV) radiat ion or D N A - d a m a g i n g chemotherapeu t i c 

agents, such as cisplatin and mitomycin C . Subsequent ly , O h g a et a l . (1998) first demonstrated 

the direct invo lvement of Y B - 1 in the act ivat ion of M D R - 1 . Y B - 1 leve ls direct ly alter the 

genotox ic s t ress - induced act ivat ion of the M D R - 1 promoter with an inc rease in the m R N A 

express ion of M D R - 1 and its protein product Pgp (Ohga et a l . , 1998). S i n c e YB-1 is known to 

play a large role in limiting the chemosensi t iv i ty of cancer cel ls by coordinately increas ing the 

e x p r e s s i o n of P g p , many s tud ies have further e x a m i n e d the c l in ica l impl icat ions of P g p 

exp ress ion and Y B - 1 nuc lear t rans locat ion. Immunoh is tochemica l s tud ies of c l in ica l t i ssue 

spec imens s h o w an assoc ia t ion between YB-1 and Pgp in breast cance r (Bargou et a l . , 1997; 

Huang et a l . , 2005 ; J a n z et a l . , 2002; Saj i et a l . , 2003) , ovar ian cance r (Huang et a l . , 2004; 

Kamura et al . , 1999), synovia l sa r coma (Oda et al . , 2003), and os teosarcoma (Oda et al . , 1998). 

Converse ly , Sh ibao et al. (1999) showed no associat ion between YB-1 and P g p in colon cancer. 

Therefore it remains unc lear how early in neoplast ic evolut ion YB-1 express ion predicts drug 

res is tance and/or poor prognosis . For instance, in normal breast t issue Y B - 1 is not exp ressed , 

but b e c o m e s highly exp ressed in tumours (Bargou et a l . , 1997; Rubens te in et a l . , 2002) , and 

nuclear YB-1 w a s assoc ia ted with increased risk of cancer re lapse, as wel l as dec reased overall 

surv iva l in w o m e n with breast c a n c e r ( Janz et a l . , 2002) . Further, Y B - 1 exp ress ion w a s 

speci f ical ly assoc ia ted with Pgp overexpress ion in synov ia l s a r c o m a , opposed to three other 

A B C transporters: M R P - 1 , M R P - 2 , and M R P - 3 (Oda et al . , 2003). In lung and synovia l sa rcoma, 

nuc lear Y B - 1 exp ress ion signif icantly corre lated with tumour s i ze , degree of invas ion, lymph 

node metastas is and poor prognosis (Oda et a l . , 2003 ; Sh ibahara et al . , 2001) . T h e s e studies 

suggest Y B - 1 is directly involved in the transcript ional regulat ion of Pgp , and appears to have 
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prognost ic and predict ive s ign i f icance in human ma l ignanc ies ; however , this is incomplete ly 

understood. A s descr ibed in Chapter 4, our research suggests that YB-1 may be an important 

factor in the d i a g n o s i s of prostate c a n c e r p rog ress ion , and may cor re la te c lose l y with 

upregulat ion of Pgp , perhaps indicative of a progress ion to an androgen- independent and more 

chemoresistant phenotype. i 

1.6.4 The Oncogenic Protein YB-1 

Major quest ions remain unanswered regarding the network of interactions between YB-1 

and s ignal ing pathways that modulate cel l growth and survival . Recen t research sugges ts that 

Y B - 1 may play an important role in control l ing cel l surv iva l by co-ord inate ly regulat ing the 

exp ress ion of cel l g rowth -assoc ia ted and apop tos i s -assoc ia ted genes . In genera l , Y B - 1 is 

exp ressed at high levels during deve lopment and proliferation of cance r cel ls , and particularly 

interesting are studies showing that YB-1 is l inked to growth-associated gene express ion (Grant 

and Dee ley , 1993; Ladomery and Sommerv i l l e , 1995). In fact, reduct ion of Y B - 1 express ion 

using ant isense R N A express ion produced severe inhibition of growth (Kohno et a l . , 2003) . Y B -

1 may play a key role in controll ing the survival of a cel l by affecting multiple cel lular pathways. 

For example , the induction of cycl in A and B m R N A by YB-1 is reported to stimulate cancer cell 

proliferation (Jurchott et a l . , 2003) . In addit ion, multiple E-boxes and G C - b o x e s on the YB-1 

g e n e p romote r have b e e n s h o w n to b ind the p r o t o - o n c o g e n e c - M y c , lead ing to the 

transactivation of the YB-1 gene promoter, suggest ing cel lular proliferation may be control led by 

the level of express ion of YB-1 (Kohno et a l . , 2003). Th is results in transactivation of YB-1 gene 

through interaction with p73, a relative of p53 (Uramoto et a l . , 2002) . Both c - M y c and p73 

activate YB-1 transcription and may regulate important biological p rocesses via their effect on 

Y B - 1 gene exp ress ion (Uramoto et a l . , 2002) . A l s o , Y B - 1 has a lso been shown to be a 

t ranscr ipt ional repressor of fas, wh ich e n c o d e s a protein that can inc rease the apoptot ic 

susceptibi l i ty of a cell (Lasham et al . , 2000). High levels of YB-1 could activate the express ion of 

g rowth-assoc ia ted g e n e s at the s a m e t ime as repress ing the exp ress ion of the apop tos is -
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assoc ia ted gene fas, sending the cell down a survival and growth-directed pathway. Converse ly , 

when levels of Y B - 1 are low, there would be little express ion of growth-assoc ia ted genes , but 

fas express ion, and therefore apoptotic susceptibil i ty would be increased (Lasham et al. , 2000). 

In addit ion, studies have shown the mutual interaction of Y B - 1 and the tumour-suppressor 

p53 reciprocal ly modulates the D N A binding function of each protein (Lasham et a l . , 2003). Th is 

mutual interact ion a lso modu la tes the exp ress ion of human g e n e s conta in ing p53 or Y B - 1 

binding s i tes, suggest ing that modulat ion of express ion levels of these genes can induce cel l 

cyc le arrest or apop tos is under genotox ic s t ress through cel l cyc le checkpo in ts , to ensure 

genomic stability. The tumour supp resso r p53 regulates a s imi lar c luster of genes , but unlike 

Y B - 1 , it represses the express ion of growth and res is tance genes , including M M P - 2 , E G F R , and 

M D R 1 , and promotes the exp ress ion of pro-apoptot ic genes , such a s fas. However , as p53 

regula tes these g e n e s to protect aga inst tumour deve lopment , L a s h a m et a l . (2003) s h o w 

ev idence to support the function of YB-1 as a dominant-negative regulator of p53. 

Final ly , Y B - 1 may play an important role in the e x c e s s i v e prol i ferat ion and reduced 

susceptibi l i ty to apoptosis of cancer cel ls because of its ability to modulate the activity of several 

major s ignal t ransduct ion pathways. Fo r examp le , inactivation or loss of tumour supp resso rs 

such as p53 (Okamoto et a l . , 2000) , inhibition of the phosphoinosi t ide 3-k inase (PI3K) pathway 

(Bader et a l . 2003 ; Bader and Vogt , 2005) and activation of ant i-apoptot ic mo lecu les such as 

Akt and nuclear fac to r - K B ( N F - K B ) (Raj et a l . 1996; Suther land et a l . , 2005) , all may contribute 

to apoptot ic res is tance and prostate cancer progress ion. In a recent publ icat ion, Suther land et 

a l . (2005) report the assoc ia t ion of Y B - 1 and the activation of the ser ine/ threonine k inase Akt 

s ignal t ransduct ion pathway in breast cance r cel ls . Their data show that phosphory lated Akt is 

able to bind YB-1 and induce phosphorylat ion on the C S D domain, suggest ing this interaction is 

a pr incipal mediator of the nuc lear t ranslocat ion of Y B - 1 . In the nuc leus , Y B - 1 acts as an 

o n c o g e n i c protein, promot ing ce l lu lar growth and prol i ferat ion, a s wel l a s mediat ing drug 

resistance; therefore, they further suggest the possibil ity of using Y B - 1 a novel target for cancer 
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therapy. Apply ing this idea to prostate cancer , progress ion from normal prostate epithel ium to 

prostat ic intraepithelial ca rc inoma may be assoc ia ted with e levated Akt phosphorylat ion (Malik 

et a l . , 2002) . Act ivat ion of the Ak t pathway can s u p p r e s s the normal apoptot ic r esponse , 

undermine cell cyc le control and select ively enhance the production of key growth and survival 

factors, and therefore may be a part icularly potent s ignal in prostate cance r p rogress ion . In 

prostate cance r cel ls , growth factors and hormones , such a s integrin-l inked k inase (ILK) and 

steroid receptor coact ivator 3 ( S R C - 3 ) , D H T , est radio l and tes tos terone may act ivate the 

ser ine/ threonine k inase Akt that protects ce l ls f rom death by phosphory la t ing downs t ream 

targets (Castor ia et al . , 2004; Edwards et al . , 2005 ; Kang et al . , 2004; Zhou et al . , 2003). Thus a 

smal l mo lecu le -based therapeut ic app roach targeting Y B - 1 and the Akt pathway may have 

posi t ive therapeut ic effects. Para l le l to this idea , resul ts of this thes is s h o w that Y B - 1 is 

upregulated in prostate cance r cel ls and therefore, a s a regulator of cel l growth-/cel l death-

assoc ia ted genes , may play a pivotal role in the deve lopment or ma in tenance of a cancerous 

state. The results p resented in Chapter 5 sugges t that by downregulat ing YB-1 exp ress ion , 

dec reased cel lu lar growth and inc reased sensit iv i ty to chemotherapeut i cs may be ach ieved , 

thus delaying progression to androgen- independence. W e have taken the approach of targeted 

knockdown of YB-1 express ion , thereby impact ing multiple oncogen ic factors, with the goal of 

identifying YB-1 as a novel molecular target for prostate cancer therapy. 
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1.7 Scope of Thesis 

1.7.1 Hypotheses 

Pharmaceuticals and other xenobiotics influence androgen action by 

mechanisms affecting cellular androgen transport and accumulation through 

modulation by Pgp, which in part is regulated by transcription factor YB-1. 

Targeted YB-1 knockdown using antisense oligonucleotides suppresses 

tumour growth and enhances taxane chemosensitivity, thereby delaying 

androgen-independent prostate cancer progression. 

1.7.2 Rationale and Specific Objectives 

The aim of the studies described in this thesis is to examine the interaction of androgens and 

the efflux transporter Pgp, overly expressed in prostate cancer cells, as a possible novel 

mechanism by which Pgp-expressing prostate cancer cells exhibit aberrant androgen receptor 

signaling and androgen responsiveness. Research presented in this thesis further suggests that 

targeted down-regulation of YB-1 expression using antisense oligonucleotides, and the 

consequential effects downstream on Pgp expression and function, may modulate androgen 

action, cellular growth, and enhance taxane chemosensitivity, thus delaying androgen-

independent prostate cancer progression. These data suggest that YB-1 is a promising target 

for new therapeutic approaches to attenuate multi-drug resistance and inhibit cellular 

proliferation, and identify YB-1 antisense oligonucleotides as a potentially new therapeutic 

strategy to enhance taxane chemosensitivity in Al prostate cancer. Finally, results further 

demonstrate proof of principle for a site-directed, injectable, controlled-release formulation of 

antisense oligonucleotides and paclitaxel for some localized prostate tumours. 
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The first objective was to determine the mechanism by which endocrine disruptors 

interfere with androgen receptor action and androgen transport, and perform a detailed 

investigation of selected endocrine disruptors for androgen and aryl hydrocarbon related activity 

in vitro (Chapter 2). 

The second objective was to determine the physiological impact of the upregulation of Pgp 

in prostate cancer progression, with an emphasis on steroid transport and drug resistance. This 

was aimed at determining whether DHT is a substrate of Pgp, and assessing the functional and 

physiological consequences of modulation of cellular androgen levels (Chapter 3). 

Since previous studies had identified the MDR1 gene, which encodes Pgp, as a 

downstream target of YB-1 transcriptional control, the third objective was to determine the role 

of YB-1 in prostate cancer progression. Immunohistochemistry specifically addressed the 

occurrence and localization of YB-1 expression in clinical samples and coordinate regulation of 

downstream targets such as Pgp during tumour progression. We further hypothesized that 

increased YB-1 and Pgp levels decrease androgen accumulation in prostate cancer cells, 

leading to suppression of androgen-regulated gene expression (Chapter 4). Observing the 

increased expression of both YB-1 and Pgp in prostate tumour cells, we hypothesized that YB-1 

may be an appropriate target for suppressing cellular growth and/or enhancing the effectiveness 

of chemotherapeutic treatment. We targeted YB-1 expression using antisense oligonucleotides, 

thereby downregulating YB-1 in prostate cancer cells (Chapter 5). 

Finally, to bring clinical relevance to the project, the final objective was to target the 

expression of YB-1 using antisense oligonucleotides in the L N C a P prostate tumour xenograft 

model, thereby downregulating YB-1 expression, suppressing tumour growth and P S A 

expression, and possibly enhancing chemosensitivity to paclitaxel, resulting in delayed 

progression to androgen-independence (Chapter 5). Therefore, we hypothesize that the role 

YB-1 plays in regulating of Pgp expression and function, modulating androgen action, and 

influencing cellular growth, may make it a valid therapeutic target for advanced prostate cancer. 
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CHAPTER 2. AGRICULTURAL PESTICIDES INTERFERE WITH ANDROGEN INDUCED 

TRANSCRIPTIONAL ACTIVATION AND HORMONE BINDING1 

Dr. Jody Ra lph w a s respons ib le for the complet ion of the A h R transact ivat ion gene reporter 

a s s a y s and consul ted during the data ana lys is . Dr. Nhu Le and Dr. E m m a G u n s were va luable 

col laborators during this work. I w a s responsib le for the complet ion all of the other exper imental 

work and data analys is . Dr. S imon Cowel l ass is ted in compil ing results and manuscript edit ing. 

2.1 Introduction 

In C a n a d a and in the United States prostate cancer is the most common life-threatening 

cancer in men (Hsing et a l . , 2000; N C I C , 2005). T h e s e two countr ies have the highest inc idence 

rates for prostate cancer in the world (Parkin et a l . , 1992), and the two populat ions with highest 

rates include B lack Amer i cans in the United Sta tes (Co leman et a l . , 1993; Park in et a l . , 1992) 

and men in B C , C a n a d a (Band et a l . , 1993). The epidemiology of prostate cancer has been the 

subject of severa l recent rev iews (Bostwick, 2004; G a n n , 2002 ; Platz and Giovannucci , 2004) 

despite the common occurence of this tumour, its etiology remains largely unknown; age, family 

history, B lack A m e r i c a n ethnicity, hormonal and sexua l factors, and a high consumpt ion of 

an ima l fat and red meat , are the most cons is ten t risk factors reported (Botswick , 2004 ; 

G i o v a n n u c c i , 1995 ; Ko lone l , 1996; N o m u r a and Ko lone l , 1991 ; P ien ta and E s p e r , 1993 ; 

Whit temore et a l . , 1995). A large number of d iverse occupat ions have a lso been sugges ted to 

be assoc ia ted with an increased risk for prostatic cancer including administrat ive, manager ia l , 

p ro fess iona l , health and cler ical occupat ions, mechan ics , we lders , po l icemen and farmers, as 

wel l as workers in the metal , paint and rubber industr ies (Bos land , 1988; G iovannucc i , 1995; 

Nomura and Ko lone l , 1991; Z e e g e r s et a l . , 2004) . Numerous s tud ies have a lso shown that 

agricultural workers have e levated rates of s o m e cance rs and other d i s e a s e s (Settimi et a l . , 

1 A vers ion of this chapter has been submitted for publication. 
Fedoruk M N , Cowel l S P , Ra lph J L , Le N D , G u n s E S , Ne lson C C . (2005). Agricultural pest ic ides 
interfere with androgen induced transcriptional activation and hormone binding. C h e m . 
Resea rch Toxicology. In revision. 
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2003 ; W o o d et a l . , 2002) . T h e s e s tud ies s h o w farmers with consis tent ly e levated rates of 

leukemia, non-Hodgk in 's l ymphoma, multiple mye loma, soft t issue sa rcoma , and cancers of the 

lip, s tomach, brain, and prostate. 

A consistent relationship with prostate cancer has been found for farmers (Acquavel la et 

a l . , 1998; Blair et a l . , 1985; Blair and Hoar Z a h m , 1995; B o s l a n d , 1988; Ke l le r -Bryne et a l . , 

1997; Nomura and Ko lone l , 1991; P e a r c e and Reif , 1990; P ien ta and Espe r , 1993; V a n der 

G u l d e n and V o g e l z a n g , 1996; Z e e g e r s et a l . , 2004) . A case-cont ro l s tudy of 1516 prostate 

cancer patients in B C (Band et a l . , 1999) identified farming occupat ions with elevated risks, with 

important con found ing factors be ing accoun ted for. E x p o s u r e to pes t i c ides , insec t i c ides , 

fert i l izers, herb ic ides and other agricultural chemica ls has been sugges ted as a potential risk 

factor (Aronson et a l . , 1996; Parent and S iemia tyck i , 2001 ; S iemia tyck i , 1991). However , the 

impact of agricultural chemica ls on cancer inc idence has not been establ ished due to the lack of 

information on speci f ic exposures in epidemio logic data col lected to date. A n a l y s e s have mainly 

been based on occupat ion or industry titles wh ich potential ly may entai l a host of different 

chemica l exposures . This type of analys is prevents identification of speci f ic chemica l risk factors 

and may produce b iased risk est imates (Blair and Hoar Z a h m , 1995). Thus , there is a need for 

better assessmen t of chemical exposure in epidemiologic studies. 

T o c h a r a c t e r i z e B C ag r i cu l tu ra l e x p o s u r e s m o r e fu l ly , a n d to fac i l i ta te 

ep idemio log ica l impact a s s e s s m e n t s , a job-exposure matrix ( J E M ) w a s created containing 

exposure a s s e s s m e n t s from 1950 to 1998 (Wood et a l . , 2002) . T h e 'exposure ' ax is of the 

completed matrix included 290 chemica l , biological and physica l agents . Approx imate ly 180 

of these agents were pest ic ides including 68 insect ic idal , 39 fungic idal and 53 herbic idal 

act ive ingredients. The remain ing 110 non-pest ic ide exposu re agents inc lude all other 

identif ied agricultural products including c lean ing and main tenance chemica l s as wel l as 

physical and biological agents. The job title ax is , more aptly named 'type of work' includes a 

combinat ion of 8 regions, 45 crop or animal commodi t ies, 6 job titles and 36 different tasks 
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(Wood e t a l . , 2002). 

Fo l lowing a detai led ep idemio log ica l ana lys is correlat ing agricultural occupat iona l 

exposure to i nc reased risk of prostate cance r (Le et a l . , unpub l ished data), a list of 27 

c o m p o u n d s w a s comp i l ed and these c o m p o u n d s were se lec ted for further b io log ica l 

ana lys is b a s e d on their cor respond ing odds ratios. Th is list inc luded pest ic ides showing 

significantly increased risk, a few with elevated but not signif icant risk, a s wel l as two with no 

e levated risk. The pest ic ides in each risk group are identified in Table 2.1. In addit ion, due 

partly to solubil ity and availabil i ty i ssues , a final list of 27 compounds w a s tested, al though 

other c o m p o u n d s showing signif icant ly i nc reased risk based on higher odds ratios were 

identified. 

T h e prostate, w h o s e hormonal sensit iv i ty m a k e s it vu lnerab le to endocr ine disruptor 

compounds , is cons idered one of the most suscept ib le sites in the male reproductive endocr ine 

sys tem (Cr isp et a l . , 1988). A n endocr ine disruptor, through androgen receptor (AR) and aryl 

hydrocarbon receptor (AhR) related activit ies, can alter the synthesis of steroid hormones (Hirsh 

et a l . , 1987), or alter the transport and c lea rance of ho rmones by binding to steroid binding 

proteins in the s e r u m . Env i ronmenta l ho rmones are a l so known to al ter s teroid ho rmone 

receptor activation indirectly by down-regulat ing the receptor or decreas ing the sensit ivity of the 

receptor to the l igand (S ikka and N a z , 1999). However , the most common known mechan ism of 

endocr ine disrupt ion is through direct hormone receptor binding by the contaminant or its 

metabol i tes. By mimicking the natural l igand or inhibiting the natural l igand from binding to the 

receptor, a compound can act a s a steroid hormone agonist or antagonist , respect ively. This 

has been shown through in vitro hormone binding and transcript ional a s s a y s that demonstrated 

the ability of many envi ronmenta l contaminants to interact at the molecu lar level with one or 

more steroid hormone receptors (Kelce et a l . , 1994; Muel ler and K im, 1978; White et a l . , 1994). 

T h e prototypical A h R l igand is the contaminant 2 ,3 ,7 ,8- te t rach lorod ibenzo-p-d iox in ( T C D D ) , 

al though A h R is a lso known to bind a structurally d iverse group of l igands (Den ison and Hea th -
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Pag l i uso , 1998). Fur thermore, T C D D and steroid ho rmones (17(3-estradiol and testosterone) 

have been shown to negatively regulate each other in transient transfect ion reporter a s s a y s in 

M C F - 7 and L N C a P cel ls ( Jana et a l . , 2000) . S tud ies to date on A h R antagon ism of the A R 

system have focused on the extremely potent l igand of A h R , T C D D . However , A h R may interact 

with variety of envi ronmenta l contaminants and their effects on androgenic i ty have not been 

fully a s s e s s e d . S e v e r a l fung ic ides and pes t i c ides have demonst ra ted endocr ine disrupt ion 

p roper t ies . R a l p h et a l . (2003) h a v e recen t l y c o m p l e t e d an e x t e n s i v e s tudy of the 

hexach lorobenzene fungicide to show the androgen receptor action in vitro (Ralph et a l . , 2003). 

The fungicide vinclozol in has a lso been shown to alter sex differentiation in male rats (Gray et 

a l . , 1994). Pes t ic ides with endocr ine disrupting propert ies include DDT , dieldrin and toxaphene 

(Cheek et a l . , 1998; Sohon i and Sumpter , 1998; So to et a l . , 1994; Sumpter , 1998). The D D T 

metabol i te, p, p ' - D D E has been shown to bind androgen receptor and act as an antagonist in 

rodents and reptiles at concentrat ions similar to that in the environment (Kelce et a l . , 1995). 

Stero id receptors such as androgen , es t rogen, p rogesterone, g lucocort ico id and aryl 

hydrocarbon receptors are transcript ion factors that regulate gene express ion v ia two organic 

modes : l igand-dependent D N A binding (Tsai and O 'Ma l ley , 1994; Qu ig ley et a l . , 1995) and 

crossta lk with other transcript ion factors (Cul ig et a l . , 1998; Kal l io et a l . , 1995; Meye r et a l . , 

2004) . A comp lex interplay be tween the mult iple factors involved in gene transcr ipt ion and 

environmental contaminants with the potential to disrupt normal endocr ine function could induce 

abnormal gene activation and express ion (Kelce et a l . , 1998; Wolff and Tonio lo , 1995). This in 

vitro study examines the endocr ine disruption propert ies of agricultural chemica ls assoc ia ted 

with increased risk of prostate cancer . Speci f ica l ly , the hypothesis tested is that pest ic ides are 

able to interfere with both A R and A h R - m e d i a t e d transcr ipt ion, wh ich may in part be due to 

direct binding to the A R . To screen for A R and AhR-med ia ted endocr ine disruption, we use two 

highly sens i t i ve t i s sue -cu l t u re -based repor ter g e n e a s s a y s y s t e m s d e s i g n e d to detect 

compounds , which may affect hormonal act ion of A R , and a s s e s s the activity of AhR-med ia ted 
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t ranscr ipt ion us ing a comparab le d iox in - respons ive reporter s y s t e m . E a c h c o m p o u n d w a s 

tested in vitro to a s s e s s the endocr ine- l ike effects, speci f ical ly agonist or antagonist activity of 

A R and A h R us ing the respec t i ve t i ssue cu l tu re -based reporter s y s t e m s . T o de termine 

in ter ference with A R - m e d i a t e d t ranscr ip t ion, L N C a P ce l l s were t rans fec ted with A R , an 

androgen- respons ive promoter l inked to Luci ferase ( A R R 3 - L u c ) and an internal control p lasmid 

( p R L T K ) to monitor t ransfect ion ef f ic iency and genera l toxicity. Fo l lowing 48-hour incubat ion 

with a range of test compound concentrat ions in the p resence of DHT , Luc i fe rase activity w a s 

quantif ied and normal ized to the internal reporter. To monitor A h R activity, L N C a P cel ls were 

transfected with A h R and a xenobiot ic- responsive promoter l inked to a firefly luci ferase reporter 

gene ( G u d L u c 1.1). T h e amount of luc i ferase p roduced w a s proport ional to the degree of 

transcript ional activity induced by the l igand-bound receptor, thus this approach a l lowed us to 

a s s e s s the A R and A h R activities. 

The objective of this research w a s to identify agricultural chemica ls assoc ia ted with an 

inc reased risk of deve lop ing prostate cancer , and speci f ica l ly character ize the nature of their 

biological properties focusing on endocr ine disruption. 

2.2 Materials and Methods 

Chemicals. Twenty-seven pest ic ides identified by epidemiological ana lys is including 2,4-D (2,4-

d ich lo rophenoxy acet ic ac id) , 2 , 4 - D B (2 ,4-d ich lorophenoxy butyric ac id) , cap tan , carbary l , 

ch inometh ionat , copper oxych lor ide , copper sul fate, d iaz inon , d ich lone , d ich lo rvos , d icofo l , 

d imethoate, d inoseb , dod ine, endosu l fan , e thephon , eth ion, fe rbam, mala th ion, m a n c o z e b , 

maneb , M C P A (4-chloro-2-methy lphenoxy acet ic acid) , met i ram, o ,p ' -DDT (dichloro-diphenyl-

tr ichloroethane), p ,p ' -DDT, paraquat , and s imaz ine (Table 2.2) were made by A c c u S t a n d a r d 

Inc. (N e w H a v e n , C T , U S A ) , had a puri ty of 9 5 - 1 0 0 % , and w e r e p u r c h a s e d f rom 

C h r o m a t o g r a p h i c S p e c i a l t i e s (On ta r i o , C a n a d a ) . T C D D w a s a l s o o b t a i n e d f rom 

C h r o m a t o g r a p h i c S p e c i a l t i e s . C o m p o u n d s w e r e d i s s o l v e d in a b s o l u t e m e t h a n o l or 

ether:methanol for a 0.1 M stock for cell culture and ser ia l di lutions were prepared in absolute 
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methano l . Di lut ions of dod ine were d i sso lved in d H 2 0 and ser ia l di lut ions were prepared in 

absolute methanol . For the cel l cu l ture-based luci ferase reporter assay , the compounds were 

further di luted in 1 0 % D C C str ipped R P M I to p roduce f inal work ing concentrat ions of 0.1 n M , 

1 n M , 1 0 n M , 1 0 0 n M , 1 u M , 1 0 ^ M and 100u.M. D H T (S igma-A ld r i ch , St . Lou is , M O ) and 

dexamethasone (S igma-Aldr ich, St. Louis , M O ) were d isso lved in absolute ethanol for 1mg/mL 

s tocks and further di luted in 2 0 % ethanol to produce final work ing ser ia l di lut ions. The final 

solvent concentrat ion in the culture medium did not exceed 0.2%, and this concentrat ion did not 

affect cel l viabil i ty. A l l chem ica l s were stored at - 2 0 ° C and warmed to room temperature 

immediate ly before use . T h e accep tab le dai ly intake va lues were taken from the E x t e n s i o n 

T O X i c o l o g y N E T w o r k webs i te at http://extoxnet.orst.edu and represent the daily exposure 

level which during lifetime appears to be without apprec iable risk. The va lues are set by the U.S . 

Envi ronmenta l Protect ion A g e n c y and are obtained by dividing the N O E L (no observab le effects 

level) obtained in a chronic feeding study by a safety factor. 

Plasmids. The ful l- length rat A R p lasmid construct w a s prepared as desc r ibed prev ious ly 

(Rennie et a l . , 1993). W e transiently t ransfected the A R (Rennie et a l . , 1993) into the prostate 

cell l ine b e c a u s e L N C a P cel ls exp ress a mutated A R (Sack et a l . , 2001). The A h R construct 

w a s prepared a s desc r ibed prev ious ly by Dr. J o d y R a l p h (Ema et a l . , 1994). O n e of the 

reporters is p A R R 3 - L u c containing three tandem repeats of -244 to -96 of the 5' f lanking region 

of the rat probasin gene (Snoek et a l . , 1996). The G u d L u c 1.1 p lasmid w a s a gift from Dr. M. 

Den ison (Universi ty of Ca l i fo rn ia , Dav is ) and conta ins the firefly luc i ferase gene under the 

control of a portion of the upstream promoter region of the C Y P 1 A 1 gene containing four dioxin 

response e lements (Gar r ison et a l . , 1996). T h e p R L T K vector conta ins a thymidine k inase 

promoter upstream of the modif ied c D N A encoding Reni l la luci ferase from the s e a pansy Renilla 

reniformis ( P r o m e g a , M a d i s o n , W iscons in ) . T h e p R L T K is co- t ransfected a s a transfect ion 

control and w a s constitutively e x p r e s s e d . Al l p lasmid D N A w a s propagated in J M 1 0 9 E. Coli 

and was prepared using Q I A G E N Maxiprep Kit ( Q I A G E N , M iss i ssauga , ON) . 
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Cell Culture Transfections. The test compounds were d isso lved to produce stock solut ions 

and then further di luted in 1 0 % D C C str ipped R P M I to produce final work ing concentrat ions of 

0 .1nM, 1nM, 10nM, 100nM 1 u M , 1 0 p M and 100uM and a final solvent concentrat ion of 0 .2%. 

L N C a P prostate c a n c e r ce l ls were cul tured in R P M I 1640 def ined med ium ( G i b c o B R L , 

Bur l ington, O N ) supp lemented with 5 % Dext ran-coated charcoa l -s t r ipped fetal bovine se rum 

( D C C - F B S ) at a density of 6 x 1 0 4 cel ls/wel l in 24 well cell culture plates (Costar, Corn ing N Y ) 

and incubated overnight under s tandard condi t ions (37°C, 5 % C 0 2 ) . For routine main tenance, 

L N C a P ce l l s we re g rown in R P M I 1640 de f ined m e d i u m ( G i b c o B R L , Bur l ing ton , O N ) 

supp lemented with 5 % fetal bovine se rum ( F B S ) under s tandard condi t ions, and p a s s a g e d 

every week by trypsinizat ion with 0 . 2 5 % typs in /0 .02% ethy lenediamine tetraacet ic ac id ( E D T A ) 

d isod ium salt solut ion ( G i b c o B R L , Burl ington, O N ) . P lasm ids were transiently t ransfected into 

the cel ls using L I P O F E C T I N Reagent (Invitrogen, Burl ington, ON) . E a c h plate received 1.2 pg of 

the A R or A h R p lasmid, 0.8 pg of p A R R 3 - L u c or G u d L u c , and 0.01 pg of p R L T K in serum-free 

R P M I . The cel ls were incubated overnight and then compounds were added in 1 0 % D C C - F B S 

R P M I . Ce l l s were harvested 48 h later in P B S with 1 m M E D T A and microcentr i fuged at 3000 

rpm at 4 °C for 4 min. Supernatan t w a s removed and 20ul P a s s i v e Lys is Buffer (P romega , 

Mad i son , W l ) w a s added . Ce l l s remained on ice for 15 min and were then gently vortexed and 

frozen at - 8 0 ° C until ana lys is . 

Luc i fe rase a s s a y s were performed using the Dua l -Luc i fe rase Repor ter A s s a y S y s t e m 

(P romega , M a d i s o n , W l ) and the E G & G Berthold Microplate Luminometer L B 9 6 V (Berthold 

Techno log ies , Bad Wi ldbad, Germany) . 

Recombinant Androgen Receptor Ligand Binding. Recomb inan t rat th ioredoxin- fused A R 

ligand binding domain ( T r x - A R L B D ) w a s obtained from P a n V e r a (Mad ison , U S A ) and diluted in 

B ind ing Buffer (50 m M Tr is pH 7.5, 1 0 % g lycero l , 0.8 M N a C l , 1 mg/ml B S A and 2 m M 

dithiothreitol). A stock of a s s a y mix w a s prepared by combin ing 20 nM 3 H - R 1 8 8 1 ( N E N Life 

S c i e n c e Produc ts , Inc., Bos ton , M A ) and 2 % E t O H in Bind ing Buffer. T h e range of compound 
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concentrat ions tested w a s added to the diluted T r x - A R L B D and a s s a y mix. Fol lowing overnight 

incubat ion at 4 ° C , 5 0 % Hydroxy lapat i te ( H A P ) slurry w a s a d d e d ( C a l b i o c h e m Fas t F low 

Hydroxylapati te in 10 m M Tris pH 8.0 and 1 m M E D T A ) . The H A P pellets were incubated on ice 

for 10 minutes and then washed three t imes with W a s h Buffer (40 m M Tris pH 7.5, 100 m M K C l , 

1 m M E D T A and 1 m M E G T A ) . The H A P pellet was resuspended in ethanol and transferred to a 

scinti l lat ion vial contain ing Sc in t i verse scinti l lat ion f luid. Scint i l lat ion count ing w a s comple ted 

using the B e c k m a n L S 6500 scinti l lation counter. To measure non-speci f ic binding, two tubes 

were a l so p repared conta in ing so lvent , B ind ing Buffer and a s s a y mix. A scint i l lat ion vial 

contain ing the protein/ a s s a y mix, E t O H and 5 0 % H A P slurry w a s counted and this number 

represented the total count. 

Calculat ion: 

pmole bound 3 H - R 1 8 8 1 per mg protein= 

( C P M s a m p l e - C P M non-speci f ic binding) x (protein cone, in mg/ml) 

(Total C P M ) x ( 3 H-R1881 concentrat ion in nM) 

Statistical analysis. The ave rage of three exper imenta l determinat ions, with three repl icates 

e a c h , w a s carr ied out for each exper imental group. Firefly luci ferase va lues were normal ized for 

transfection eff iciency using activity of Reni l la luci ferase. V a l u e s are expressed as a percentage 

of the appropriate solvent control and presented as mean ± standard error of the mean ( S E M ) . 

Stat ist ical s ign i f icance (p<0.05) among the var ious parameters a s s e s s e d w a s es tab l ished by 

Ana l ys i s of V a r i a n c e ( A N O V A ) . Upon demonstrat ion of stat ist ical s ign i f icance, the Dunnett 's 

Mult iple C o m p a r i s o n Tes t indicated which groups were signif icantly different from the control 

group. 

2.3 Results 

Dose-dependent response of 5a-DHT in AR transcriptional reporter assay, and 

antagonistic response of TCDD-mediated AhR activity by 5a-DHT in AhR assays. 

Figure 2.1A s h o w s the d o s e - d e p e n d e n t t ransact ivat ion of A R occu rs at very low 
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hormone concentrat ions. Increasing concentrat ions of D H T , a posit ive control , induced rising 

firefly luci ferase product ion (p<0.01) in L N C a P cel ls t ransfected with the androgen- respons ive 

A R R 3 - L u c reporter p lasmid and the full-length rat A R . T h e max imal A R transact ivat ion activity 

w a s a c h i e v e d at 1LIM, exhib i t ing ove r 3 5 0 0 % contro l i n c r e a s e in a n d r o g e n - r e s p o n s i v e 

t ransact ivat ion activity compa red to that of the control so lvent (OnM). In the a b s e n c e of 

exogenous ly e x p r e s s e d A R , minimal levels of luc i ferase activity are detec ted; therefore the 

t ranscr ip t ional r e s p o n s e s reported throughout these s tud ies represent the activi ty of the 

e x o g e n o u s wi ld- type A R in t roduced into L N C a P ce l ls by t ransfec t ion. F r o m these d o s e -

response cu rves , a ha l f -max imal r esponse d o s e of 0.01 n M D H T w a s se lec ted for further 

exper iments that examine both agonist ic and antagonist ic b io logical r esponses . A s previously 

demonstrated by J a n a et a l . (1999), Figure 2.1 B shows that D H T antagonized T C D D - m e d i a t e d 

A h R activi ty (p<0.01) in a d o s e - d e p e n d e n t manner . S ign i f i cant an tagon is t i c activity w a s 

observed between 10nM and 1LIM. Fol lowing this s tandardizat ion of our a s s a y , the impact of 

synthetic A R and A h R l igands were a s s e s s e d . 

Androgenic and anti-androgenic effects of the pesticides 

Figures 2.2-2.4 show the results for the 27 compounds sc reened for their ability to act a s either 

androgen agonists or antagonists in vitro. Many compounds exhibit weak to strong antagonist ic 

activity at higher concentrat ions, and Table 2.2 summar i zes the results, together with the A h R 

activity and A R - L B D binding a s s a y results. A s shown in Table 2.2, 17 of the 27 pest ic ides were 

found to antagonize A R activity in the presence of D H T (< 100% control luci ferase activity). The 

most potent antagonis t ic effects were obse rved with cap tan , carbary l , copper oxych lor ide , 

copper sulfate, d ichlone, dicofol, dodine, endosul fan, ethion, ferbam, maneb, o ,p ' -DDT, and p,p'-

D D T , at concentrat ions between 1LIM to 100LIM (Figures 2.2-2.4). It is important to note that 

these upper treatment concentrat ions are still environmental ly relevant. Endosu l fan , ethion, o,p'-

DDT , and p,p ' -DDT have been previously shown to act as A R antagonists. Androgen ic effects of 

the pes t ic ides were measu red as their abil ity to e n h a n c e A R transcr ipt ional activity in the 
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presence of D H T (> 100% control luci ferase activity). Figure 2.4 shows that only 2 ,4 -DB and 

M C P A exhibited a more than 2-fold increase in androgen ic transcript ional activity compared to 

control . S e v e r a l pest ic ides identif ied in the case-cont ro l study indicate their abil ity to act a s 

partial androgen agonists (> 100% control luci ferase activity at low concentrat ions and <100% 

control luci ferase at high concentrat ions) including chinomethionat , d ich lorvos, e thephon, and 

M C P A (Figures 2.2-2.4). T h e s e four compounds exhibit weak to strong antagonist ic activity at 

higher concentrat ions and weak ly agonist ic activity at lower concentrat ions. It may be poss ib le 

that t hese c o m p o u n d s interact with the e n d o g e n o u s ho rmone and g e n e t ranscr ip t iona l 

mach inery , enhanc ing activity at lower concent ra t ions , but inhibit ing normal t ranscr ipt ional 

act ivat ion at h igher concen t ra t ions . A l though examin ing the synerg is t i c act ivi ty of these 

compounds is beyond the s c o p e of this study, it is interesting to cons ider the combined effects 

on A R act ivi ty of a number of w e a k a n d r o g e n an tagon is ts , pe rhaps s imula t ing chron ic 

environmental exposure. 

Agonistic and antagonistic effects of pesticides through the AhR 

In vitro A h R activation studies demonstrated the ability of many compounds to alter A h R activity. 

Figure 2.1 B demonst ra tes the dose-dependen t A h R activity of the d iox in- respons ive reporter 

G u d L u c with DHT , both a lone and in the p resence of hal f -maximal T C D D (10nM). D H T has no 

effect on A h R activity in the a b s e n c e of T C D D , whereas in the p resence of 10nM T C D D , it acts 

as an A h R antagonis t be tween 1 0 n M - V M D H T . Figures 2.5-2.7 s h o w that 12 of the 27 

c o m p o u n d s s h o w e d antagonist ic , agonis t ic , or partial agonis t ic ef fects, a lso summar i zed in 

Table 2.2. 2 ,4 -DB, carbary l , d iaz inon, d ich lone, and ferbam exhibi ted weak to strong agonist 

effects in the a b s e n c e of T C D D on d iox in- respons ive reporter activity. Part ial agonist ic effects 

were s e e n with four compounds , ch inomethionat , d icofol , e thephon, and o ,p ' -DDT, act ing as 

agonists at low concentrat ions and having no effect at higher concentrat ions, with the except ion 

of the signi f icant antagonis t ic effect of ch inometh ionat at 1 0 0 p M . An tagon is t i c c o m p o u n d s 

inc luded d i n o s e b , dod ine , and m a n e b wh ich s h o w e d 5 0 % or greater reduct ion in A h R 
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transcriptional activity at 10u.M-100u.M. 

Combined AR and AhR activity of the pesticides 

Table 2.2 summar i zes the 11 pest ic ides exhibit ing dual activit ies as A R agonists or antagonists 

and A h R agon is ts or antagon is ts . A m o n g these pes t ic ides , many types of pes t ic ides were 

p redominant inc lud ing o rganoch lo r ine and o r g a n o p h o s p h o r u s pes t i c ides , and c a r b a m a t e 

insect ic ides and d i th iocarbamate fung ic ides. Carba ry l , d ich lone, fe rbam, and o ,p ' -DDT were 

shown to have A R antagonist ic and A h R agonis t ic effects, thus demonstrat ing the ability of 

severa l pest ic ides to impact androgen and aryl hydrocarbon activity, respect ively, by poss ib ly 

interfering with c o m m o n m e c h a n i s m s like inf luencing receptor e x p r e s s i o n , compet ing for 

c o m m o n co-act ivators, or a s d i scussed below, direct binding to A R . Three pest ic ides d inoseb, 

dodine and maneb showed A R and A h R antagonist ic activity, whi le 2 ,4 -DB acted as an A R and 

A h R agon is t , and ch inometh iona t and e thephon s h o w e d part ial agon is t ef fects on both 

receptors, acting as an agonist at low concentrat ions and as an antagonist at high levels. 

Anti-androgenic action mediated through the ligand binding to AR 

To determine if inc reases or d e c r e a s e s in androgenic or aryl hydrocarbon activity were due to 

interference with androgen binding to A R by pest ic ides, a direct A R l igand-binding a s s a y w a s 

e m p l o y e d . T o direct ly a s s e s s if pes t i c ides d i sp l ace a n d r o g e n bound to A R we used a 

b iochemica l a s s a y utilizing purified A R - L B D bound to 3 H - R 1 8 8 1 . A s expec ted , D H T and R1881 

effectively d isp laced 3 H - R 1 8 8 1 (Figure 2.8) in a dose-dependen t fash ion, whe reas increas ing 

concentrat ions of dexamethasone fai led to d isp lace 3 H - R 1 8 8 1 from A R - L B D . The ant i -androgen 

C a s o d e x a l so c lear ly b inds to A R , albeit with lower affinity, d isp lac ing bound 3 H - R 1 8 8 1 at 

between 10-100>M. Th is purified l igand-binding a s s a y sys tem clearly demonstrated that e leven 

of the 27 pest ic ides tested could interfere with androgen bound to A R in a manner that paral lels 

the antagonist ic activity of pest ic ides on A R transcr ipt ional activity. S o m e of the c o m p o u n d s 

show weak binding character ist ics, with copper sulfate, dodine, d inoseb, ferbam, and malathion 

having the most pronounced effect on d isp lacement of bound 3 H - R 1 8 8 1 (Figures 2.9-2.11). It 
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w a s difficult to establ ish whether the ability of individual pest ic ides to d isp lace D H T from A R -

L B D mirrored the potency of A R an tagon ism of the pest ic ides. Fo r examp le , copper sulfate, 

dod ine, d inoseb , fe rbam and malathion all showed strong d isp lacement and A R antagonist ic 

activity. 

A l though no apparent structure-binding patterns can be e luc idated by examin ing the 

pes t i c ides that s h o w e d l igand b inding to A R , it a p p e a r s that b e c a u s e A R is not highly 

p romiscuous for all pest ic ides s tud ied, perhaps the structural conformat ion combined with the 

functional group substitution pattern may be responsib le for explain ing the ability of a particular 

pest ic ide to effect ively bind A R . F o r examp le , as prev ious ly repor ted, there is a potential 

correlation between chlorine substitution, A R binding and reduction in A R transcript ional activity, 

as seen with o ,p ' -DDT and p,p ' -DDT. Most interestingly, d inoseb and dodine showed strong A R -

binding, and reduced activity of both A R and A h R , suggest ing that the p resence of nitrogen 

containing s ide cha ins may play a role in combined A R and A h R activity through interference 

with AR-b ind ing . T a k e n together, these novel data strongly suggest that speci f ic pest ic ides are 

ab le to directly bind to A R - L B D and affect the t ranscr ipt ional activity of both A R and A h R . 
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2.4 Discussion 

The risk of prostate cancer in farmers in the agriculture industry, which has been reviewed 

recently has been assoc ia ted with lifestyle factors and with exposure to pest ic ides, insect ic ides, 

herb ic ides, and other agricultural chemica l s (Band et a l . , 1999a , 1999b; Ke l le r -Byrne et a l . , 

1997; Mi l ls and Y a n g , 2003 ; Morr ison et a l . , 1993; S iemia tyck i , 1991; V a n der G u l d e n et a l . , 

1996; V a n Mae le -Fab ry and Wi l lems, 2003) . To our knowledge, this is the first study that has 

l inked ep idemio log i ca l e v i d e n c e f rom agr icul tural pes t ic ide e x p o s u r e a s s o c i a t e d with an 

increased risk of develop ing prostate cancer , and speci f ical ly character ized the nature of their 

biological propert ies in prostate carc inogenes is focus ing on endocr ine disrupt ion. T h e prostate 

is highly sensi t ive to androgens and requires precise hormonal control to regulate its growth and 

funct ion. T h e deve lopment of the androgen-sens i t i ve prostate may be al tered in utero in the 

p resence of low levels of and rogens , as wel l as during puberty w h e n a surge of circulat ing 

androgen in serum initiates prostate growth and deve lopment . Fur thermore, early alteration of 

normal prostate development may have implications on prostate growth in later life. 

Prostate cel ls exp ress both A R and A h R and cross-ta lk between the two pathways may 

affect the function of the prostate cell and organ deve lopment (Jana et a l . , 1999). Pes t i c ides 

have been documented to interfere with the activit ies of E R , A R and A h R both in vitro and in 

vivo (Wormke et a l . , 2 0 0 0 a , 2000b) . S u p p r e s s i o n of A R act ion may o c c u r v ia seve ra l 

mechan i sms including competi t ion with A h R for co-regulator proteins (Misiti et a l . , 1998). W e 

hypothes ize that this may occur by both receptor sys tems compet ing for mutual co-act ivators, 

which are limiting in the nuc leus, such as C R E B binding protein ( C B P ) or Steroid Receptor C o -

activator 1 ( S R C - 1 ) and thus stimulation of one sys tem may repress the other (Aarnisalo et a l . , 

1998, F ronsda l et a l . , 1998, Kumar and Pe rdew 1999). S tud ies to date on A h R antagon ism of 

the A R sys tem have focused on the extremely potent l igand of A h R , T C D D . However , we show 

that A h R interacts with a wide spect rum of structurally d iverse pest ic ides, and this is the first 

time their androgenicity has been a s s e s s e d . 
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Our interest has focused on the ability of a speci f ic group of pest ic ides to interact with the 

A R and A h R receptor, and to determine if pest ic ides can affect the transcript ional activity of A R 

and A h R , we emp loyed a repor ter -based a s s a y us ing transient t ransfect ion into a human 

prostate cance r cell l ine, L N C a P . L N C a P cel ls exp ress only low levels of endogenous A R and 

A h R (Cleutjens et a l . , 1997). In this transcriptional a s s a y sys tem we have transiently transfected 

a luci ferase reporter, A R R 3 L u c or G u d L u c 1.1, in combinat ion with an A R or A h R construct. The 

reporter construct, A R R 3 L u c or G u d L u c 1.1, responds to A R or A h R in the p resence of D H T or 

T C D D , respec t i ve l y , in a l igand concen t ra t i on -dependen t manne r . In the a b s e n c e of 

exogenous ly exp ressed A R or A h R minimal levels of luci ferase are detected in L N C a P cel ls 

under the condi t ions u s e d , therefore the transcr ipt ional response reported throughout these 

s tud ies represents the activity of the exogenous wild type A R and A h R introduced into the 

L N C a P cel ls. 

The biological effects of a compound on endocr ine disruption can occur either directly by 

its binding to a part icular hormone receptor or indirectly by altering the avai labi l i ty of steroid 

ho rmones , compet i t ion for c o m m o n co- regu la tory prote ins, a s wel l a s other specu la t i ve 

m e c h a n i s m s . Therefore , to e luc idate a poss ib le m e c h a n i s m for endocr ine disrupt ion of our 

pest ic ides of interest, we performed competi t ive l igand binding a s s a y s using a purified A R - L B D , 

3 H - R 1 8 8 1 , and increasing concentrat ions of pest ic ides. It has been demonst ra ted in previous 

studies that the l igand-binding pocket of steroid receptors has an unexpected amount of latitude 

in binding specif ic i ty (Blair et a l . , 2000 ; Wal le r et a l . , 1996). Our results clearly showed that a 

number of structurally d iverse pest ic ides could bind A R , however binding to the A R cannot be 

predicted from the overall structure of the compound. 

W e were able to c lassi fy the pest ic ides tested into six groups accord ing to their chemica l 

s t ructure: o rganoch lo r i nes , c a r b a m a t e fung ic ides , p h e n o x y he rb i c ides , ino rgan ic c o p p e r 

fungic ides, o rganophosphorus pest ic ides, and other pest ic ides ( includes fungic ides, herbic ides, 

and insect ic ides). Prev ious studies have identified organochlor ine-type pest ic ides as endocr ine 
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disruptor cand idates b e c a u s e of their w idespread agricultural use and b ioaccumulat ion in the 

ecosys tem because of their highly l ipophil ic propert ies (Kutz et a l . , 1997; S imon ich and Hites, 

1995). Moreover , the ant i -androgenic propert ies of the organochlor ine pest ic ides, D D T isomers, 

dicofol , endosu l fan , and ethion, have a l ready been reported (Andersen et a l . , 2002; Go lden et 

a l . , 1998; Ke lce et a l . , 1995; Koj ima et a l . , 2004; M a n e s s et a l . , 1998), and in the present study 

we have conf i rmed these results, and identified o ,p ' -DDT and dicofol a s partial A h R agonis ts . 

Organoch lor ines may exert their ant i -androgenic effects through AR- l i gand binding as we have 

demonst ra ted with o ,p ' -DDT and p,p ' -DDT, however this m e c h a n i s m is not unique b e c a u s e 

dicofol , endosu l fan , and ethion fai led to d isp lace the synthet ic androgen l igand from its A R -

binding site. 

S o m e carbamate fungic ides have been previously shown to have A R ant i -androgenic activity 

(Andersen et a l . , 2002 ; Ko j ima et a l . , 2004) and our s tud ies further this ev idence , showing 

carbary l , and the d i th iocarbamate fungic ides fe rbam, m a n c o z e b , and maneb , all reduce A R 

t ranscr ip t ional activi ty, with the excep t ion of met i ram. Ca rba ry l and fe rbam s h o w e d A R 

antagonist ic and A h R agonis t ic activity, suggest ing that by poss ib ly interfering with c o m m o n 

mechan isms like influencing receptor express ion , compet ing for common co-act ivators, or in the 

c a s e of ferbam, direct binding to A R . 

U s e of and exposure to ch lorophenoxy herbic ides, including 2,4-D, 2 ,4 -DB, and M C P A is 

w idespread. Stud ies have previously shown that exposure to ch lorophenoxy herbic ides leads to 

inc reased prostate cance r mortality (Schre inemachers , 2000) , d a m a g e to spe rm (Lerda et a l . , 

1991) and ch lorophenoxy herb ic ides can be detected in the semina l fluid of herbic ide users 

(Arbuckle et a l . , 1999). W e are the first to report the strong A R agonist ic activity of 2 ,4 -DB and 

M C P A , the A R antagonis t ic activity of 2 ,4 -D, and the A h R agonis t ic activity of 2 , 4 - D B . N o 

binding to the A R was shown indicating that perhaps the A R and A h R agonist ic activity of these 

compounds may occur through increased receptor express ion. 

T h e inorganic pes t ic ides , copper sulfate and copper oxych lor ide , are wide ly used as 
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fungic ides and bacter ic ides in agricultural fruit product ion, as a lg ic ides and for control of fungal 

rot, mi ldew, and decay of numerous crops, however their endocr ine disrupting propert ies remain 

unknown. W e found that copper sulfate and copper oxychlor ide dec reased A R activity with no 

effect on A h R activi ty. C o p p e r su l fa te bound to A R sugges t i ng it exh ib i ts its potent ia l 

antagonist ic effects by direct competit ion with the endogenous androgen for AR-b ind ing . 

O r g a n o p h o s p h o r u s pes t i c ides are s o m e of the most wide ly used pes t i c ides used in 

C a n a d a and other countr ies in both agr icul ture and pest control and research has l inked 

relatively high levels of exposure to e levated prostate cance r risk (Mil ls and Y a n g , 2003) . To 

date, s tudies have identified s o m e organophosphorus pest ic ides as A R antagonists (Koj ima et 

a l . , 2004; Sohon i et a l . , 2001 ; T a m u r a et a l . , 2001) , however only the antagonist ic activity of 

ethion on A R , examined in prev ious s tud ies, w a s conf i rmed. In our a s s a y s , malath ion a lso 

showed A R antagonis t ic activity with A R - b i n d i n g . D iaz inon and d ich lorvos a l so bound A R , 

however d ichlorvos acted a s a partial A R agonist and d iaz inon showed A h R agonist ic effects. 

Compar ing and contrast ing the chemica l structures of these compounds may offer some insight 

into their A R - l i g a n d binding behav iour , as it appea rs that pe rhaps the conf i rmat ion of the 

chemica l structure based on the number and s ize of the s ide cha ins a l lows binding in the c a s e 

of dichlorvos, d iaz inon, and malathion. 

In the present study, 8 pest ic ides that could not be classi f ied into the above groups were 

col lect ively grouped as "other pest ic ides. " Mos t interest ingly, d inoseb and dod ine, a l though 

structurally unrelated, showed potent antagonist ic activity v ia both the A R and A h R , and bound 

to A R at 100u.M. This w a s the first t ime the endocrine-disrupt ing effects of these two compounds 

have been demonstrated. O n the other hand, neither paraquat nor s imaz ine showed any A R or 

A h R activity, s imi lar to results demonstrated previously (Koj ima et a l . , 2004). Therefore, these 

types of pes t ic ides may exert hormonal activity through m e c h a n i s m s independent of those 

assoc ia ted with A R and A h R . 

Mos t research on the effects of chemica ls on bio logic sys tems is conducted on one 
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chemica l at a t ime. However , in reality people are exposed to mixtures, not s ingle chemica ls . 

A l though var ious s u b s t a n c e s may have total ly i ndependen t ac t ions , in many c a s e s two 

subs tances may act at the s a m e site in ways that can be either addit ive or non-addit ive. More 

comp lex interact ions may occu r if two chemica l s act at different but related targets. In the 

ext reme c a s e there may be synerg is t ic effects, in wh ich c a s e the effects of two subs tances 

together are greater than the s u m of either effect a lone. A l though ep idemio log ica l ev idence 

grouped the pest ic ides in our study into three categor ies based on the s igni f icance of e levated 

prostate cance r risk, no definite correlat ion can be ascer ta ined between risk and bio logical 

act ivi ty b a s e d on our da ta . Fur ther ana l ys i s of the e x p o s u r e informat ion for ind iv idua ls 

d iagnosed with prostate cancer will help ascerta in the character ist ics of the pest ic ides that may 

contr ibute to prostate cance r format ion and p rogress ion . T h e product ion and use of these 

compounds can be monitored and potentially reduced. Ultimately, the epidemio logic knowledge 

ga ined from understanding the impact of speci f ic agricultural chemica ls on prostate cancer and 

the better understanding of how these subs tances contribute to cancer deve lopment may lead 

to effective strategies for the prevention of occupat ional ly related exposure. 

W e have demonstrated that pest ic ides may have the potential to mimic or an tagon ize 

hormone act ion, in many c a s e s through binding to steroid receptors and/or interfering with 

transcript ional activity, thus they are capab le of disrupting male hormone-s ignal l ing pathways. 

However , other indirect mechan isms of endocr ine disruption may be a lso poss ib le . There have 

been reports in the literature that the multidrug res is tance efflux transporter P g p may play a role 

in the ce l lu lar detoxi f icat ion of pes t i c ides in m a m m a l i a n t i s sues . T h u s , P g p may play a 

physio logical role in participating in the protection of human cel ls against xenobiot ics, including 

pest ic ides, by act ive efflux of these compounds into bile, urine, or the intestinal lumen, and by 

prevent ing accumu la t i on in cr i t ical o rgans s u c h a s the bra in , test is , prostate, and other 

reproduct ive organs (Schinke l et a l . , 1997; van Te l l ingen, 2001). For examp le , express ion of 

P g p in the p lacenta has been shown to be a factor to protect fe tuses against toxicity of the 
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pest ic ide ivermectin (Smit et a l . , 1999). Therefore, P g p may be responsib le for what could be 

def ined a s 'mult i -pest ic ide res is tance ' , a phenomenon that paral le l mult i-drug res is tance in 

tumour cel ls. 

A s the function of P g p in normal ce l ls and the identity of its endogenous subst ra tes 

remain unclear, other recent studies sugges t that P g p may interact with endogenous steroids. 

Prev ious studies sugges t that P g p can reduce the accumulat ion of a wide range of s tero ids, 

suggest ing that cel lular androgen levels could be signif icantly affected by this efflux transport 

m e c h a n i s m . On ly one previous study has examined the transport of androgens by multi-drug 

resistant ce l l s , show ing d e c r e a s e d a n d r o g e n , both tes tos terone and d ihydro tes tos terone, 

accumulat ion in human colon carc inoma cel ls (Barnes et a l . , 1996). W e hypothes ized that this 

may in turn lead to d e c r e a s e d and rogen - respons i veness in prostate cance r ce l ls , leading to 

adaptat ion to an androgen- independent environment. Phys io log ica l ly , d e c r e a s e s in androgen 

levels could lead to activation of androgen- independent gene pathways and/or reduction in the 

exp ress ion of and rogen- respons ive g e n e s . Thus , an a n d r o g e n - P g p interaction may have a 

profound impact on both the genotype and phenotype of prostate c a n c e r ce l l s , and their 

response to chemica l therapeut ics. Three aspec ts of this possib le androgen-Pgp interaction are 

e x a m i n e d in Chapter 3: (1), the t ransport of [ 3 H]-DHT by P g p ; (2), the an tagon i sm by 

pharmaceut ica ls on Pgp-med ia ted androgen efflux and/or cel lu lar accumula t ion ; and (3), the 

phys io log ica l c o n s e q u e n c e s al tered D H T transport and cel lu lar accumula t ion on and rogen -

regulated gene express ion in prostate cancer cel ls. 
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2.5 Tables and Figures 

Table 2.1. Pesticides tested for AR-LBD binding in the AR and AhR reporter assay 

Compound Type / Group of Pesticide Acceptable Daily 

Intake (mg/kg b.w.) 

dicofol organochlor ine acar ic ide 0.002 

endosul fan organochlor ine insecticide 0.006 

o ,p ' -DDT organochlor ine insecticide 0.02 

p,p ' -DDT organochlor ine insecticide 0.02 

carbaryl wide-spectrum carbamate insecticide 0.01 

ferbam iron dimethyldithiocarbamate fungicide Not Avai lab le 

mancozeb polymeric di thiocarbamate fungicide 0.03 

maneb polymeric di thiocarbamate fungicide 0.03 

metiram polymeric di thiocarbamate fungicide 0.03 

2,4-D phenoxy acet ic herbicide 0.3 

2 ,4 -DB phenoxy butyric herbicide Not Avai lab le 

M C P A phenoxy acet ic herbicide Not Avai lab le 

copper oxychlor ide broad-spectrum inorganic copper fungicide Not Avai lab le 

copper sulfate inorganic copper fungicide Not Avai lab le 

dichlorvos organophosphate insecticide 0.004 

dimethoate organophosphate insecticide 0.01 

diazinon pyrimidine organothiophosphate insecticide 0.002 

ethion aliphatic organophosphate pesticide 0.002 

malathion aliphatic organophosphate insecticide 0.02 

captan phthalimide fungicide 0.1 

chinomethionat quinoxal ine fungicide and acar ic ide 0.003 

dichlone quinone fungicide Not Avai lab le 

d inoseb dinitrophenol herbicide Not Avai lab le 

dodine aliphatic nitrogen fungicide 0.01 

ethephon organic phosphorus plant growth regulator 0.05 

paraquat quaternary ammonium herbicide 0.004 

s imaz ine select ive triazine herbicide Not Avai lab le 
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Table 2.2. Summary of the AR-LBD binding assay and in vitro results with AR and AhR. 
Compound Risk Group Binds to AR AR Activity AhR Activity 

(with DHT) (no TCDD) 
dicofol 0.85 c - * 1* 

endosul fan 1 .52 a - * -
o , p - D D T 1 .65 a +* * 1* 

p,p'-DDT 1 .65 a +* * -
carbaryl 1 .54 a - * * 

ferbam 1 .60 a +* * * 

mancozeb 1.37 b - * -
maneb 1 .60 a - * * 

metiram 1 .44 b - - -

2,4-D 2.72 a - * -

2,4-DB 1 .77 a - * * 

M C P A 1 .83 a - * -
copper oxychlor ide 1 .45 b - * -
copper sulfate 1 .39 b +* * -
dichlorvos 0 .91 c +* 1* -
dimethoate 1 .36 b - - -
diazinon 1 . 4 3 b +* - * 

ethion 1 .52 b - * -
malathion 1 .34 a +* * -
captan 1 .56 a - * -
chinomethionat 1 .79 a - 1* 1* 

dichlone 1 .79 a +* * * 

dinoseb 1 .77 a +* * * 

dodine 1 .83 a +* * * 

ethephon 1 .49 b - 1* 

paraquat 1 . 4 5 b - - -

s imaz ine 1 .69 a _ _ _ 

Three pest ic ides were grouped into three categor ies based on their odds ra t i os : a pest ic ides 
showing significantly increased r i s k ; b pest ic ides showing elevated, but not significant r i s k ; c 

pest ic ides with no elevated risk. Symbo l * indicates significant difference compared to the 
control for either A R or A h R activity (p<0.05).1. Partial agonist (acts as agonist at low 
concentrat ions and as an antagonist at high levels). 

- 1 0 8 -



B 250 -, 

0 0.001 0.01 0.1 1 10 100 1000 

nM DHT 

Figure 2.1. Production of Luciferase in LNCaP Prostate Cancer Cells in Response to DHT 
Exposure. A . The androgen D H T is an A R agonist in L N C a P cel ls transfected with the 

androgen-responsive promoter A R R 3 L u c . B. D H T is an A h R antagonist in L N C a P cel ls 

transfected with the dioxin-responsive promoter G u d L u c and incubated in the presence of half-

maximal T C D D (10 nM). The symbol * indicates significantly different compared to the solvent 

control at OnM (p<0.01). 
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Figure 2.2. Production of ARR3Luc in LNCaP cells transfected with AR following 
incubation in the presence of pesticides and 0.1 nM DHT. Values are expressed as 

percent of the solvent control and presented as mean ± S E M . The symbol * indicates 

significantly different from the solvent control at OnM (p<0.01). 
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Figure 2.3. Production of ARR3Luc in LNCaP cells transfected with AR following 
incubation in the presence of pesticides and 0.1 nM DHT. Values are expressed as a 

percent of the solvent control and presented as mean ± S E M . The symbol * indicates 

significantly different from the solvent control at OnM (p<0.01). 
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Figure 2.4. Production of ARR3Luc in LNCaP cells transfected with AR following 

incubation in the presence of pesticides and 0.1 nM DHT. Va lues are expressed as a 

percent of the solvent control and presented as mean ± S E M . The symbol * indicates 

significantly different from the solvent control at OnM (p<0.01). 
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Figures 2.5. Production of GudLuc in LNCaP cells transfected with AhR following 

incubation in the presence of pesticides. Va lues are expressed as a percent of the solvent 

control and presented as mean ± S E M . The symbol * indicates significantly different from the 

solvent control at OnM (p<0.01). 
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Figure 2.6. Production of GudLuc in LNCaP cells transfected with AhR following 

incubation in the presence of pesticides. Values are expressed as a percent of the solvent 

control and presented as mean ± S E M . The symbol * indicates significantly different from the 

solvent control at OnM (p<0.01). 

- 1 1 4 -



Figure 2.7. Production of GudLuc in LNCaP cells transfected with AhR following 

incubation in the presence of pesticides. Va lues are expressed as a percent of the solvent 

control and presented as mean ± S E M . The symbol * indicates significantly different from the 

solvent control at OnM (p<0.01). 
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Figure 2.8. Binding to the AR analyzed by displacement of tritiated androgen from the 

androgen receptor ligand binding domain. Va lues are expressed as a percent of the solvent 

control and presented as mean ± S E M . *Signif icantly different from the appropriate solvent 

control at 0(xM (p<0.05). 
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Figure 2.9. Binding to the AR analyzed by displacement of tritiated androgen from the 
androgen receptor ligand binding domain. Values are expressed as a percent of the OnM 

solvent control and presented as mean ± S E M . *Significantly different from the appropriate 

solvent control (p<0.05). 
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Figure 2.10. Binding to the AR analyzed by displacement of tritiated androgen from the 
androgen receptor ligand binding domain. Values are expressed as a percent of the OnM 

solvent control and presented as mean ± S E M . *Significantly different from the appropriate 

solvent control (p<0.05). 
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Figure 2.11. Binding to the AR analyzed by displacement of tritiated androgen from the 
androgen receptor ligand binding domain. Values are expressed as a percent of the solvent 

control at OnM and presented as mean ± S E M . *Significantly different from the appropriate 

solvent control at OnM (p<0.05). 
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CHAPTER 3. P-GLYCOPROTEIN INCREASES THE EFFLUX OF THE ANDROGEN 

DIHYDROTESTOSTERONE AND REDUCES ANDROGEN RESPONSIVE G E N E ACTIVITY IN 

PROSTATE TUMOUR CELLS 1 

The research presented in this chapter was performed with collaboration and valuable expertise 
in experimental design from Dr. Lawrence Mayer at the BC Cancer Agency and Dr. Emma 
Guns. Dr. Gimenez-Bonafe was responsible for the performing the Northern blot experiments 
reported in this chapter. 

3.1 Introduction 

The fundamental mechanisms involved in the transport of steroid hormones through biological 

membranes, and their accumulation within target cells are still not completely understood. Many 

developmental, reproductive, and homeostatic functions are coordinated by nuclear steroid 

hormone receptors that upon binding to their cognate steroid activate the transcription of 

specific target genes (Evans, 1988). Delivery of the steroid to the target tissue is facilitated by 

serum binding proteins including steroid hormone-binding globulin (SHBG) (Rosner et al., 

1999). The lipophilic nature of steroid hormones has led to the concept that the cell membrane 

plays a passive role in the transport of steroids (Giorgi and Stein, 1981). This current dogma 

fails to fully explain that tissue-specific homeostatic mechanisms involved in the influx, 

accumulation, nuclear localization, and efflux of steroid hormones require precise and 

differential regulation at a cellular level within target tissues, therefore a completely passive 

transport mechanism through the cell membrane seems overly simple. Emerging evidence 

supporting the transport of certain steroids by P-glycoprotein, is considerable, however not yet 

conclusive (Fojo et al., 1987; Gruol et al., 1999; Ueda et al., 1992). 

1A version of this chapter has been published. 
Fedoruk MN, Gimenez-Bonafe P, Guns ES, Mayer LD, Nelson CC. (2004). P-glycoprotein 
increases the efflux of the androgen dihydrotestosterone and reduces androgen responsive 
gene activity in prostate tumour cells. The Prostate. 59(1): 77-90. 
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In the prostate, circulating testosterone enters the cells where it is converted by 5a-

reductase to the more potent androgen, DHT, which regulates the growth, differentiation, and 

homeostasis of the gland (Bruchovsky and Wilson, 1968; Isaacs, 1996). Ultimately prostate 

secretory epithelial cells are dependent on the presence of androgens for survival, and will 

undergo apoptosis upon androgen withdrawal. In advanced prostate cancer, androgen ablation 

therapy is used routinely to remove or block androgen action. Androgen ablation is initially 

effective at inducing apoptosis and regression of prostate tumours, however some cells adapted 

to survive in the absence of androgens recur with an androgen independent phenotype (Isaacs, 

1996). We have recently found that genes activated by YB-1 , such as Pgp, are also increased 

during Al progression as presented in Chapter 4. This has lead to an exploration to understand 

the biological relevance of dysregulation and influence of Pgp on androgen transport and A R 

activity in prostate cancer cells. 

Pgp belongs to a family of plasma membrane proteins encoded by the multi-drug 

resistance gene, MDR1. Pgp is a 170-kDa phosphorylated and glycosylated plasma membrane 

protein that belongs to the A B C superfamily of transport proteins (Juliano and Ling, 1976). The 

MDR1 gene, which is responsible for Pgp synthesis in humans, is well conserved in nature and 

appears to be involved in the transport of specific xenobiotics and the development of 

chemotherapeutic drug resistance in a variety of cancers (Fardel et al., 1996). Pgp expression 

and activity in prostate cancer has not been extensively studied. However, Pgp expression has 

been correlated with tumour grade and stage during prostate cancer progression (Bhangal et 

al. , 2000). It is also known that Pgp is expressed at relatively high levels in androgen-

independent PC-3 and DU-145 prostate carcinoma cells, while the androgen-sensitive LNCaP 

cell lines express a lower level of Pgp (Fojo et al., 1987; Theyer et al., 1993). 

The majority of published data suggest that Pgp acts as a transmembrane pump to 

remove certain c lasses of xenobiotics from the cell. Research has largely focused on 

characterizing xenobiotics as substrates or inhibitors of the Pgp efflux mechanism and their 

- 1 2 8 -



structure-function relat ionships (See l ig , 1998; W a c h e r et a l . , 1995). C h e m i c a l s transported by 

P g p have d ive rse s t ructures, with the pr imary s imi lar i t ies be ing hydrophob ic amph ipa th ic 

mo lecu les (molecu les hav ing two s ides with character is t ica l ly different propert ies) without a 

negat ive charge moiety and between 200-1800 D a . P g p subst rates include chemotherapeut ic 

d r u g s , i m m u n o s u p p r e s s i v e d rugs , s te ro ids l ike a l d o s t e r o n e , hyd roco r t i sone , Cor t iso l , 

cor t icos terone and d e x a m e t h a s o n e ; HIV p ro tease inhibi tors, ca rd iac drugs , lipid lower ing 

agen ts , d o p a m i n e an tagon is t s , ant i -d iar rhea l agen ts , ant i -gout agen ts , ant ib io t ics , ant i ­

tuberculosis agents , anti-helminthic agents , and the f luorescent dye rhodamine-123 (Germann , 

1996). Increased P g p express ion and/or activity functions to lower the intracellular concentrat ion 

of Pgp substrates, thus creating a multi-drug resistant phenotype. 

P g p inh ib i to rs i nc l ude the i m m u n o s u p p r e s s a n t c y c l o s p o r i n A a n d its n o n -

immunosuppress ive ana logue P S C - 8 3 3 (valspodar); the ca lc ium channel b locker verapami l ; the 

proges terone antagonist mi fepr is tone ( R U 4 8 6 ) ; and cyc lop ropy ld ibenzosuberane L Y 3 3 5 9 7 9 

(Drach et a l . , 1996; Fardel et a l . , 1996; Hu isman et a l . , 2000; Mayer et a l . , 1997; Sha rom et a l . , 

1999; Twentyman and B leehen , 1991; Yumoto et a l . , 1999). The presence of Pgp in the adrenal 

g lands and in the steroid-producing cel ls of the endometr ium suggests it may a lso have a role in 

the export of s tero ids into the se rum. Fur thermore, it has been shown that P g p express ing 

epi thel ia l mono layers of ce l ls are ab le to t ransport s tero ids and that s o m e lymphoid ce l ls 

exp ress ing P g p are resistant to the cytotox ic ef fects of s tero ids exhib i ted by these ce l ls 

(Got tesman e t a l . , 1996). 

Wh i le P g p is highly c o n s e r v e d throughout evo lu t ion, a comp le te ca ta logue of its 

endogenous substrates remains incomplete. P g p is exp ressed in var ious normal t issues (Fojo et 

a l . , 1987), and among var ious physio logical roles proposed it was sugges ted that s o m e steroid 

hormones could be physio logical substrates transported by P g p (Pavek et a l . , 2002 ; S u g a w a r a 

et a l . , 1988; Th iebaut et a l . , 1987) . Consequen t l y , P g p might play a fundamenta l role in 

regulat ing cel l dif ferentiat ion, prol i feration and surv ival in spec i f i c t i ssues (Johnstone et a l . , 
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2000). Th is has raised the possibil i ty that P g p may have a role in the regulation of homeostas is 

of var ious endogenous intracellular const i tuents, with steroid hormones being s o m e of the key 

p layers in the regulat ion of cel lu lar response and homeos tas i s in many endocr ine sens i t ive 

t i ssues . In the context of ho rmone-dependen t t issue such as the prostate, the re lat ionship 

between steroid hormones and Pgp has not yet been addressed . 

Data presented here that invest igates the regulation of steroid transport and steady state 

androgen accumulat ion in prostate cancer cel ls , demonst ra tes that D H T efflux is inc reased by 

P g p . Increased D H T efflux cor responds to dec reased androgen-regulated transcript ional activity 

and gene express ion . Fur thermore, increased P g p express ion by exposure to aspir in l ikewise 

d e c r e a s e s androgen levels in prostate cance r ce l ls . Th is ev idence col lect ively sugges ts that 

P g p affects the cel lular transport and accumulat ion of D H T in a functionally and physiological ly 

significant manner. 

3.2 Ma te r i a l s a n d M e t h o d s 

Materials. [1,2,4,5,6,7- 3 H]-dihydrotestosterone (125Ci /mmol , A m e r s h a m P h a r m a c i a Biotech) , 

[G- 3H]-vinblast ine sulphate (9 .40Ci /mmol , A m e r s h a m Pharmac ia Biotech), stock solut ions of 5 a -

dihydrotestosterone (Sigma), v inblast ine sulphate (Sigma-Aldr ich) , Asp i r in (Acetylsal icyl ic Ac id) 

(S igma-Aldr ich) , P S C - 8 3 3 (provided by Dr. L. Mayer ) and verapami l chlor ide (Sigma-Aldr ich) 

were prepared in 9 5 % ethanol. 

Plasmids. T h e rat A R (Renn ie et a l . , 1993) c loned into the mamma l i an exp ress ion vector 

p R c / C M V (Invitrogen, S a n Diego, C A ) w a s used for transfection studies a s before (Nelson et a l . , 

1999). The A R R 3 T K - l u c reporter construct used contains three tandem repeats of -244 to -96 of 

the 5' f lanking region of the rat probasin promoter l inked to the pT81 vector which conta ins a 

thymidine k inase minimal promoter and the firefly luci ferase gene (de Wet et a l . , 1985; W o o d et 

a l . , 1984), a s desc r ibed prev iously (Snoek et a l . , 1998). T h e p R L T K - l u c vector conta ins a 

thymid ine k i nase promoter ups t ream of the modi f ied c D N A e n c o d i n g Ren i l l a luc i fe rase 

(P romega) . P g p p lasmid w a s initially obta ined from the A m e r i c a n T y p e Cul ture Co l lec t ion 
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( p G E M - 3 Z f ( - ) X b a ) , the insert (full length of P g p c D N A ) w a s e x c i s e d , and l igated into the 

poly l inker reg ion of the e x p r e s s i o n vec to r p c D N A 3 .1 . (Invitrogen). A l l p lasmid D N A w a s 

propaga ted in J M 1 0 9 E. coli and w a s p repared us ing Q I A G E N Max ip rep Kit ( Q I A G E N , 

M iss i ssauga , O N , Canada) . 

Cell Lines. H e L a cel ls express ing a stably transfected F L A G - t a g g e d A R were obtained from Dr. 

M. C a r e y (Huang et a l . , 1999). H e L a and P C - 3 ce l ls were obta ined from the A m e r i c a n Type 

Culture Col lect ion. H e L a cel ls are der ived from cervical cancer , whereas P C - 3 and L N C a P cel ls 

are prostate cancer cel ls. P C - 3 cel ls are epithelial-l ike cel ls which grow adherently in monolayer 

and lack A R , consequent ly are androgen- insens i t ive . Converse ly , L N C a P cel ls are androgen-

respons ive , p o s s e s s a mutated A R and exp ress P S A . L N C a P ce l ls were es tab l ished from a 

lymph node metastas is from a 50 year old man with prostate cancer . A l l these cel l l ines were 

cultured in Du lbecco 's Modi f ied Eag le ' s Med ium ( D M E M ) supp lemented with 5 % fetal bovine 

se rum ( F B S ) for P C - 3 and H e L a / H e L a - A R . L N C a P cel ls were obta ined from the A T C C and 

mainta ined in R P M I 1640 (Life Techno log ies Inc.) supp lemen ted with 5 % F B S . Ce l l s were 

maintained at 37°C in humidified air with 5 % C 0 2 . 

Xenografts. L N C a P tumours were propagated as previously reported (G leave et a l . , 1992). 

Briefly, mice were subcu taneous ly inoculated with 2 x 1 0 6 L N C a P cel ls and equa l vo lumes of 

Matr igel . T h e tumours were exc ised before castrat ion (Intact) and at speci f ic t ime points after 

castration (dCx), f lash frozen and stored at - 80 °C . 

In Vitro fH]DHT Cellular Accumulation Assay. A l l measurements of steroid accumulat ion in 

H e L a - A R , L N C a P , H e L a and P C - 3 prostate tumour ce l ls were carr ied out under s tandard 

condit ions. Briefly, cel ls were s e e d e d in 6 wel l cel l culture plates at 3.0 x 1 0 5 cel ls/wel l in 1mL 

med ia supp lemented with 5 % F B S and incubated for 24h . M e d i a w a s aspi ra ted, [ 3 H]DHT w a s 

added (1.0nM final concentrat ion) in 2 m L med ia supp lemented with Dext ran-coated charcoa l 

( D C C ) str ipped se rum, and the p lates were incubated and t ime-dependent accumulat ion w a s 

e x a m i n e d . Af ter the incubat ion per iod (1-24 hr), the ce l ls were prompt ly w a s h e d free of 
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hormone-con ta in ing med ia us ing P B S and harves ted with P B S + 1 m M E D T A . [ 3 H]DHT 

accumulat ion is exp ressed in moles of DHT/ce l l as an average of three repl icates ± S E M . 

In Vitro pHJDHT cellular uptake with FLAG-AR immunoprecipitation assays. H e L a F L A G -

A R cel ls were s e e d e d into 6 c m 2 plates at 6.0 x 10 5 cel ls/wel l in 4ml_ of complete med ia . After 

24h at 37°C, the media w a s aspirated and 0.5 nM [ 3 H]DHT and a titration of D H T concentrat ions 

w a s added to media supplemented with D C C str ipped serum. Ce l l s were incubated for a further 

24 h and w a s h e d with P B S and harves ted by sc rap ing in P B S + 1 m M E D T A . C y t o p l a s m 

f ract ions (Schre iber et a l . , 1989) were prepared by resuspend ing ce l ls in 400u1 Buffer A 

containing 10mM H E P E S pH 7.9, 1 0 m M K C l , 0.1 m M E D T A , 0.1 m M E G T A , 1mM dithiothreitol, 

0 .5mM phenylmethylsul fonyl f luoride and incubated on ice for 15 min. 25[xl 1 0 % I G E P A L w a s 

then added and vortexed for 10 s e c , then centr i fuged for 30 s e c at 9.3 g-force. The cytosol 

fraction was then removed. Western blot controls conf i rmed the cytosol fraction w a s free of A R . 

Nuc lea r extracts (Schre iber at e l . , 1989) were prepared and incubated for 6 h with 10u1 of 

agarose beads conjugated with F L A G monoclonal ant ibodies (S igma, U S A ) at 4°C. B e a d s were 

w a s h e d 2 t imes with Buffer D (Huang et a l . , 1999) conta in ing 2 0 m M H E P E S pH 7.9, 2 0 % 

g l y c e r o l , 0 . 3 M K C l , 0 . 2 m M E D T A , 0 . 0 5 % I G E P A L , 1 m M d i th io th re i t o l , 0 . 5 m M 

phenylmethylsul fonyl f luoride, and then resuspended in Buffer D. R e s u s p e n s i o n s of the F L A G -

A R complex from nuclear extracts, and the cytoplasmic cell extracts were measured for levels of 

[ 3 H]DHT in a B e c k m a n L S 6500 scintil lation counter, and results were expressed as the average 

d is in tegrat ions per minute (DPM) /we l l of three rep l ica tes at e a c h t reatment ove r 24 h ± 

(standard error of the mean) S E M . 

In Vitro pHJDHT cellular accumulation with Pgp inhibitor PSC-833. Ce l l s were s e e d e d as 

outl ined previously. Growth media containing Pgp inhibitor w a s introduced ( P S C - 8 3 3 2(xM final 

med ia concentrat ion) and the treated cel ls were incubated for 2 h to ensure that Pgp-media ted 

ac t ion w a s suf f ic ient ly inh ib i ted ( A s z a l o s et a l . , 1999) . [ 3 H]DHT (0 .5nM f inal m e d i a 

concentrat ion) w a s added in 5 % F B S supp lemented R P M I growth med ia for 24h . After the 
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incubation period, the cel ls were promptly w a s h e d free of hormone-contain ing media using P B S 

and harvested with P B S + 1 m M E D T A . [ 3 H]DHT accumula t ion is exp ressed as an average 

D P M / w e l l of three rep l ica tes ± S E M over two expe r imen ts . Para l le l exper iments were 

performed in cel ls treated and untreated with P g p inhibitor. A s a control, cel ls at a density of 3 x 

1 0 5 cel ls/wel l were seeded into wel ls in both cell l ines used , and protein concentrat ions after cell 

harvest ing remained consistent between control and P S C - 8 3 3 treated cel ls a s determined by a 

B C A Protein A s s a y (Pierce, U S A ) . 

In exper iments involving transient t ransfect ion, an exp ress ion p lasmid encod ing P g p 

and/or A R w a s t ransfected into L N C a P cel ls with L I P O F E C T I N ( G i b c o B R L ) reagent in R P M I 

growth med ia and cel ls incubated for 24 h. P S C - 8 3 3 treatment w a s adminis tered in 5 % F B S 

supp lemented R P M I growth med ia for 2 h. 0 .5nM [ 3 H]DHT w a s added and the cel ls incubated 

for 12 h. After the incubation per iod, the cel ls were promptly washed free of hormone-containing 

media us ing P B S and harvested with P B S + 1mM E D T A . [ 3 H]DHT accumulat ion is exp ressed 

as an ave rage D P M / w e l l of three repl icates ± S E M over two exper imenta l determinat ions. 

Exper imen ts with [ 3 H]-vinblast ine (10nM final concentrat ion) , a known P g p subst rate, were 

performed as a positive control. 

A s p i r i n T r e a t m e n t . Asp i r in w a s admin is tered in 5 % F B S supp lemented R P M I growth media 

(2mM final concentrat ion) for 72 h to 3.0 x 10 5 cel ls L N C a P cel ls to induce P g p over-express ion 

(Rotem et a l . , 2000) . P g p ove r -exp ress ion in t reated ce l ls compa red to control ce l ls w a s 

conf i rmed by Wes te rn blot ana lys is with 5 M Urea 1 0 % S D S - P A G E ge l . 0 .5nM [ 3 H]DHT w a s 

a d d e d and incuba ted for 24 h. C e l l s w e r e ha rves ted a s out l ined p rev ious ly . [ 3 H]DHT 

accumula t ion is e x p r e s s e d in D P M / w e l l as an ave rage of three repl icates ± S E M over two 

experimental determinations. 

Protein extraction and Western Blots. Total proteins were obta ined homogen iz ing L N C a P 

ce l l s and tumours in R I P A buffer (150 m M N a C l , 1% I G E P A L C A - 6 3 0 , 0 . 5 % s o d i u m 

deoxycho la te , 0 . 1 % S D S , 50 m M Tris pH 8.0) contain ing protease inhibitor cocktai l (Roche) , 
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and incubat ing the lysate at 4°C for 30 min. After centr i fugation for 10 min at 3000 rpm to 

remove cel l debr is, the supernatant w a s again centr i fuged at 29 ,000 rpm for 1 hr, the proteins 

were recovered in the pellet after resuspens ion in Laemml i buffer and quanti f ied using a B C A 

Protein A s s a y (Pierce). Western blotting was performed accord ing to the method of Har low and 

Lane (Harlow and Lane , 1999). P g p detect ion w a s performed using between 30-60 ^g of total 

protein from L N C a P cel ls or L N C P tumour t issue. Prote ins were reso lved on 5 M Urea / 10% 

S D S - P A G E ge ls and the proteins were transferred onto P D V F membranes ( lmmob i lon™-P, 

M I L L I P O R E ) at 400 m A for 1 h. M e m b r a n e s were b locked during 2 to 3h at 25°C in blocking 

buffer (5% dry nonfat milk in T B S ; 1.37M sod ium chlor ide, 200 m M Tr is, pH 7.6) and incubated 

overnight at 4 °C with mouse monoc lona l C - 2 1 9 , C -494 or J S B - 1 ant ibod ies (ID L a b s , Inc., 

London, C a n a d a ) at 1:1000 dilution in 1% bovine serum albumin ( B S A ) and 1% dry nonfat milk. 

After severa l w a s h e s with T B S - T (0 .05% T w e e n - 2 0 in T B S ) blots were incubated with the 

secondary ant ibody, perox idase l inked ant i -mouse immunoglobul in in 1% B S A - 1 % dry nonfat 

milk, for 45 min at 25°C and then w a s h e d again extens ive ly with T B S - T . M o u s e monoc lona l 

anti-vinculin ant ibody (S igma, U S A ) w a s used as a loading control (1:2000 dilution). In addit ion, 

to conf irm levels of F L A G - t a g g e d A R present in nuc lear extracts of H e L a F L A G - A R ce l ls , a 

m o u s e monoc lona l ant ibody to human A R - D B D (Pharmingen) w a s used at 1:1000. Fo r the 

quantif ication of A R protein express ion in L N C a P cel ls , an an t i -AR N-terminus rabbit ant ibody 

(Affinity B ioReagen ts , Inc.) w a s used at 1:2000. Ant i -mouse/rabbi t secondary ant ibodies (Santa 

C r u z , U S A ) at 1:5000 were u s e d . A l l Wes te rn blots were p laced in E C L ™ western blotting 

detect ion reagent (Amersham Pharmac ia ) for 2min, fo l lowed by exposure to autoradiographic 

high sensitivity blue base film (Island Scientif ic, U S A ) . 

cDNA probes and Northern blots. Twenty ^ g of total R N A w a s separa ted by e lect rophores is 

through a 1.2% formaldehyde-agarose gel and transferred to a nylon membrane (Biodyne® B 

membrane , Pa l l Corpora t ion , Eas t Hi l ls , N Y ) . M e m b r a n e s were hybr id ized to a 3 2 P- labe l l ed 

h u m a n P S A c D N A probe us ing U L T R A h y b ™ solut ion (Ambion) fo l lowing the p rocedure 
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descr ibed by A m b i o n and performed by Dr. G i m e n e z - B o n a f e . M e m b r a n e s were e x p o s e d for 

autorad iography. T h e s a m e blots were hybr id ized with G A P D H 3 probe to control for R N A 

integrity and quantif ication. P S A c D N A probe w a s created through the digest ion of the p lasmid 

pBluescr ipt (Amer ican Type Cul ture Col lec t ion, A T C C ) with E c o R l resulting in a 1.34kb probe. 

For quantif ication of m R N A express ion levels, M S fi lms were scanned on a G e l D o c 2000 gel 

documenta t i on s y s t e m ( B i o R a d , H e r c u l e s , C A ) and a n a l y z e d us ing Quant i ty O n e 4.2.1 

software. 

Cell Culture Transfectlons and Luciferase Assay. L N C a P cel ls were s e e d e d at a density of 

3.0 x 1 0 5 cel ls/wel l in 6 well cell culture plates and incubated for 24h. P lasm ids were transiently 

t ransfected into L N C a P ce l ls us ing L I P O F E C T I N R e a g e n t (Invitrogen). E a c h wel l rece ived 

0.25pg of A R , 0.25pg P g p p lasmid D N A , 0.01 pg of A R R 3 T K - l u c p lasmid D N A , and 0.001 pg of 

p R L T K - l u c p lasmid D N A . In exper iments where the express ion of P g p w a s enhanced directly 

through transient t ransfect ion of an exp ress ion p lasmid encod ing P g p , over -express ion w a s 

conf i rmed by Wes te rn blot ana lys is with 10% S D S - P A G E / 5 M Urea gels for t ransfected cel ls 

compared to control ce l ls . T h e ce l ls were t ransfected overnight and an equa l vo lume f resh 

R P M I med ia w a s added supp lemen ted with 1 0 % F B S for a 2 m L final vo lume. C e l l s were 

harvested 48 h later in P B S + 1 m M E D T A , pel leted and resuspended in 0.1 ml P a s s i v e Lys is 

Buffer (P romega) . Luc i fe rase a s s a y s were per formed using the Dua l -Luc i fe rase Repor te r 

A s s a y S y s t e m (Promega) and a Berthold Microplate Luminometer L B 96V . Two exper imenta l 

de te rm ina t ions , with three rep l i ca tes e a c h , we re d o n e for e a c h t rans fec t i on -ho rmone 

combinat ion. Firefly luci ferase va lues were normal ized for transfection eff iciency using activity of 

Reni l la Luci ferase. Va lues are presented as mean fold act iv i ty ! ( S E M ) . 

Statistical Analysis. Fo r stat is t ical ana l ys i s , m e a n s we re c o m p a r e d us ing a two-ta i led 

Student 's f test. P < 0.05 w a s considered to be significant. 
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3.3 Results 

Accumulation of DHT requires the presence of the androgen receptor. In order to examine 

the intracel lular accumula t ion of the physio logical ly act ive androgen , D H T , a cel lu lar uptake 

a s s a y w a s performed using [ 3 H]DHT in AR-def ic ien t H e L a cel ls , and L N C a P and H e L a F L A G -

A R ce l ls that exp ress A R at a level s imi lar to human prostate epithel ial ce l ls (Figure 3.2) 

(Huang et a l . , 1999). Us ing these cell l ines it w a s possib le to directly a s s e s s the affect of A R on 

cel lular steroid accumulat ion. In L N C a P and H e L a F L A G - A R cel ls , the accumulat ion of [ 3 H]DHT 

in whole cell lysates was approximately 10-fold higher after 24 h than wild-type H e L a cel ls that 

do not exp ress A R (Figure 3.2). The addit ion of unlabel led competi t ive D H T lead to a d o s e -

d e p e n d e n t d i s p l a c e m e n t of [ 3 H]DHT. However , little c h a n g e in in t race l lu la r [ 3 H]DHT 

concentrat ion w a s observed in wild-type H e L a cel ls with increasing concentrat ions of unlabel led 

D H T suggest ing that the assoc ia ted 3 H - D H T observed with wild-type H e L a cel ls may be due to 

non-spec i f i c dif fusion and not direct binding compet i t ion for the A R . T a k e n together, these 

observat ions suggest that the express ion of a funct ional A R is respons ib le for the increase in 

internalization and/or retention of D H T within the cel l , more than 10-fold that s e e n in the wi ld-

type H e L a cel ls after incubation for 24 h. 

The relat ionship of A R to the intracel lular accumula t ion of D H T in L N C a P and H e L a 

F L A G - A R cel ls led to our examinat ion of the t ime dependent accumulat ion of [ 3 H]DHT. Figure 

3.3 conf irms that the presence of A R is required for enhanced D H T accumulat ion within the cel l , 

and time dependent [ 3 H]DHT accumulat ion is shown to increase to a max imum between 8-12 h 

in 3.0 x 1 0 5 in L N C a P and H e L a F L A G - A R cel ls under the condit ions used . Converse ly , in H e L a 

cel ls that lack detectable A R express ion , the accumulat ion of [ 3 H]DHT w a s 10-fold less and did 

not increase over time. 

Us ing H e L a cel ls stably t ransfected with a F L A G - t a g g e d A R e x p o s e d to [ 3 H]DHT it is 

poss ib le to est imate the percent -bound [ 3 H ] D H T - A R comp lex by immunoprecip i tat ion of the 

F L A G - A R complex from nuc lear extracts. T h e s e exper iments showed that, interestingly, only 
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approximately 12% of the [3H]DHT internalized by the cells appears bound to AR in the nucleus. 

The unbound [3H]DHT remains largely in the cytoplasmic fraction (Figure 3.4, A). This estimate 

is consistent with previous reports, which have estimated approximately 1.9 x 104 +/-2.35 x 103 

AR/cell nuclei (Callaway et al., 1982), therefore we would expect a total of 1.1 x 10 1 0 AR 

molecules from 6.0 x 105 cells. Our data suggest -3.75 x 10 1 0 [3H]DHT molecules bound to AR, 

whereas there is approximately 8-fold more [3H]DHT remaining in the cytoplasmic fraction. 

These observations suggest that DHT may be held within the cell by macromolecules other than 

AR, but that AR may be required in order for [3H]DHT to be efficiently internalized. To ensure 

that AR protein levels remained constant over the course of the experiment immunoprecipitated 

FLAG-AR was quantified by Western blot (Figure 3.4, B). These results show that AR protein 

levels were not altered with increasing DHT concentration and remained relatively consistent 

between extracts. Taken together, these results suggest a complex relationship between the 

androgen transport through cell membrane, androgen accumulation in the cell, and the 

androgen receptor. 

Expression of Pgp detected in LNCaP cells in vitro and in vivo in the LNCaP tumour 

model during Al prostate cancer progression. To confirm Pgp expression in LNCaP cells, 

Western blot analysis was performed, as well as in the LNCaP tumour xenograft model during 

progression to androgen-independence (Figure 3.5 & 3.6). A panel of three anti-Pgp 

monoclonal antibodies (C-219, C-494, and JSB-1) that recognize different Pgp epitopes were 

used in the LNCaP tumour model as an initial antibody screen that had been previously 

characterized (Georges et al., 1990; Schinkel et al., 1991). Despite conflicting reports of Pgp 

expression in prostate cancer cell lines (Theyer et al., 1993), our results show that Pgp is 

expressed in LNCaP cells using the anti-Pgp antibody C-219 which recognizes both human 

MDR1 and MDR3 Pgp (Figure 3.6). A more biologically significant observation is that Pgp is 

highly upregulated following castration in the LNCaP tumour xenograft model during 

progression to androgen-independence (Figure 3.5). This indicates that the removal of 
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androgens following castration initiates a cascade of events relating to androgen independent 

progression that includes the upregulation of Pgp. We propose that Pgp may play an important 

role in androgen independent tumour progression by diminishing the androgen accumulation in 

prostate tumour cells, thereby decreasing androgen receptor transcriptional activity, and 

possibly interfering with androgen induced prostate cell differentiation. 

Specific Pgp inhibitors block Pgp mediated efflux of DHT. Steroids can serve as substrates 

for Pgp efflux and/or inhibitors of drug transport (Gruol and Bourgeois, 1997). To determine 

whether DHT is a substrate for Pgp, cellular accumulation assays were performed with LNCaP 

and HeLa-AR cells and the synthetic Pgp inhibitor PSC-833 which blocks the Pgp-mediated 

efflux of Pgp substrates. Final media concentrations of 2 u.M PSC-833 were used, and have 

previously been shown to maximally antagonize the effects of Pgp on substrate accumulation 

(Krishna and Mayer, 2000). LNCaP cells were chosen because they express Pgp and AR, albeit 

with slightly altered ligand specificity and reduced affinity for DHT (Issacs, 1996). In LNCaP 

cells, significant DHT accumulation was detected, however accumulation was lower in LNCaP 

cells than in HeLa FLAG-AR cells. In Figure 3.7, A , PSC-833 treatment increased the net cell 

content of [3H]DHT by approximately 50% in wild-type LNCaP cells after 10 h. Similar patterns 

of increased retention of [3H]DHT with PSC-833 treatment were observed with HeLa-AR cells, 

indicating that in both cell lines [3H]DHT accumulation is likely affected by the inhibition of the 

Pgp transport mechanism. 

DHT is a substrate for the Pgp mediated efflux in Pgp transiently transfected LNCaP 

prostate cancer cells. Expression of Pgp was enhanced directly through transient transfection 

of an expression plasmid encoding Pgp (Figure 3.6). We chose to further examine whether 

DHT could serve as a substrate for Pgp efflux through a series of cellular [3H]DHT accumulation 

assays using wild-type and transiently transfected Pgp over-expressing LNCaP prostate tumour 

cells. Since DHT accumulation was observed with a mutated, yet functional A R in LNCaP cells, 

this led us to investigate whether transient transfection with A R DNA plasmid would enhance 
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DHT accumulation within the cell. When comparing [3H]DHT accumulation in AR-transfected vs. 

non-transfected LNCaP cells in Figure 3.7, B, we observed a 2-fold increase in [3H]DHT 

accumulation. We suggest that this difference could be due to an increased level of the AR, and 

the higher affinity binding of [3H]DHT to the wild type AR. Concentrations of 0.5nM [3H]DHT 

used in cellular [ 3H]DHT uptake assays were comparable to those used in previous in vitro 

studies, and have been correlated with physiological concentrations. 

In addition, experiments were conducted to examine the difference in [3H]DHT 

accumulation after 12h between AR and Pgp DNA plasmid transfected cells as compared to 

only A R plasmid transfected LNCaP cells. Results in Figure 3.7, B and 3.8 show a 50% 

decrease of [ 3H]DHT in the whole cell lysates after 12 h with AR and Pgp over-expression 

treated with 0.5nM [3H]DHT. This further suggests Pgp transports DHT. Furthermore, in Figure 

3.7, B, we demonstrate that this phenomenon can be significantly inhibited in all transfected 

cells by treatment with Pgp inhibitor PSC-833. [3H]DHT efflux was significantly inhibited in all 

transfected and non-transfected conditions suggesting Pgp is largely responsible for the efflux 

of DHT. Results in Figure 3.9 show that accumulation of [3H]-vinblastine, a known Pgp 

substrate and used as a positive control, decreased approximately 25% with Pgp transfection. 

This indicates that by overexpressing Pgp, [3H]-vinblastine efflux increased, as would be 

expected. 

Aspirin enhances Pgp mediated efflux of DHT. A previous study has reported that prolonged 

incubation with aspirin enhances the ability of androgen-responsive prostate cancer cells to 

resist chemotherapeutic drug exposure by increasing Pgp expression (Rotem et al., 2000). 

Specifically, in LNCaP prostate tumour cells, the percentage of cells expressing Pgp tripled with 

dose-dependent aspirin treatment as measured by flow cytometry, and this aspirin-enhanced 

expression of Pgp returned to normal levels within 3 days following the removal of aspirin 

(Rotem et al., 2000). Incubating LNCaP cells in 2mM aspirin for 3 days, then measuring Pgp 

levels by Western blot analysis confirmed this finding. We observed a 75% increase in Pgp 
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express ion after aspir in treatment (Figure 3.6). Th is interesting finding prompted us to examine 

whether aspir in treatment could lead to increased D H T efflux from L N C a P ce l ls , thus support ing 

the hypothesis that Pgp can mediate D H T efflux and may result in interference between steroid 

hormone act ion and aspir in intake in target t i ssues . Fo l lowing treatment of L N C a P ce l ls with 

aspir in, we observed a 35 -40% dec rease in the retention of [ 3 H]DHT within the aspir in treated 

ce l ls , as compared to the non-treated ce l ls (Figure 3.10). Th is sugges ts that P g p may be 

involved in the efflux of D H T from the cell and can be modulated by common medicat ions that 

may cause transient increases in Pgp express ion. 

Over-expression of Pgp causes a suppression of androgen-regulated gene transcription 

and gene expression. P g p e x p r e s s i o n i n c r e a s e s th roughout p ros ta te c a n c e r tumour 

p rogress ion towards an and rogen independent phenotype ( G i m e n e z - B o n a f e , et a l . , 2004 ; 

Bhanga l et a l . , 2000) . In order to show the biological re levance of our results suggest ing D H T 

transport is mediated by P g p , we examined the effects of P g p on androgen-regu la ted gene 

transcript ion using the A R R 3 - t k - l u c response e lements in luci ferase gene reporter a s s a y s . W e 

hypothes ized that by up-regulat ing Pgp and decreas ing D H T accumulat ion in the cel l , prostate 

cance r ce l ls could b e c o m e less respons ive to androgen-regu la ted transcr ipt ional activity. A s 

shown in Figure 3.11, A, androgen-regulated transcript ional activity is signif icantly supp ressed 

in the A R R 3 T K - l u c response e lement by P g p over -express ion , when compared to the empty 

vector control. A s a control, Western blot analys is showed that P g p express ion w a s upregulated 

during transient transfect ion of L N C a P cel ls (Figure 3.11, B). Us ing verapami l to block P g p 

activity inc reases androgen respons ive transcript ional activity by approximate ly 2-fold (Figure 

3.11, C) Transient transfection with empty vector controls without A R show that there w a s little 

androgen-med ia ted A R R 3 T K - l u c t ranscr ip t iona l r e s p o n s e to ho rmone in the a b s e n c e of 

exogenous receptor with increas ing concent ra t ions of D H T compared to t ransfect ion in the 

presence of A R D N A plasmid (Figure 3.11, D). 
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Pgp inhibitor verapamil increases androgen-regulated gene expression. Wes te rn blot 

ana lys is examin ing the effect of verapami l on the androgen- respons ive gene P S A in L N C a P 

cel ls showed that if P g p w a s inhibited, P S A express ion increased over 2 5 % (Figure 3.12, A). 

A n d r o g e n receptor e x p r e s s i o n rema ined cons tan t be tween t reatments (Figure 3.12, B). 

Verapami l w a s used as a P g p inhibitor in these exper iments due to the difficulty in obtaining 

addit ional P S C - 8 3 3 from our previous sources . 

S imi la r ly , resul ts of P S A m R N A e x p r e s s i o n in Nor thern blots s h o w e d that P S A 

express ion increased with verapami l treatment (Figure 3.13). Comb ined together, these results 

suggest that P g p can inf luence the express ion of androgen-regulated gene by affecting cel lular 

D H T a c c u m u l a t i o n and t ranspor t . Th i s fur ther p rov ides ins ight into the phys io l og i ca l 

c o n s e q u e n c e s of P g p act ion on D H T efflux to endogenous androgen act ion in prostate cancer 

ce l l s . P g p h a s the potent ia l to af fect a n d r o g e n t ranspor t and in t race l lu la r a n d r o g e n 

accumulat ion, and thereby adverse ly affect androgen-regulated transcript ional activity and gene 

express ion. 
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3.4 Discussion 

The regulation of the complex interactions of steroid hormones with their target steroid 

receptors and a p lethora of ce l lu lar c o m p o n e n t s is of t r emendous interest. T h e ce l lu lar 

r e s p o n s e to s tero ids d e p e n d s on a var iety of fac tors inc lud ing the permeabi l i ty of cel l 

membranes to steroids, and the intracellular interaction between steroids, receptors, and other 

m a c r o m o l e c u l e s . P g p is t radi t ional ly regarded a s an A T P - d e p e n d e n t p l a s m a m e m b r a n e 

transporter in chemores is tant cel ls that is respons ib le for the efflux of var ious cytotoxic drugs 

with a wide-variety of chemica l structures. However , Pgp a lso plays an important role in steroid 

secre t ion and we have demons t ra ted this role in terms of D H T transport . T h e potent ial 

biological consequences of increased Pgp express ion during the progression of prostate cancer 

could therefore have a mul t i -d imensional role in prostate cance r beyond chemotherapeut ic 

resistance. 

In this context, we have found that D H T appears to be a P g p substrate using [ 3 H]DHT in 

conjunct ion with the potent Pgp inhibitor P S C - 8 3 3 and verapami l . In addit ion, our results show 

that the biological consequence of dec reased DHT , mediated by P g p , is a reduced activity of 

androgen-regulated gene transcription. Th is observat ion has led us to hypothes ize that in P g p 

over-express ing cel ls, which are present heterogeneously in prostate cancer samp les (Kawai et 

a l . , 2000), D H T levels may be reduced in subpopulat ions of those cel ls and facilitate adaptat ion 

to androgen withdrawal prior to castrat ion. Var ious investigators have speculated that aberrantly 

e x p r e s s e d growth factors rep lace the need for androgens during A l p rogress ion (Fox et a l . , 

1993; G i l -D iez de Med ina et a l . , 1998; Kap lan et a l . , a l . , 1996; Turner et a l . , 1996; W a n g and 

W o n g , 1998) therefore the inc reased efflux of D H T from prostate c a n c e r cel ls may be an 

upst ream step in pathways leading to prepar ing the tumour cel l for growth factor act ivat ion. 

Overa l l , the resul ts of our ana lys i s provide strong suppor t for the p roposa l that D H T is a 

substrate for Pgp and thereby modulates A R activity. 

- 1 4 2 -



S t e r o i d s s u c h a s a l d o s t e r o n e , h y d r o c o r t i s o n e , Cort isol , c o r t i c o s t e r o n e a n d 

dexamethasone have all been classi f ied as P g p substrates (Ueda et a l . , 1992), and on the other 

hand , p roges te rone and tes tos te rone do not d i sp lay s igni f icant P g p t ranspor t ing activi ty 

(Hamilton et a l . , 2001) . C l a s s e s of s teroids share genera l chemica l structural character is t ics, 

which have been shown to affect their ability to interact with Pgp . T h e s e include the p resence of 

at least one planar aromat ic ring, incorporation of hydroxyl groups on the steroid ring sys tem at 

ca rbons 11, 16, 17, 21 , and the number and strength of hydrogen bonds formed between the 

l igand and P g p (Gruol et a l . , 1999; Gruol and Bourgeois , 1997; Hamil ton et a l . , 2001). Prev ious 

studies demonstrated that the hydrophobicity of steroids is a strong determinant in their ability to 

affect P g p transport (Barnes et a l . , 1996; Y a n g et a l . , 1989) and that carbony l g roups are 

prevalent in P g p substrates (Seel ig , 1998). Furthermore, it appears that subtle modif icat ions in 

chemica l structure largely affect the ability of steroids to interact and/or be transported by P g p . 

Our resul ts sugges t ing the P g p efflux m e c h a n i s m regulates D H T efflux are cons is tent with 

research showing hydroxylation at carbon 20 may be important for steroidal binding to this efflux 

transporter (F igure 3.1) (Hamilton et a l . , 2001). 
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Figure 3.1. The chemical structure of 5a-DHT, a novel Pgp substrate. 

T h e act ive t ransport of D H T by P g p may be part icular ly important for and rogen 

regulat ion in the prostate and the deve lopment and progress ion of prostate cancer . E leva ted 

P g p in prostate tumour cel ls could dec rease intracellular androgen levels prior to full androgen 

ablat ion providing an adapt ive advantage for these cel ls that have been w e a n e d off androgens. 

A s the tumour cel l b e c o m e s less dependen t on hormona l homeosta t ic contro ls , further up-

regulat ion of ant i -apoptot ic and ce l l -surv iva l m e c h a n i s m s may occur . A l ternat ive ly , dur ing 

androgen ablat ion therapy, P g p may affect accumulat ion of ant i -androgens in the target tumour 

t i ssue that may adve rse l y affect the e f fec t i veness of therapy and further e n c o u r a g e A l 

progression. 

In conc lus ion, our studies suggest that the cellular accumulat ion of D H T is AR-dependen t and is 

modu la ted by the P g p efflux m e c h a n i s m a c r o s s the cel l m e m b r a n e . A n i nc rease in P g p 

exp ress ion or activity c a u s e s a d e c r e a s e in D H T accumula t ion in the cel l and d e c r e a s e s 

androgen-regulated cel lular transcript ion. W e propose that in ear ly s tage mal ignancy P g p may 

reduce D H T in the cel l and thereby up-regulate cel l survival response . Th is is a doub le-edged 

sword b e c a u s e it not only encou rages chemotherapeut ic res is tance, but a lso a d e c r e a s e in 

androgen ic response . Further s tud ies of the role of P g p in mal ignancy will contr ibute to our 

understanding of molecular mechan isms that underlie prostate tumour progression. 
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3.5 Figures 

1.00E-18 i • LNCaP cells + 1nM [3H]DHT 
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Figure 3.2. Cellular [3H]DHT accumulates in AR positive LNCaP and HeLa-FLAG-AR cells. 
Cel lu lar [ 3 H]DHT is a lso competit ively d isp laced in the p resence of increasing unlabel led D H T in 

L N C a P and H e L a - F L A G - A R ce l ls . 10-fold l ess [ 3 H]DHT accumu la t i on is o b s e r v e d in the 

a b s e n c e of and rogen receptor in wi ld- type H e L a ce l l s . Ce l l u la r [ 3 H]DHT accumula t ion is 

exp ressed in moles of DHT/ce l l as an average of three repl icates ± S E M . T h e s e observat ions 

sugges t that the exp ress ion of a funct ional A R great ly i nc reases the internal izat ion and/or 

retention of D H T within the cel l . 
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Figure 3.3. Time and AR dependent accumulation of 1 n M [3H]DHT in LNCaP, HeLa FLAG-
AR and wild-type HeLa cells. In H e L a and P C - 3 cel ls with no detectable A R express ion , the 

accumula t ion of cel lu lar [ 3 H]DHT w a s 10-fold less and did not i nc rease over t ime. Ce l lu la r 

[ 3 H]DHT accumulat ion is exp ressed as average moles of DHT/ce l l of three repl icates at each 

time point over 24 h ± S E M . 
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Figure 3.4. A, Compar i son of [ 3 H]DHT bound to A R vs . "free" [ 3 H]DHT in the cytoplasm in 6.0 x 

10 5 H e L a F L A G - A R cel ls over increasing unlabel led D H T titration. T h e s e observat ions suggest 

that D H T may be held within the cell by macromolecu les other than their cognate A R , but that 

A R may be still required in order for D H T to be internal ized. [ 3 H]DHT accumulat ion is expressed 

as the average DPM/we l l of three repl icates at each treatment over 24 h ± S E M . B, Western blot 

ana lys is conf i rming levels of F L A G - t a g g e d A R present in nuc lear extracts of H e L a F L A G - A R 

cel ls. Resu l ts of the immunoprecipi tated A R in nuclear extracts showed no change in A R protein 

express ion levels as D H T concentrat ions were increased. 
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F i g u r e 3.5. P - g l y c o p r o t e i n i s u p r e g u l a t e d f o l l o w i n g c a s t r a t i o n in t he L N C a P t u m o u r 

xenog ra f t m o d e l d u r i n g p r o g r e s s i o n to a n d r o g e n i n d e p e n d e n c e . Western blot analys is was 

performed using a 5 M Urea 1 0 % S D S - P A G E to detect P g p express ion with a panel of three 

an t i -Pgp monoc lona l an t ibod ies ( C - 2 1 9 , C - 4 9 4 , and J S B - 1 ) that recogn ize different P g p 

epitopes. A s a loading control, mouse monoclonal anti-vinculin antibody was used. 

- 1 4 8 -



1 2 3 4 
Pgp 

Vinculin 

Figure 3.6. Pgp expression in LNCaP cells increases after Pgp plasmid transfection and 

Aspirin treatment. P g p protein levels were determined by Wes te rn blot using C -219 ant i -Pgp 

ant ibody. P g p express ion after culturing L N C a P cel ls in 2 m M Aspi r in for 3 days (Lane 1), and 

after t ransient t ransfect ion with 0 . 2 5 ^ g (Lane 3) and 0.5[xg (Lane 2) of P g p p lasmid . P g p 

express ion in L N C a P cel ls cultured under normal condit ions were used as a control (Lane 4). A s 

a loading control, mouse monoclonal anti-vinculin antibody w a s used . 
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Figure 3.7. A, P g p inhibitor P S C - 8 3 3 [2\M) inc reases intracellular D H T accumulat ion in L N C a P 

and H e L a F L A G - A R ce l l s s h o w i n g that by inhibit ing P g p , [ 3 H]DHT a c c u m u l a t e s in A R 

express ing cel ls . Ce l l s at a density of 3 x 1 0 5 cel ls/wel l were s e e d e d into wel ls in both cell l ines 

used . Cel lu lar [ 3 H]DHT accumulat ion is exp ressed as the average D P M / w e l l of three repl icates 

at each treatment ± S E M . 

B, P g p inhibitor P S C - 8 3 3 (2[xM) inc reases intracellular D H T accumulat ion in L N C a P cel ls in all 

transfection treatments. Transfect ion condit ions were: 0 .25^g A R plasmid D N A + 0.25ng empty 

p c D N A 3.1 p lasmid ; 0.25ug P g p D N A plasmid + 0 .25^g empty p c D N A 3.1 p lasmid; and 0 .25^g 

A R p lasmid D N A + 0.25^ig P g p D N A p lasmid . Ce l lu lar [ 3 H]DHT accumulat ion is exp ressed as 

the average D P M / w e l l of three repl icates at each treatment ± S E M . *, P S C - 8 3 3 P g p inhibitor 

treatment va lues are significantly different from control (p<0.05, Mest ) . 

- 1 5 0 -
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F i g u r e 3.8. [ 3 H]DHT accumulat ion d e c r e a s e s in A R + P g p transfected L N C a P cel ls compared 

with A R transfect ion a lone. Transfect ion condi t ions were: 0.25[xg A R D N A p lasmid + 0.25ng 

empty p c D N A 3.1 p lasmid; 0.25[xg A R plasmid D N A + 0.25^g P g p D N A plasmid and incubated 

for 24 h. [ 3 H]DHT w a s added to the cel ls and incubated a further 10h. C o m p a r e d with A R + 

empty vector, results show a 50% dec rease of [ 3 H]DHT in the cell after 10 h with A R and Pgp 

over -express ion . Thus , P g p over -express ion by transient t ransfect ion i nc reases the efflux of 

intracellular [ 3 H]DHT. Cel lu lar [ 3 H]DHT accumulat ion is exp ressed as the average D P M / w e l l of 

three rep l icates at e a c h t reatment ± S E M . *, P g p / A R t ransfected va lues are signi f icant ly 

different from empty vector /AR transfected control (p<0.05, Mest) . 
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Figure 3.9. Pgp over-expression by transient transfection in LNCaP cells decreases the 
accumulation of intracellular [3H]Vinblastine, as a positive control. Transfect ion condit ions 

were: 0.25jxg empty p c D N A 3.1 p lasmid or 0.25^g Pgp D N A plasmid and incubated for 24 h. 

[ 3 H]Vinblast ine w a s added to the ce l ls and incubated a further 10h. Ce l lu la r [ 3H]Vinblastine 

accumula t ion is exp ressed a s the ave rage D P M / w e l l of three repl icates at e a c h treatment ± 

S E M . *, P g p transfected va lues are signif icantly different from empty vector control (p<0.05, t-

test). 
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Figure 3.10. Aspirin (2mM) treatment in LNCaP cells decreases [3H]DHT accumulation. 
There fo re , by inc reas ing P g p e x p r e s s i o n , t reatment with aspi r in i n c reases [ 3 H]DHT efflux 

compared with untreated controls. Aspi r in treatment w a s administered a s descr ibed in Mater ia ls 

and Methods . Ce l lu lar [ 3 H]DHT accumulat ion is exp ressed a s the average D P M / w e l l of three 

repl icates at each treatment ± S E M . *, Asp i r in treatment va lues are signif icantly different from 

no Aspir in control (p<0.05, f-test). 
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F i g u r e 3.11. P g p o v e r - e x p r e s s i o n c a u s e s a s u p p r e s s i o n o f a n d r o g e n - r e g u l a t e d g e n e 

t r a n s c r i p t i o n a l ac t i v i t y in L N C a P p ros ta te t u m o u r c e l l s . Transfect ion condit ions were carried 

out as desc r i bed in Mate r ia ls and M e t h o d s . A, Androgen- regu la ted gene t ranscr ipt ion is 

signif icant ly s u p p r e s s e d in A R R 3 T K - l u c response e lement by P g p over -express ion . Relat ive 

luc i ferase units represent firefly luc i ferase activity norma l i zed relat ive to Ren i l la luc i ferase 

contro l . Data is e x p r e s s e d a s fold act ivi ty of three rep l icates over 48 h ± S E M . *, P g p 

transfected treatment va lues are signif icantly different from empty vector control (p<0.05, Mes t ) . 

B, P g p exp ress ion is e n h a n c e d after t ransfect ion. Immunoblot probed with an t i -C-219 P g p 

antibody. 3 min exposure. Lane 1, 0.5ug Pgp p lasmid; Lane 2, empty vector p lasmid. 
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F i g u r e 3.11 C , Repor ter gene respons iveness to androgen in L N C a P cel ls t ransfected with +/-

A R , and A R R 3 - L u c reporter p lasmid with Verapami l treatment. R e s p o n s i v e n e s s inc reases over 

2-fold when P g p is inhibited with Verapami l . D. Repor ter gene respons i veness to androgen in 

L N C a P ce l l s t ransfected with +/- A R , and A R R 3 - L u c reporter p lasmid a s a posi t ive control . 

There w a s no increase in transcriptional response to hormone in the a b s e n c e of exogenous A R . 

Re la t i ve luc i fe rase units represent firefly luc i fe rase activity no rma l i zed relat ive to Ren i l l a 

luc i ferase control , and adjusted firefly luc i ferase va lues were plotted relative to the max ima l 

activity, wh ich w a s set a s 100%. Data is exp ressed a s the % relative activity of three repl icates 

over 48 h ± S E M . 
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F i g u r e 3.12. T r e a t m e n t w i th P g p i nh i b i t o r v e r a p a m i l i n c r e a s e s P S A e x p r e s s i o n w h i l e A R 

e x p r e s s i o n r e m a i n s u n c h a n g e d in L N C a P p ros ta te t u m o u r c e l l s . L N C a P cel ls were treated, 

ce l ls l ysed , lysates separa ted by S D S - P A G E , and immunoblot ted with an t i -AR or a n t i - P S A 

ant ibod ies a s out l ined in Mater ia ls and Me thods . A, Immunoblot ana lys i s for A R - 40min 

exposure. B, Immunoblot ana lys is for P S A - 40 min exposure . Lane 1, Aspi r in ; Lane 2, Aspi r in 

and Ve rapami l ; Lane 3, D H T ; L a n e 4, D H T and Ve rapami l . V incu l in w a s used as a loading 

control. 
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F i g u r e 3.13. T r e a t m e n t w i th P g p i nh ib i t o r V e r a p a m i l i n c r e a s e s a n d r o g e n - r e g u l a t e d P S A 

e x p r e s s i o n in L N C a P p r o s t a t e t u m o u r c e l l s . L N C a P ce l ls were t reated, m R N A iso lated, 

separated and probed as outlined in Materials and Methods. A, Northern blot - 30min exposure. 

Lanes 1 and 2, Aspi r in and DHT ; Lanes 3 and 4, Asp i r in , DHT , and Verapami l ; Lanes 5 and 6, 

Asp i r in and D C C str ipped se rum only; L a n e s 7 and 8, D H T ; L a n e s 9 and 10, D H T and 

Verapami l ; Lanes 11 and 12, D C C str ipped serum only. Dupl icate lanes represent independent 

samp les . B. M S films were scanned and P S A bands quantif ied by densitometry. The s a m e blot 

was hybridized with G A P D H 3 probe to control for R N A integrity and quantif ication. 
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CHAPTER 4. YB-1 is UPREGULATED DURING PROSTATE CANCER TUMOUR PROGRESSION AND 

INCREASES P-GLYCOPROTEIN ACTIVITY1 

This research in this chapter represents a col laborat ion by a number of graduate students and 

postdoctoral fe l lows at the Prostate Cent re , with the majority of the exper imenta l des ign and 

work, data ana lys is performed by Dr. G i m e n e z - B o n a f e and myself. Dr. Majid Akabar i performed 

al l the Y B - 1 and P-gp immunohis tochemist ry , pathological ana lys is and other consul ta t ions. I 

w a s respons ib le for the majority of the an imal work, t issue preparat ion, in vitro a s s a y s , and 

manuscript preparation and editing. 

4.1 Introduction 

In ear ly s tage prostate cancer both surgery and radiation treatment can be curat ive. However , 

once the c a n c e r has sp read beyond the g land the pr imary form of t reatment is androgen 

ablat ion, wh ich induces apoptot ic regress ion of mal ignant prostate cel ls as wel l a s the benign 

secretory prostate epithelial cel ls (Buttyan et a l . , 1999; Co lombe l and Buttyan, 1995). Androgen 

ablat ion typical ly results initially in a reduct ion in tumour vo lume, but unlike normal prostate 

epithel ial ce l ls , s o m e mal ignant cel ls surv ive, adapt ing to the androgen-depr ived envi ronment 

(Craft et a l . , 1999). T h e s e cel ls ultimately create the A l phenotype, which is character ized in part 

by the upregulat ion of g e n e s that initially require a n d r o g e n s for e x p r e s s i o n but b e c o m e 

consti tut ively re -expressed in the a b s e n c e of androgens (Gregory et a l . , 1998). L ikely other 

gene express ion pathways are a lso act ivated that contribute to the A l phenotype to promote 

invasion, metastasis and drug resistance. 

W e have used the L N C a P human prostate tumour model both in vitro and in vivo to 

charac ter ize c h a n g e s in gene exp ress ion dur ing A l p rogress ion . T h e L N C a P tumour model 

1 A vers ion of this chapter has been publ ished. 

G i m e n e z - B o n a f e P, Fedoruk M N , Whi tmore T G , Akbar i M , Ra lph J L , Ett inger S , G l e a v e M E , 

N e l s o n C C . (2004). Y B - 1 is upregu la ted dur ing prostate c a n c e r tumour p rogress ion and 

increases P-glycoprotein activity. The Prostate. 59(3): 337-349. 
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provides a highly reproducible biological system to study the effects of castrat ion on prostate 

tumour gene express ion and the subsequent progress ion to an A l phenotype as monitored by 

the production of P S A (Bladou et a l . , 1997; G leave et a l . , 1992; Sa to et a l . , 1996). 

To identify c h a n g e s in gene exp ress ion in the L N C a P tumour mode l c D N A exp ress ion 

arrays were used to ana lyze a ser ies of L N C a P tumours ranging from pre-castrat ion through 

progression to A l . O n e key gene found to be upregulated during tumour progression w a s Y B - 1 , 

a transcript ion factor that binds to inverted C C A A T boxes present in the promoter region of a 

var ie ty of g e n e s , inc lud ing M H C c l a s s II g e n e , E G F - R , P C N A , D N A p o l y m e r a s e a , 

topo isomerase Ma, M D R - 1 , and M M P - 2 (Chernukhin et a l . , 2000 ; D iamond et a l . , 2000; Ise et 

a l . , 1999; L a s h a m et a l . , 2000 ; Levenson et a l . , 2000 ; Mer tens et a l . , 1998; Raj et a l . , 1996; 

Sh ibao et a l . 1999). The c a s c a d e s of gene express ion regulated by Y B - 1 have been l inked to 

cel l prol i feration, genotox ic s t ress , drug res is tance, and metastat ic invasion (Ise et a l . , 1999; 

Levenson et a l . , 2000; Sh ibao et a l . , 1999). 

YB-1 is directly involved in M D R - 1 gene activation (Asakuno et a l . , 1994; O h g a et a l . , 1998) 

in response to genotox ic s t ress. M D R - 1 gene e n c o d e s P g p , a 170-kDa membrane-spann ing 

cel l sur face protein of the A B C super fami ly that funct ions in the efflux of a broad c l a s s of 

chemotherapeut ics . P g p is known to regulate the cel lular efflux of a wide variety of chemica ls , 

including both natural subs tances , such as s o m e steroid hormones, and xenobiot ics, including 

s o m e pest ic ides and a range of pharmaceut ica ls including many chemotherapeut ic agents (Bain 

et a l . , 1996; Ba in and L e B l a n c , 1996; Ernest and B e l l o - R e u s s , 1998; Lann ing et a l . , 1996; 

Or lowski and Garr igos , 1999). P g p in humans is located on the secretory sur faces of a number 

of organs, playing a role in xenobiot ic c learance (Horton et a l . , 1998). Increased Pgp express ion 

has been reported in normal and mal ignant t i ssues upon exposure of xenobiot ics . P g p is a lso 

local ized in hormone-producing and hormone-respons ive organs such a s the adrenal g land, the 

testes, and the placenta (Thiebaut et a l . , 1987) Steroid hormones such as Cortisol (van Ka lken , 

1993), cort icosterone (Wolf and Horowitz, 1992), and a ldosterone (Ueda et a l . , 1992) have been 
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shown to be transported substrates for P g p . Resu l ts in Chapter 3 suggest that P g p functions to 

efflux and rogens from prostate cance r cel ls and consequent ly d e c r e a s e androgen- regu la ted 

gene express ion. 

In human breast cance rs , os teosa rcomas , and se rous ovar ian adenoca rc inomas , nuc lear 

local izat ion of Y B - 1 is c lose ly a s s o c i a t e d with i nc reased P g p leve ls (Bargou et a l . , 1997; 

K a m u r a et a l . , 1999; O d a et a l . , 1998). c D N A array hybridizat ion of cel l l ines that exhibit a 

mult idrug res is tance phenotype a lso s h o w consis tent upregulat ion of Y B - 1 (Levenson et a l . , 

2000). In human tumour samp les , increased express ion and nuclear accumulat ion of Y B - 1 has 

been found to be an independent indicator of poor prognos is in os teosa rcomas , breast and 

ovar ian cance rs and is corre lated with e levated P g p and M M P - 2 exp ress ion (Bargou et a l . , 

1997; Kamura et a l . , 1999; O d a et a l . , 1998). 

T h e results presented in Chapter 4 demonst ra te that dur ing prostate cance r progress ion 

YB-1 express ion increases, and accumula tes in the nucleus of malignant cel ls. Increased levels 

of Y B - 1 are a l so a s s o c i a t e d with i nc reased P g p e x p r e s s i o n . Inc reased Y B - 1 leve ls may 

d e c r e a s e intracel lu lar leve ls of and rogens in prostate ce l ls lead ing to down regulat ion of 

androgen regulated gene express ion through a Pgp-med ia ted mechan ism. Together these data 

sugges t that Y B - 1 may faci l i tate the deve lopment of and rogen independent p rogress ion in 

prostate cancer and may be of prognost ic va lue in prostate cancer , as has been found in breast 

cancer , ovarian cancer, and os teosarcomas. 

4.2 Materials and Methods 

Xenografts. L N C a P tumours were propagated as previously reported (Gleave et a l . , 1992). 

Briefly, mice were subcutaneously inoculated by Mary Bowden with 1x10 6 L N C a P cel ls and 

equal vo lumes of Matrigel. The tumours were exc ised before castration (PreCx) and at speci f ic 

time points after castration (dCx), p laced in TRIzo l Reagent (Life Technolog ies) or f lash frozen 

and stored at -80°C. 
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YB-1 Antibody. Ant i -YB-1 antibody w a s generated by John C a v a n a g h at the Prostate Centre at 

V a n c o u v e r Genera l Hospi ta l with synthet ic pept ides in the C O O H - t e r m i n a l domain (sequence 

C D G K E T K A A D P P A E N S , res idues 2 9 9 - 3 1 3 of the protein), and in the N-terminal doma in 

(sequence C R S V G D G E T V E F D V V E G E K G , res idues 101-119), prepared by the Pept ide Serv ice 

Laboratory at U B C (British Co lumbia , Canada) . 

RNA isolation. Total R N A w a s isolated from L N C a P tumours and L N C a P cel ls us ing TRIzo l 

Reagen t (Life Techno log ies) . Fol lowing the protocol from Life Techno log ies , the tumours were 

h o m o g e n i z e d in 1 ml of T R I z o l reagent per 0.1 mg of t i ssue us ing a Po ly t ron power 

homogene izer (Kinematica). Chloroform extraction was performed at a ratio of 0.2 ml per 1 ml of 

TRIzo l , and samp les were centrifugated at 12,000 x g for 15 min at 4°C. The R N A present in the 

a q u e o u s p h a s e w a s precip i tated by mix ing with i sopropano l at a ratio of 0.5:1 of TR Izo l 

original ly a d d e d . S a m p l e s were incubated at -20°C for 30 min and pel leted. The pellet w a s 

w a s h e d with 7 0 % e thano l . T h e e thano l w a s removed and the R N A pel let a i r -dr ied and 

reconst i tuted with d ie thy lpyrocarbonate ( D E P C ) treated water. T h e R N A concentrat ion w a s 

determined using either fluorimetry or standard A 2 6 0 A 2 8 0 ratio with a spectrophotometer. 

YB-1 Cloning. YB-1 c D N A w a s obtained by R T - P C R amplif ication using Pfx (Life Technolog ies) 

and 1x enhancer , using the reverse primer 5 A T G A G C A G C G A G G C C G A G A C C C A G 3', and the 

forward primer 5' T T A C T C A G C C C C G C C C T G C T C A 3'. T h e c D N A w a s c loned into pBluescr ipt , 

sequence veri f ied, and subsequent ly subc loned into p R c / C M V , a mammal ian express ion vector 

to create p R c / C M V - Y B - 1 . Bob Shuk in and Dr. Pep i ta G i m e n e z - B o n a f e created the YB-1 D N A 

p lasmid. A l l p lasmid D N A w a s propagated in J M 1 0 9 E. coli and was prepared using Q I A G E N 

Maxiprep Kit ( Q I A G E N , M iss i ssauga , O N , Canada) . 

Cell culture transfections with 3H-vinblastine and 3H-DHT efflux assays. L N C a P cel ls were 

cultured in R P M I 1640 def ined medium supp lemented with 5 % fetal bovine serum ( F B S ) at a 

density of 3 x 1 0 5 cel ls /wel l in 6 wel l cell culture plates and incubated overnight under s tandard 

condit ions (37°C, 5 % C 0 2 ) . P lasm ids ( p R c / C M V or p R c / C M V - Y B - 1 ) were transiently transfected 
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into cel ls using L ipo fec tAMINE Reagen t ( G i b c o B R L ) , each well receiving 0.5 u.g of p lasmid, in a 

2 ml final vo lume of R P M I . Ce l l s were incubated during 20-24 h under standard condit ions. Ce l l s 

were incuba ted with 10 n M [ 3 H]-vinblast ine su lphate (9 .40C i /mmol , A m e r s h a m P h a r m a c i a 

B io tech) or 1nM [1,2,4,5,6,7- 3 H(N)]-d ihydrotestosterone (125Ci /mmol , A m e r s h a m P h a r m a c i a 

B io tech) in a 2 ml f inal vo lume of R P M I supp lemen ted with 5 % Dex t ran-coa ted cha rcoa l 

str ipped F B S ( D C C F B S ) , and incubated for 24 h under standard condit ions. Ce l l s were washed 

with P B S and harves ted into scint i l lat ion v ia ls f rom indiv idual we l ls . T h e who le ce l ls were 

measured for levels of [ 3H]-vinblastine sulphate or [ 3 H]DHT in a B e c k m a n L S 6500 scinti l lation 

counter , and va lues are p resen ted as the ave rage D P M / w e l l of three rep l icates at e a c h 

treatment ± standard error of the mean ( S E M ) . 

Reporter gene assays. S tock solut ions of 5a-d ihydrotestosterone (S igma) were prepared in 

9 5 % ethanol and appropriate serial dilutions were prepared in 2 0 % ethanol . P lasm ids - The rat 

A R (Renn ie et a l . , 1993) c loned into the mammal ian express ion vector p R c / C M V (Invitrogen, 

S a n Diego, C A ) w a s used for transfection studies as before (Nelson et a l . , 1999). The A R R 3 t k -

luc reporter construct used contains three tandem repeats of -244 to -96 of the 5' f lanking region 

of the rat probasin promoter l inked to pT81 vector which conta ins a thymidine k inase minimal 

reporter, and the firefly luc i ferase gene (de W e t et a l . , 1985; W o o d et a l . , 1984), a s descr ibed 

prev ious ly (Snoek et a l . , 1998) . T h e p R L - T K vector conta ins a thymidine k inase promoter 

ups t ream of the modi f ied c D N A encod ing Renilla luc i ferase f rom the s e a pansy Renilla 

reniformis (Promega). 

Fo r the reporter gene a s s a y s , L N C a P ce l ls were cul tured as prev ious ly ment ioned. 

P l a s m i d s were transiently t ransfected into the cel ls us ing L I P O F E C T I N Reagen t ( G i b c o B R L ) . 

E a c h wel l received 1.5 pg of A R , 0.25pg or 0.5pg Y B - 1 , 0.01 pg of pARR 3 - t k - l uc , and 0.001 pg 

p R L - T K . T h e ce l ls were incubated overnight and hormone w a s added in 5 % D C C s e r u m -

str ipped R P M I . To conf i rm Y B - 1 ove rexp ress ion after t ransfect ion, L N C a P were cul tured in 

15cm plates and treated with control ( p R c / C M V ) , 6pg and 9pg Y B - 1 ( p R c / C M V - Y B - 1 ) . The cel ls 
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were incubated overnight and 1nM D H T w a s added in 5 % D C C serum-str ipped R P M I . For the 

transfection exper iments, cel ls were harvested 48 h later in P B S with 1mM E D T A , pelleted and 

resuspended in 0.1 ml P a s s i v e Lys is Buffer (Promega) . Luc i fe rase a s s a y s were performed 

us ing the Dua l -Luc i f e rase Repor te r A s s a y S y s t e m (P romega ) and a Ber tho ld Mic rop la te 

Luminometer L B 96V . A n ave rage of at least two exper imenta l determinat ions, with three 

rep l ica tes e a c h , were done for e a c h respons i ve e l emen t -ho rmone comb ina t i on . Firef ly 

luci ferase va lues were normal ized for transfection eff iciency using activity of Reni l la Luc i ferase. 

V a l u e s are presented as the mean percent relative luci ferase activity of three repl icates of each 

treatment ± standard error of the mean ( S E M ) . 

Northern blot and cDNA probes. Twenty m ic rog rams of total R N A w a s sepa ra ted by 

e lectrophoresis through a 1.2% formaldehyde-agarose gel and transferred to a nylon membrane 

(Biodyne® B membrane, Pal l Corporat ion, Eas t Hil ls, NY) . Membranes were hybridized to a 3 2 P -

label led human Y B - 1 or P g p c D N A probe as required, us ing ULTRAhyb™ solut ion (Ambion) 

fol lowing the procedure descr ibed by A m b i o n . M e m b r a n e s were exposed for autoradiography. 

T h e s a m e blots were hybr id ized with G A P D H 3 probe to contro l for R N A integrity and 

quantif ication. Two-tai led t test were performed to obtain p va lues. 

Y B - 1 c D N A probe w a s created by Dr. G i m e n e z - B o n a f e using P C R to amplify a 406 bp 

band from YB-1 gene using the reverse primer 5 ' G C A G G C G A A G T T C C C A C C T T A C T A C A 3 ' and 

the forward pr imer 5 T T A C T C A G C C C C G C C C T G C T C A 3 ' . P g p c D N A probe w a s c rea ted 

through the digest ion of the p lasmid p H D R 5 A (Amer ican Type Cul ture Co l lec t ion , A T C C ) with 

E c o R l resulting in a 1.38 kb probe. 

Tissue microarray slide preparation. A rch iva l fo rma l in - f i xed pa ra f f i n -embedded L N C a P 

tumour spec imens were obtained from 120 tumours exc ised from either intact nude mouse or 7, 

14, 2 1 , 28 and 35 days after castrat ion. The spec imens included 20 samp les for P r e C x , 7, 14, 

21 , 28 and 35 days after castrat ion. For human prostate cancer G l e a s o n grade arrays, a total of 

400 tumours were ar rayed: 34 benign; 70 G l e a s o n grade 2; 235 G l e a s o n grade 3; 34 G l e a s o n 
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grade 4; and 27 G l e a s o n grade 5. O n the human prostate cancer t issue array of hormone naive 

and neo-adjuvant hormone therapy (NHT) treated samp les , 112 spec imens from naive, and 1-2, 

3, 3-6, 8 month N H T and A l patients. T h e s e t issue arrays were produced by Dr. Maj id Akbar i . 

T w o s a m p l e s per tumour s p e c i m e n were ar rayed. C o r e t issue b iopsy s p e c i m e n s (diameter, 

0.6mm) were taken from the regions with less necros is and hemorrhage of individual paraff in-

e m b e d d e d L N C a P tumours (donor b locks) and prec ise ly arrayed into a new recipient paraffin 

block (35x25mm) with a t issue arrayer (Beecher Instrument, Si lver Spr ing, MD) . After the block 

cons t ruc t ion w a s c o m p l e t e d , 5 \im sec t i ons we re cut with a mic ro tome by use of an 

a d h e s i v e - c o a t e d tape sec t ion ing sys tem ( Instrumedics, H a c k e n s a c k , N J ) to suppor t the 

adhes ion of the array e lements. 

I m m u n o h i s t o c h e m i s t r y 

YB-1 immunostaining: Mounted t issue cores in the microarray s l ides were de-waxed and re-

hydrated. Sec t i ons were incubated with 1 0 % B S A for an hour; then endogenous peroxidase 

activity been b locked with 3 % H 2 0 2 for 10 min. Ant igen retrieval w a s performed using citrate 

buffer (pH 6) and steamer. S l ides were incubated in a humidif ied chamber for 2 h at 37°C with a 

1:1000 dilution in 1% B S A of Y B - 1 ant ibody. S l i des were incubated for 15 min with Dako 's 

env is ion labe led po lymer (Dako, Carp in te r ia , Ca l i fo rn ia , U S A ) . Vec to r ' s N o v a R e d (Vector 

Laborator ies Ltd, Bur l ington, O N , C a n a d a ) w a s used for v isual izat ion before countersta in ing 

with hematoxyl in . Be tween the exper imenta l s teps, sect ions were w a s h e d 3 x 5 min with P B S 

(pH 7.5). T i s s u e s were covered with mounting media (Permount , F isher Scient i f ic , Fai r Lawn , 

NJ) and a cover slip. 

Negat ive control s l ides were p r o c e s s e d in an ident ical fash ion to those above , with the 

substitution of 1% B S A for the primary ant iserum. No color react ions were observed in negative 

control s l i des . Pho tomic rographs were taken through a L e i c a D M L S mic roscope coup led to a 

digital c a m e r a (Photometr ies C o o l S N A P , R o p e r Sc ien t i f i c , Inc., G l e n w o o d , IL) and the 

corresponding computer software. 
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Pgp immunostaining: For immunohis tochemica l staining, the Vec to r A B C Kit w a s used . Al l the 

steps before adding the primary ant ibody were the s a m e a s the above ment ioned. The sect ions 

were probed with an ant ibody ra ised against the C-terminus intracellular domain of P g p , C-494 

(ID Labs , Inc., London , C a n a d a ) , overnight at 4°C. C -494 ant ibody w a s used b e c a u s e it does 

not c ross react with human M D R 3 P g p , unlike C -219 antobody. Sec t ions were w a s h e d in P B S 

and incubated with an t i -mouse biot inylated seconda ry ant ibody dur ing 1 h, w a s h e d aga in , 

stained with Vec tor Novared during 12 min, and counterstained with hematoxyl in during 12 min. 

Appropr ia te posit ive and negat ive controls were a l so run. Fo r posi t ive contro ls , sec t ions of 

para f f in -embedded normal k idney were s ta ined . Fo r negat ive contro ls , the addi t ion of the 

primary antibody was omitted. 

Scoring of YB-1 Staining. Scor ing has been calculated in the whole a rea of each core sect ion 

of the t issue array (0.6 mm). The percentage of the cel ls that showed posit ive immuno-reactivity 

(in nuc leus, cy top lasm or membrane) was counted as : number posit ive ce l ls /number all tumour 

cel ls x100 . The percentage of posit ive tumour cel ls w a s graded from 0-4 as fol lows: 0- none-9; 

1-11-33; 2- 34-66; 3 - 67-89; 4- 90-100. (The spec imen is cons idered posit ive if more than 10% 

of the cel ls are immuno-react ive). The intensity of the scor ing w a s rated as fol lows: 0- negative; 

1- weak ; 2 - modera te ; 3- in tense; 4- very s t rong. T h e f inal s c o r e w a s ca lcu la ted as the 

pe rcen tage of posi t ive ce l ls x intensity rat ing. A l l c o m p a r i s o n s of s ta in ing intensity and 

percentages were made at 400x magnif icat ion. S imul taneous ly express ion of Y B - 1 protein w a s 

recorded as nuc leus, cytoplasm and both. A N O V A w a s performed using a two-tailed t test. The 

pathologists Dr. Majid Akbar i and Dr. Ladan Fazl i evaluated the scor ing. 

4.3 Results 

Gene expression changes in the LNCaP tumour model 

T o invest igate c h a n g e s in gene exp ress ion dur ing prostate c a n c e r p rogress ion to 

androgen independence we initiated our s tudies using the L N C a P tumour mode l . The use of 

the L N C a P tumour model as a val id model for the in vivo s tudy of the effects of androgen 
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ablat ion or chemotherapy in prostate cance r has been prev ious ly desc r ibed (G leave et a l . , 

1992). S e r u m P S A levels are directly proportional to tumour vo lume in non-castrated mice, and 

both androgens and tumour vo lume are important co-determinants of circulat ing P S A levels . 

Immediately after castrat ion, se rum P S A levels d e c r e a s e rapidly by 8 0 % , without detectable 

castrat ion induced tumor cell death or concomitant changes in tumour vo lume. T h e s e changes 

in P S A product ion in v ivo ref lect c h a n g e s in androgen- regu la ted P S A g e n e e x p r e s s i o n . 

Approx imate ly twenty-one days post castrat ion se rum P S A levels begin to i nc rease in the 

a b s e n c e of test icular and rogens herald ing progress ion to A l and s u r p a s s pre-castrate P S A 

levels by thirty-five days post castrat ion. Para l le l ing these c h a n g e s , after castrat ion, tumour 

vo lume cont inues to inc rease in the a b s e n c e of test icular androgens . Sus ta ined inc reases in 

both P S A levels and tumour growth reflect the onset of A l regulation of P S A gene and A l tumour 

growth. The L N C a P prostate tumor model a lso permits the study of the eff icacy of castrat ion in 

combinat ion with treatment of other apoptotic enhancing agents. 

Nude mice were inoculated subcutaneous ly with L N C a P cel ls and serum P S A product ion w a s 

fo l lowed to monitor tumour growth in the intact an imal and a s a marker of p rogress ion to 

and rogen i n d e p e n d e n c e fo l lowing cas t ra t ion . Dur ing tumour p rog ress ion , tumours were 

harvested pre-castrat ion, and at four to seven day intervals post castrat ion. Tumour sect ions 

were used to isolate R N A , proteins, or for formalin fixation for immunohistochemistry. 

C h a n g e s in g e n e e x p r e s s i o n dur ing tumour p rog ress ion were ident i f ied with c D N A 

express ion arrays probed created from R N A extracted from the L N C a P tumours harvested pre-

castrat ion and at var ious t imes post castrat ion. O f part icular focus w a s the upregulat ion of 

transcript ion factors known to initiate c a s c a d e s of gene networks that may contribute to the A l 

phenotype. O n e of the transcription factors highlighted by the array data w a s Y B - 1 . A n a l y s e s of 

array images from severa l ser ies of tumours consistent ly demonstrated an increase greater than 

3-5 fold of Y B - 1 m R N A e x p r e s s i o n f rom pre-cast ra ted tumours to and rogen independent 

tumours at 35 days post-castration. 
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To confirm upregulation of YB-1 gene express ion , YB-1 c D N A probes were c loned and used 

to derive a more complete progression profile by Northern blot analys is using R N A extracts from 

L N C a P tumours harves ted at seve ra l t ime points post cas t ra t ion . Dur ing the cou rse of 

progress ion fol lowing castrat ion Y B - 1 m R N A levels gradual ly inc rease approximate ly 5-fold at 

35 days post castration (Figure 4.1A). 

T o invest igate if YB-1 upregulat ion during prostate cance r progress ion leads to increased 

express ion of downst ream target genes we focused on P g p , a t ransmembrane A B C transporter 

(Oda et a l . , 1998; O h g a et a l . , 1998). E levated P g p activity funct ions to efflux a broad c lass of 

cy to tox ic d rugs from ce l ls and has been a s s o c i a t e d with the deve lopmen t of mult idrug 

res is tance in a large number of cancers . Northern blot ana lys is w a s performed using R N A of 

L N C a P tumours der ived from pre- and post-cast rate mice a s above (Figure 4.1 B). T h e s e 

results demonstrate that P g p is a lso upregulated, approximately 4-fold, concomitant with Y B - 1 

upregulation during L N C a P progress ion. Western blot ana lys is conf i rmed the upregulat ion of P-

glycoprotein following castration (Figure 3.4). 

I nc reases in Y B - 1 and P g p e x p r e s s i o n are coord ina te ly l inking in prosta te c a n c e r 

progress ion. T o further investigate the funct ional re levance and potential l inkage of Y B - 1 and 

increased efflux of P g p substrates, L N C a P cel ls were transfected with Y B - 1 and investigated for 

c h a n g e s in the Y B - 1 exp ress ion and efflux act ivi ty. A wel l cha rac te r i zed P g p subst ra te , 

v inblast ine, w a s used to determine if transient overexpress ion of YB-1 in L N C a P cel ls leads to 

an inc rease in the efflux of v inblast ine. L N C a P cel ls that ove rexp ressed Y B - 1 were found to 

retain 4 0 % less v inblast ine than the control ce l ls (Figure 4.2B). T h e s e results sugges t that 

i nc reased Y B - 1 leve ls result in i nc reased efflux a known P g p subst ra te potent ial ly by a 

mechan ism which involves Pgp-mediated efflux transport. 

- 1 7 2 -



Over-expression of Pgp through YB-1 causes a suppression of androgen-regulated gene 

transcription 

Exper imenta l data presented in Chapter 3 shows that increased express ion of P g p a lso 

inc reases the efflux of D H T from prostate cel ls . To determine if overexpress ion of Y B - 1 could 

l ikewise c a u s e i nc reased efflux of D H T , w e transient ly t ransfected L N C a P ce l l s with Y B - 1 

express ion constructs and monitored intracellular D H T accumula t ion. T h e s e data demonstrate 

that YB-1 overexpress ion dec reases androgen levels in prostate cancer cel ls (Figure 4.2B). To 

de termine if r educed and rogen leve ls i nduced by Y B - 1 resul ted in d e c r e a s e d and rogen 

regulated gene activity we repeated the exper iments in the p resence of an androgen-regulated 

promoter l inked to a luci ferase reporter construct. Resu l ts indicated that Y B - 1 overexpress ion 

could markedly dec rease androgen regulated gene activity in the L N C a P cel ls (Figures 4.2C-

4.2D). T o show increased Y B - 1 express ion after transient t ransfect ion, Northern blot ana lys is 

was performed with a YB-1 m R N A probe (Figure 4.2E). T h e s e data taken together suggest that 

YB-1 upregulates Pgp , which in turn increases the efflux of chemotherapeut ic substrates as wel l 

as phys io log ica l l igands s u c h a s D H T , and leads to d e c r e a s e d and rogen regulated gene 

express ion. 

YB-1 protein expression in LNCaP tissues 

T o invest igate Y B - 1 protein leve ls and subce l lu la r loca l iza t ion , immunoh is tochemis t ry 

a s s a y s were performed in L N C a P tumours der ived from mice prior to castrat ion, and in L N C a P 

tumours der ived from cast ra ted mice (7, 14, 2 1 , 28 , and 35 days post castrat ion). L N C a P 

tumour sect ions were ana lyzed for YB-1 using an antibody that recognizes a C-terminus epitope 

of Y B - 1 . T o examine a large number of tumour samp les , a t issue array of L N C a P tumours w a s 

created and used to evaluate levels of express ion and local izat ion of Y B - 1 protein in tumours 

during progress ion to A l . A total of 120 spec imens were observed for Y B - 1 immunostain ing on 

the L N C a P t issue microarray. The mean intensity for 20 P r e C x tumours w a s +1, and for 40 A l 

tumours (co r respond ing to 28 and 35 d C x ) +2.3, i l lustrat ing that the intensi ty of Y B - 1 
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express ion increased during A l progress ion (p<0.001), Figure 4.3. YB-1 intensity w a s found to 

increase in a l inear manner up to day 14-post castrat ion (R 2 = 0.78) and remained at a plateau 

throughout progression in the L N C a P model . 

YB-1 levels in human prostate tumours from clinical specimens 

YB-1 protein activity is regulated in part by translocat ion to the nuc leus. It is known that Y B -

1 in normal t issues is primarily local ized in the cy top lasm, and t ranslocates to the nuc leus upon 

genotoxic or other s t ress s igna ls to regulate genes responsib le for cell cyc le , D N A repair, and 

cytotoxic drug efflux. In breast cancer and in os teosa rcoma, Y B - 1 appears largely constitutively 

local ized in the nuc leus at advanced s tages of cancer (Bargou et a l . , 1997; O d a et a l . , 1998). 

Ko ike et a l . (1997) showed that Y B - 1 t rans locates to the nuc leus when cel ls were treated with 

U V irradiat ion or an t i cance r agen ts . L N C a P tumours we re iso la ted f rom a lymph node 

metastas is and represent relatively advanced prostate cancer , therefore it is poss ib le that YB-1 

levels may a l ready be increased in L N C a P cel ls in compar ison to benign prostate epi thel ium. 

T h e prognost ic re levance of Y B - 1 in other tumour types and our observa t ions in L N C a P 

tumours led us to investigate the subcel lu lar local ization of YB-1 in benign and malignant g lands 

isolated from clinical prostate cancer samp les of organ conf ined d isease . 

To determine whether Y B - 1 levels and local izat ion correlate with G l e a s o n grade progression 

in prostate cancer , Y B - 1 sta in ing w a s eva luated in a t i ssue microarray of ben ign , and low 

(G leason grade 2), intermediate (G leason grade 3), and high grade ( G l e a s o n grade 4 or 5) 

prostate cancers . In the benign prostate ac in i , Y B - 1 is exp ressed at a low level and is primarily 

loca l ized in the cy top lasm of prostatic secretory epithel ial cel ls . Fol lowing transformation from 

benign to mal ignant, Y B - 1 express ion levels are e levated and demonstrate an increased peri­

nuc lear and nuc lear content. Prostate adenoca rc i noma ranging from G l e a s o n grade 2 to 5 is 

shown in Figure 4.4A. In Figure 4.5A, 'a' section, a representat ive sect ion is shown illustrating 

benign prostate ac in i . In benign prostate g lands Y B - 1 is loca l ized in the cy top lasm, and the 

intensity of the staining is low when compared with mal ignant cel ls c lassi f ied a s G l e a s o n grade 
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2 (Figure 4.4A, 'a' section). The staining for YB-1 signif icantly inc reases throughout mal ignant 

progress ion increas ing with G l e a s o n grade (p<0.001) (Figure 4.4A, 'b'-'d' sections, Figure 

4.4B). In androgen independent tumours Y B - 1 protein exhibi ts a lso staining located in the 

nucleus (Figure 4.5A, 'f section). 

To determine if t ranslocat ion of YB-1 to the nucleus w a s in response to androgen ablat ion or 

exhib i ted spec i f ica l ly in the and rogen independent phenotype we ana l yzed a t i ssue array 

prepared from radical prostatectomy spec imens col lected fol lowing androgen ablat ion by neo­

ad juvant h o r m o n e the rapy ( N H T ) . N u c l e a r Y B - 1 s ta in ing w a s o b s e r v e d in pros ta te 

adenocarc inoma cel ls fol lowing N H T therapy (Figure 4.5A, 'b'-'e' sections). Y B - 1 increased its 

express ion and after 3 months N H T treatment, Y B - 1 t ranslocated to the nuc leus. Sta in ing of 

t issues obtained from transurethral resect ions of men with recurrent hormone refractory tumours 

(Al phenotype) a lso identif ied Y B - 1 levels in the nuc leus (Figure 4.5A, 'f section, Figure 

4.5B). 

T o determine if P g p w a s e leva ted dur ing prostate tumour p rog ress ion , sec t ions were 

ana lyzed by immunohistochemistry for P g p levels. A n antibody that recogn izes the C-terminus 

domain of P g p w a s used (C-494) . Figure 4.6 shows the local izat ion of P g p before and after 

N H T treatment as well a s during L N C a P tumour progress ion. P g p is low level exp ressed in the 

membrane of epithelial cel ls (Figure 4.6A, 'b'-'e' sections), whereas its express ion inc reases 

after N H T , concomitant with Y B - 1 results, and is highly local ized in the membrane sur face of A l 

tumours (Figure 4.6A, 'f section). Toge ther with the Northern and W e s t e r n resul ts , the 

immunohis tochemist ry exper iments real ized in the L N C a P tumour ser ies show P g p increasing 

after castrat ion and during the progression to Al ( represented by the 35 dCx) , Figure 4.6B, 'a'-

'd' sections. 

In summary , during prostate cancer progression YB-1 is upregulated at the R N A and protein 

leve ls . Increased Y B - 1 exp ress ion corre la tes with e levated P g p in L N C a P tumours and in 

human prostate tumours similar to reports in other cancer types. Increased P g p levels may be 
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one mechan i sm which leads to a dec rease of intracellular D H T accumulat ion in L N C a P cel ls . 

Androgen- regu la ted gene exp ress ion is d e c r e a s e d by ove rexp ress ion of Y B - 1 and P g p in 

prostate cancer cel ls. Immunohistochemistry data from t issue microarrays from clinical prostate 

cance r s a m p l e s demonst ra ted that Y B - 1 levels i nc reased in exp ress ion with G l e a s o n - g r a d e 

progression in prostate cancer , and intensif ies in nuclear staining fol lowing androgen withdrawal 

and during A l progression. 

4.4 D i s c u s s i o n 

Our data demonstrates that prostate cancer progress ion, like breast cancer , ovar ian cancer 

and o s t e o s a r c o m a , is assoc ia ted with i nc reased leve ls and nuc lear t rans locat ion of Y B - 1 

(Bargou et a l . , 1997; Kamura et a l . , 1999; O d a et a l . , 1998;). A recent publication (Janz et a l . , 

2002) shows that in breast cancer , e levated levels of Y B - 1 are corre lated with poor patient 

ou tcome, and 6 6 % of pat ients with high Y B - 1 exp ress ion have re lapsed within 5 years of 

receiving postoperat ive chemotherapy, whereas no re lapse w a s found in patients with low YB-1 

exp ress ion . T h e s e authors sugges t that Y B - 1 exp ress ion has a prognost ic and predict ive 

signi f icance in breast cancer . In vitro YB-1 has been demonstrated to directly regulate the M D R -

1 promoter (Bargou et a l . , 1997; Kohno, 1997; O h g a et a l . , 1998). In colon carc inoma, YB-1 has 

a lso been shown to be involved in regulat ing the transcr ipt ion of the Mult idrug R e s i s t a n c e 

assoc ia ted Protein-1 ( M R P - 1 ) gene (Stein et a l . , 2001) , another ABC- t ranspo r te r protein. In 

cl inical samp les , nuclear express ion of YB-1 has been correlated with M D R - 1 gene express ion 

in breast cancer and os teosa rcoma, and has been reported to be more highly concentrated in 

cisplat in-resistant cell l ines than in their parental counterparts (Ohga et a l . , 1996). O h g a et a l . 

(1996) have shown that YB-1 ant isense could increase the sensitivity of human cancer cell l ines 

to cisplat in. Kamura et a l . (1999) sugges ted that nuclear local izat ion of YB-1 might be a useful 

prognost ic marker assoc ia ted with M D R phenotype in breast cance r and os teosa rcomas . In 

co lon ca rc i noma ce l ls , hyper thermia c a u s e s Y B - 1 t ranslocat ion from the cy top lasm into the 

nuc leus, and its nuc lear t ranslocat ion is assoc ia ted with inc reased M D R - 1 and M R P - 1 gene 
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activity, reflected in increased transport activity (Stein et a l . , 2001). In non-smal l cell lung cancer 

nuclear express ion of Y B - 1 may be cons idered as a novel marker of d i sease (Shibahara et a l . , 

2001) . Pa t ien ts with nuc lear Y B - 1 s ta in ing have a poorer p rognos is than do those with 

cytoplasmic YB-1 staining. 

Our results show that YB-1 becomes overexpressed during prostate cancer progression and 

t rans locates to the nuc leus fol lowing androgen ablat ion and in the A l phenotype. Kawa i et a l . 

(2000) invest igated the levels of P g p in prostate cancer cell l ines and found that P g p activity is 

inversely correlated to chemosensi t iv i ty . M R P - 1 can a lso confer cel lular res is tance to a variety 

of structurally unrelated cytotoxic drugs and both M D R - 1 and M R P - 1 have been impl icated as 

res is tance mediators in prostate cancer (Kawai et a l . , 2000 ; V a n Brusse l et a l . , 2001 ; Za lcberg 

et a l . , 2000) . In the L N C a P tumour mode l , inc reased YB-1 express ion correlates c lose ly with 

upregulation of the MDR-1 gene product, Pgp . A d v a n c e d prostate cancer does not respond well 

to chemotherapeut ic treatment in part due to the low proliferative index and an inherent lack of 

sensit ivity to many ant icancer drugs. S o m e tumours, including co lon, k idney and liver cancer , 

are known to intrinsically express high levels of Pgp , and are consequent ly resistant to a variety 

of ant i -cancer drugs. Other ma l ignanc ies such as breast cance r and l ymphoma are typical ly 

initially chemo- respons i ve , but acqu i re drug res is tance after therapy through inc reased P g p 

express ion (Keith et a l . , 1990; Sanfi l ipo et a l . , 1991). 

Our studies suggest that YB-1 may be functionally signif icant in prostate cancer progression 

and chemotherapeut ic res is tance by inf luencing upregulat ion of P g p . A wide variety of P g p 

substrates, including a number of steroid hormones and structurally- related pharmaceut ica ls , 

may be t ransported by P g p m e c h a n i s m s in prostate cance r ce l ls . Therefore , e levated P g p 

activity may affect therapeut ic ef f icacy of part icular ant i -androgen based therapies in prostate 

cance r treatment. Fur thermore, a number of common ly used over the counter medicat ions, 

such a s aspir in increase P g p activity and have been shown in vitro to dec rease intracellular 
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androgen levels in prostate cance r ce l ls (Chapter 3). T h e impact of these potent ial d rug-

androgen interactions warrants further investigation. 

Our results show that after androgen ablat ion, Y B - 1 is highly exp ressed and it t ranslocates 

to the nuc leus. In A l patient tumours, the tumours are largely unrespons ive to chemotherapy, 

consistent with YB-1 nuclear accumulat ion and increased P g p express ion . Our data a lso shows 

that express ion of Y B - 1 and its t ranslocat ion from the cy top lasm to the nuc leus inc reases in 

prostate cancer cel ls after N H T (Figure 4.5). In L N C a P cel ls, an upregulation of YB-1 increases 

lead to an inc reased efflux of the P g p substrate v inblast ine (Figure 4.2). L ikewise we have 

found that ove rexpress ion of Y B - 1 i nc reases efflux of the e n d o g e n o u s androgen D H T from 

prostate cancer cel ls resulting in dec reased androgen gene regulation (Figure 4.2). 

From these observa t ions we hypo thes ize that upregulat ion of Y B - 1 in prostate cance r 

p rogress ion may result in d e c r e a s e d intracel lu lar and rogen accumu la t ion and and rogen ic 

response in mal ignant prostate cel ls . In support of this hypothes is it is known that mal ignant 

prostate ce l ls exp ress lower levels of the androgen- regu la ted g e n e P S A in compar i son to 

benign secretory epithelial cel ls al though the mechan ism has not been explored. In contrast to 

complete acute androgen ablat ion which induces apoptos is of prostate epithelial cel ls, gradual ly 

dec reased intracellular androgen levels during prostate cance r progress ion may wean prostate 

cance r ce l ls off androgen d e p e n d e n c y and upregulate cel l surv iva l m e c h a n i s m s . Pros ta te 

cancer cel ls adapted to lower intracellular androgen levels may therefore be more apt to survive 

upon androgen ablat ion and create the A l phenotype a s further anti-apoptotic and proliferative 

pa thways are upregu la ted . Unde rs tand ing t hese c o m p l e x re la t ionsh ips requ i res further 

investigation. 
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4.5 Figures 

PreCx 4dCx 7dCx 13dCx 14dCx 21dCx 26dCx 27dCx 28dCx 35dCx 

Days Post-Castration D a y s p o s t . C a s t r a t i o n 

Figure 4.1. Northern blot analysis of YB-1 and Pgp during LNCaP tumour progression. 

Total R N A from a tumour ser ies (20 ng/ lane) was loaded into a 1.2% formaldehyde/agarose ge l . 

The membrane was exposed for 2 h (A) and overnight (S) on M R film. A, The m R N A for YB-1 

increases over 4 0 0 % after castrat ion. B, During the course of progression there is an over 3 0 0 % 

increase of P g p m R N A post castrat ion. C , G A P D H 3 w a s used as a loading control and this 

membrane w a s e x p o s e d for 1 h. M e m b r a n e quant i f icat ion w a s b a s e d on a 1 0 0 % m R N A 

express ion in pre-castration (PreCx) tumours. 
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Figure 4.2. The effect of YB-1 overexpression on DHT efflux and androgen-regulated 

transcriptional activity. A, L N C a P cel ls were transiently t ransfected with YB-1 ( p R c / C M V - Y B -

1), and the p lasmid control ( p R c / C M V ) . Next, they were incubated with 10 nM of 3 H-vinblast ine 

(a Pgp substrate). After 24 h, the cel ls were harvested and whole cell lysates were counted on a 

liquid scinti l lat ion counter. T h e cel ls ove rexpress ing Y B - 1 retain less 3 H-v inb las t ine than the 

control ce l ls , suggest ing inc reased efflux activity of P g p . B, Y B - 1 overexpress ion d e c r e a s e s 
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D H T levels in L N C a P cel ls . The s a m e exper iment as performed in A (above) w a s carr ied out 

but this t ime the cel ls were incubated with 1 nM 3 H - D H T . C, Androgen-regulated reporter gene 

respons iveness to androgen in L N C a P cel ls t ransfected with Y B - 1 , A R and A R R 3 - L u c reporter 

p lasmid . L N C a P cel ls t ransfected with control ( p R c / C M V ) , 0 .25ug, and 0.5pg Y B - 1 ( p R c / C M V -

Y B - 1 ) and e x p o s e d to a titration of D H T . D, Repor te r gene r e s p o n s i v e n e s s to androgen in 

L N C a P cel ls t ransfected with +/- A R , and A R R 3 - L u c reporter p lasmid a s a posit ive control . E, 

Northern blot of Y B - 1 express ion in L N C a P cel ls t ransfected with Y B - 1 p lasmid . L N C a P cel ls 

t ransfected with control ( p R c / C M V ) , 6pg and 9pg YB-1 ( p R c / C M V - Y B - 1 ) . For C a n d D, Relat ive 

luc i ferase units represent firefly luc i ferase activity normal ized relat ive to Renilla luc i ferase 

control. Data exp ressed as the mean percent relative luci ferase activity of three repl icates over 

48 hours ± S E M . 
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Figure 4.3. Immunolocalization of YB-1 in the LNCaP tumour model. Different sec t ions of 

L N C a P tumours cor respond ing to pre-cast rated and post-cast rated mice were ar rayed (see 

Material and Methods) and stained for YB-1 using an antibody that recogn izes an epitope in the 

C-terminus of the protein. The degree of staining w a s quanti f ied, +1 for low degree and +4 for 

high, and graphed. A N O V A : p<0.001. 
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Figure 4.4. YB-1 immunostaining in human prostate tumour samples. YB-1 increases 

increasing Gleason grade and accumulates in the nucleus after androgen withdrawal treatment. 

A, A selection of tumour sections from different stages of Gleason grade were arrayed and 

stained for YB-1 . a- Gleason grade 2 tumour, b- Gleason grade 3 tumour, c- Gleason grade 4 

tumour, d- Gleason grade 5 tumour. The presence of YB-1 is increased in the cytoplasm and 

translocates to the nucleus with grade progression. 6, The degree of staining was quantified as 

above, and graphed. ANOVA: p<0.001. x400. 
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Figure 4.4. YB-1 immunostaining in human prostate tumour samples. Y B - 1 i nc reases 

increasing G l e a s o n grade and accumula tes in the nucleus after androgen withdrawal treatment. 

B, The degree of staining was quantif ied as above, and graphed, a- Benign prostate b- G l e a s o n 

grade 2 tumour; c- G l e a s o n grade 3 tumour; d- G l e a s o n grade 4 tumour; e- G l e a s o n grade 5 

tumour. The p resence of Y B - 1 is inc reased in the cy top lasm and t rans locates to the nuc leus 

with grade progression. A N O V A : p<0.001. x400. 
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Figure 4.5. YB-1 expression increases after NHT and YB-1 translocates to the nucleus. The 

transcription factor is present in the cytoplasm of benign prostate epithelial cells, as well as in 

non-treated tumours, and its expression increases after NHT treatment while YB-1 translocates 

to the nucleus, a- Benign prostate, b- Non-treated tumour, c- 1-2 months after NHT. d- 3 

months after NHT. e- 3-6 months after NHT. f- Al tumour. Indicated by arrows is the localization 

of YB-1 in the nucleus. In the Al phenotype (f) YB-1 is localized in the nucleus. All images are 

displayed at x400 magnification. 
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F i g u r e 4 .5 . D e g r e e o f I m m u n o l o c a l i z a t i o n o f Y B - 1 af ter N H T . B, YB-1 express ion inc reases 

after N H T and Y B - 1 t ranslocates to the nuc leus. The degree of staining was quanti f ied, +1 for 

low degree and +4 for high, and graphed, c- 1-2 months after N H T . d - 3 months after N H T . e- 3-

6 months after N H T . f- A l tumour. Indicated by arrows is the local izat ion of YB-1 in the nuc leus. 

In the A l phenotype (f) YB-1 is local ized in the nucleus. A N O V A : p<0.001. 
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Figure 4.6. P-glycoprotein is overexpressed during prostate cancer tumour progression to Al 

stage. A , Pgp accumulation before and after androgen ablation by neo-adjuvant hormone 

treatment (NHT). a- benign prostate, b- tumour before NHT. c- 1 month after NHT. d- 3 months 

after NHT. e- 8 months after NHT. f- Al tumour. Pgp is highly expressed in the membrane of Al 
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cells as well as in the cytoplasm (f). B, Pgp accumulation in the LNCaP tumour model, a- intact 

tumour (not castrated), b- 7 dCx. c- 21 dCx. d- 35 dCx. YB-1 increases its expression in the 

cellular membrane (see brown staining in the membrane surface) during the progression to the 

Al stage indicated by 35 dCx. All images"displayed at x400 magnification. 
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CHAPTER 5. IN VITRO AND IN VIVO INHIBITION OF PROSTATE CELL GROWTH USING ANTISENSE 

OLIGONUCLEOTIDES TARGETING YB-11 

In col laborat ion with the laboratory of Dr. He len Burt in the U B C Department of Pharmaceut ica l 

S c i e n c e s and ISIS Phamaceu t i ca ls (California), the data presented in this chapter is a result of 

in vitro exper iments done together with Dr. G i m e n e z - B o n a f e , and in vivo exper iments and data 

ana lys is conducted by myself. Helpful adv ice w a s provided by Dr. G l e a v e ' s laboratory staff. Dr. 

G imenez -Bona fe conducted the Northern blot ana lys is of L N C a P tumours. I w a s responsib le for 

al l the in vitro M T T a s s a y s a n d al l da ta ana l ys i s . W e s l e y S y d o r ass i s ted with the an ima l 

exper iments and Dr. J o h n J a c k s o n provided the in vivo po lymer ic paste. The publ icat ion w a s 

drafted and edited by myself with helpful input from all the authors. 

5.1 Introduction 

More than 25 y e a r s ago , Z a m e c n i k and S t e p h e n s o n (1978) first p roposed us ing 

synthet ic an t i sense o l igonuc leot ide ( A S O ) ana logs a s a new c l a s s of rat ional ly des igned 

therapeut ics capab le of specif ical ly inhibiting the synthesis of a chose target protein (Zel lweger, 

et a l . , 2001) . A S O s are chemica l l y modi f ied s t re tches of s ing le -s t randed D N A that a re 

comp lemen ta ry to m R N A reg ions of a target gene , and they c a n effect ively inhibit gene 

exp ress ion by forming R N A / D N A dup lexes . R e c e n t publ icat ions demons t ra te the effects of 

severa l A S O s specif ical ly targeted against genes involved in neoplast ic progression both in vitro 

and in vivo as potential therapeut ic agents (G leave, et a l . , 1999; Leung , et a l . , 2001 ; Mon ia , et 

a l . , 1996; Miyake, et a l . , 2000; R o c c h i , et a l . , 2004; Spr ingate et a l . , 2005). Furthermore, many 

recent studies demonstrate that adjuvant treatment with ant isense A S O s targeted against Bc l -2 , 

clusterin, insulin-l ike growth factor binding protein 2, insulin-l ike growth factor binding protein 5, 

and h s p 2 7 c a n s ign i f icant ly r educe m R N A leve ls and de lay p rog ress ion to a n d r o g e n 

1 A version of this chapter has been submitted for publication. 
Fedoruk M N , Jackson J , G imenez -Bona fe P, Sydor W C , G leave M E , Burt H M , Mon ia B P , 
Ne lson C C . (2005). Inhibition of human prostate tumour growth using ant isense ol igonucleot ides 
targeting the multi-functional transcription factor Y B - 1 . C a n c e r R e s e a r c h . In Revision. 
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independence (Chen, et a l . , 2004; K iyama, et a l . , 2003 ; Leung , et a l . , 2001 ; Miyake, et a l . , 2000; 

Rocch i , et a l . , 2004). 

T w o important factors inf luencing eff icacy of an A S O are the affinity for targeted m R N A 

to bind with a high degree of speci f ic i ty and its abil ity to resist degradat ion by intracel lular 

n u c l e a s e s . Fi rst -generat ion phosphod ies te r (P=0) A S O were highly unstab le to n u c l e a s e s , 

largely precluding their use to efficiently inhibit the express ion of a targeted m R N A . In a first 

step to increase nuc lease res is tance, an equator ial oxygen atom in the phosphate backbone of 

P = 0 A S O w a s rep laced by a sulfur a tom. Th is phosphoroth ioate (P=S) modif icat ion provided 

c o n s i d e r a b l e stabi l i ty to both e x o - and e n d o n u c l e a s e s (Wagner , 1994). Howeve r , e a c h 

incorporat ion of a P=S generates a chiral center and reduces binding affinity for target m R N A . 

Furthermore, although P=S A S O s are less sensi t ive to nuc leases , they will degrade in cel ls over 

t ime ( M c K a y et a l . , 1996). To ove rcome these d rawbacks , ongoing research has focused on 

backbone modif icat ions that provide a more attractive pharmaco log ica l profile than P=S A S O . 

A m o n g a number of different modif icat ions at the 2 ' -sugar posi t ion, the 2 ' -0-(2-methoxy)ethyl 

( 2 ' -MOE) incorporat ion w a s identif ied as enhanc ing both binding affinity and further resist ing 

degradat ion by intracellular nuc leases (Altmann et a l . , 1996). The 2 ' - M O E modif ication resulted 

in d e c r e a s e d binding affinity to R N a s e H, the pr incipal nuc lease that c l e a v e s A S O - b o u n d 

m R N A . This problem w a s overcome by the use of "gapped" A S O such that the 5' and 3' ends of 

the molecu le conta ined 2 ' -MOE-mod i f i ed sugar res idues and the central portion of the A S O 

conta ined 2 ' -deoxy sugar res idues that support R N a s e H activity (Mon ia et a l . , 1993 ; Bake r et 

a l . , 1997) . Th is chem ica l des ign is usua l ly a c c o m p a n i e d with a uni formly modi f ied P = S 

backbone. The incorporation of 2 ' - M O E modif icat ions into 20-mer P=S A S O showed a dramatic 

effect on the abil i ty of the s e q u e n c e to hybr id ize to a target m R N A a s a result of the 

conformation of the sugar and the backbone. Furthermore, 2 ' - M O E incorporation into P=S A S O 

exh ib i ted subs tan t ia l l y i n c r e a s e d res i s t ance to in t race l lu lar n u c l e a s e s , c o m p a r e d with 

convent iona l P=S A S O . Both inc reased hybr id iz ing affinity toward the targeted m R N A and 
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e n h a n c e d res is tance toward both se rum and intracel lu lar n u c l e a s e s resul ted in a 20-fo ld 

increase in activity of 2 ' -MOE-mod i f ied A S O ( M c K a y et a l . , 1999). The enhanced potency of this 

new c lass of A S O did not lead to any dec rease in specificity. 

Y B - 1 has been character ized as a transcript ion factor and has been reported to induce 

n u m e r o u s t u m o u r - a s s o c i a t e d g e n e s that p romote drug res i s t ance , tumour growth and 

converse ly , repress pro-apoptot ic genes . T h e s e include act ivat ion of the drug res is tance and 

growth promoting genes , such as M D R - 1 , heat shock protein 70, annex in I, H E R - 2 , ep idermal 

growth factor receptor ( E G F R or c -E rbB1) , matrix meta l loprote inase-2 ( M M P - 2 ) , proliferating 

cel l nuc lear ant igen ( P C N A ) and D N A topo i somerase II. Pro-apoptot ic gene repress ion has 

been demonstrated with M H C C l a s s II, fas l igand, grp78, and co l lagen « 1 (Lasham et a l . , 2000 ; 

Mertens et a l . , 1998; O h g a et a l . , 1998; Sh ibao et a l . , 1998; Saku ra et a l . , 1988). E levated levels 

of YB-1 may facilitate tumour cell invasion and metastas is by the activation of M M P - 2 , and as a 

promoter of E G F R and mdr l gene express ion , YB-1 might enhance cell growth and res is tance 

to chemotherapeut ic agents . Format ion of heterodimer ic comp lexes between Y B - 1 and other 

oncoproteins such as p53 (Lasham et a l . , 2003), AP -1 (Samuel et a l . , 2005), A P - 2 (Yoshitomi et 

a l . , 1999), S m a d 3 (H igash i et a l . , 2003) and C T C F (Chernukh in et a l . , 2000) has been 

sugges ted a s a m e c h a n i s m in wh ich Y B - 1 regulates gene express ion . Us ing this mechan i sm , 

Y B - 1 may funct ion as a dominan t -negat i ve regulator of o n c o g e n e s , encourag ing tumour 

deve lopment when highly exp ressed (Lasham et a l . , 2000) . In neop las ia , Y B - 1 is assoc ia ted 

with mult idrug res is tance by inducing the M D R - 1 gene (Ohga et a l . , 1998) and apoptos is 

(Kuwano et a l . , 2 0 0 3 ; K u w a n o et a l . , 2004 ; S w a m y n a t h a n et a l . , 2002) and has been 

functionally l inked to increased tumourigenici ty and treatment res is tance in breast (Holm et a l . , 

2004; Saji et a l . , 2003) and colon (Ohga et a l . , 1996; Sh ibao et a l . , 1999) cancers . 

Increased Y B - 1 exp ress ion during progress ion to A l sugges ts that Y B - 1 may confer 

res is tance to androgen withdrawal by enhanc ing cell proliferation. Recen t studies have shown 

that YB-1 can a lso inhibit the ability of p53, the tumour suppressor gene , and fas, a cell death 
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assoc ia ted receptor, to cause apoptos is (Lasham et a l . , 2000; Okamoto et a l . , 2000; Zhang et 

a l . , 2003) . B lockage of apoptos is is important in A l prostate cancer and is assoc ia ted with the 

differential express ion of cell survival genes like Bc l -2 and clusterin (G leave et a l . , 2002) , and 

Y B - 1 protein may interact with a D N A intron region of the clusterin gene (Ne lson, unpubl ished 

data). Th is is signif icant because it sugges ts that Y B - 1 may be a key regulatory protein in the 

induction of the cel lular s t ress response activating cell survival pathways. Severa l s tudies have 

reported that YB-1 is predominant ly local ized to the cytop lasm in both normal and tumour cel ls , 

but c a n t rans locate to the nuc leus in r esponse to env i ronmenta l s t r esses , inc luding D N A -

damag ing agents , U V irradiation, viral infect ion, and hypothermia (Stein et a l . , 2001) . Nuc lear 

local izat ion of YB-1 protein has a lso been assoc ia ted with poor patient prognosis in some types 

of human cancer , including lung cancer , synovia l s a r c o m a ( G e s s n e r et a l . , 2004; O d a et a l . , 

2003). YB-1 is a predictor of poor outcome and response to therapy in breast cancer (Saji et a l . , 

2003), but has not been extensively studied in prostate cancer. 

Direct local injection with therapeut ic agents capab le of inhibiting cel lular proliferation is 

feas ib le due to the anatomica l location of the prostate g land. Fo r examp le , brachytherapy for 

local ized prostate cancer is now routinely performed by t ransper ineal p lacement of radioact ive 

s e e d implants under transrectal ul trasound gu idance. It is conce ivab le that the prostate gland 

could a lso be infiltrated with chemotherapeut ics and A S O a imed at the se lect ive inhibition of 

spec i f i c proteins and pathways us ing s imi lar techn iques . In prev ious s tud ies , the cytotoxic 

effects of s i te-di rected pacl i taxel del ivery us ing a var iety of b iodegradab le po lymer ic paste 

formulat ions have been descr ibed (Jackson et a l . , 2000 ; J a c k s o n et a l . , 2004; Spr ingate et a l . , 

2005). The control led-release formulation can be easi ly injected via a 22-gauge needle and has 

been shown to be effective in inhibiting L N C a P tumour growth and P S A levels in mice bearing 

multiple non-metastat ic tumours ( Jackson et a l . , 2000 ; Spr ingate et a l . , 2005) . Simi lar ly , the 

therapeut ic eff icacy of intratumoural del ivery of A S O s against the cel l survival gene clusterin in 

an injectable, b iodegradable polymeric paste formulation w a s evaluated against subcutaneous ly 

- 197 -



grown L N C a P tumours in mice. In this study, we report the therapeut ic effects of intratumoural 

del ivery of both pacl i taxel and an A S O directed at the Y B - 1 target injected together in a novel 

formulation of b iodegradable polymeric paste. 

A c c u m u l a t i n g e v i d e n c e l inks r is ing Y B - 1 leve ls with A l and the deve lopmen t of 

chemotherapeut ic res is tance , mark ing Y B - 1 as a potential therapeut ic target. However , the 

funct ional s ign i f icance of c h a n g e s in Y B - 1 assoc ia ted with drug res is tance and A l prostate 

cance r progress ion has not been invest igated. A S O s , short synthet ic s t retches of chemica l ly 

modif ied D N A capab le of speci f ica l ly hybr id iz ing to the m R N A of a c h o s e n cancer - re levant 

target gene . T h e s e agents promise enhanced specif ic i ty for mal ignant ce l ls with a favorable 

side-effect profile due to wel l-def ined and tailored modes of act ion. Phosphoroth ioate A S O s are 

s tab i l i zed to res is t n u c l e a s e deg rada t i on a n d a n e w genera t i on of 2 ' - M O E - m o d i f i e d 

phosphoro th ioate A S O s s h o w e d dramat ica l ly improved effects on hybr id izat ion with target 

m R N A and enhanced res is tance to intracel lular nuc l eases as a result of the sugar and the 

backbone modif icat ions (Zel lweger et a l . , 2001). The objective of C h a p t e r 5 w a s to investigate 

the effect of Y B - 1 A S O on cel lu lar growth and chemosensi t iv i ty in vitro, and in vivo de l ivered 

both sys temica l ly and by intratumoural injection of a novel control led re lease polymer ic paste 

formulat ion contain ing 2 ' -MOE-mod i f i ed Y B - 1 A S O s and pacl i taxel on se rum P S A levels and 

L N C a P tumour progression in mice. 

5.2 Ma te r i a l s a n d M e t h o d s 

Animals and Cell Lines. M a l e 6-8 w e e k old a thymic nude mice ( B A L B / c strain) were 

pu rchased from C h a r l e s R ive r Laboratory (Montrea l , Q u e b e c , C a n a d a ) . L N C a P ce l ls were 

mainta ined in R P M I 1640 (Invitrogen, Bur l ington, O N , C a n a d a ) supp lemented with 5 % fetal 

bovine serum ( F B S ) (Invitrogen, Burl ington, O N , Canada ) as descr ibed previously (39). 

Chemotherapeutic Agents. Pac l i taxe l w a s purchased from B io lyse P h a r m a (St. Ca ther ines , 

O N , C a n a d a ) . S tock solut ions of pacl i taxel were prepared with steri le P B S to the required 

concen t ra t ions before e a c h in vitro exper iment . Dr. He len M. Burt and Dr. J o h n J a c k s o n 
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( P h a r m a c e u t i c a l S c i e n c e s , Un ivers i t y of Br i t ish C o l u m b i a ( U B C ) , V a n c o u v e r , C a n a d a ) 

generous ly suppl ied the polymer ic micel lar pacl i taxel and pacl i taxel paste formulat ion used for 

in vivo studies. 

Polymeric paste formulation. Wate r soluble chi tosan (protosan, F M C Biopo lymer Drammen 

Norway) , Y B - 1 or sc ramb le o l igonucleot ide, pacl i taxel (Hauser C h e m i c a l C o m p a n y , Boulder , 

C O ) and Po lye thy lene g lyco l 600 ( P E G 600) (Union C a r b i d e Danbury , C T ) were b lended 

together for 15 minutes in a weight ratio of 6%:3%:1%:90% respect ively. The paste w a s sucked 

into 1 ml syr inges and stored at 4°C until use . Contro l paste conta ined P E G 600 only. Th is 

formulat ion is a v i s c o u s l iquid at room tempera tu re and w a s d e s i g n e d to be in jected 

intratumourally in mice contain ing two L N C a P tumours, where it se ts to a semi -so l id implant 

within 1h at the tumour site (Springate et a l . , 2005). 

YB-1 ASO. 2 ' -MOE-mod i f i ed Y B - 1 and scramble o l igonucleot ides were kindly provided by Dr. 

Brett Mon ia (ISIS Pharmaceut i ca ls (Car lsbad , C A ) for the in vitro and in vivo s tudies. The 2'-

MOE-mod i f i ed YB-1 A S O s e q u e n c e used was : No .3 , 5 ' - C T T G T T C T C C T G C A C C C T G G - 3 ' . The 

2 ' - M O E - m o d i f i e d c o n t r o l s c r a m b l e o l i g o n u c l e o t i d e s e q u e n c e u s e d w a s 5 ' -

C A G C G C T G A C A A C A G T T T C A T - 3 ' . 

Treatment of Cells with Oligonucleotides. Ce l l s were plated at the density of 8 x 1 0 3 cel ls per 

wel l in 96-wel l format or 2 x 1 0 5 in 6-well format and treated one day later for 2 days with 

respect ive ol igonucleot ide. Ol igofectamine (Invitrogen, Burl ington, O N , Canada ) , a cat ionic lipid, 

w a s used to transfect the respect ive ol igonucleot ide into the cel ls . P C - 3 cel ls were treated with 

var ious concentrat ions of YB-1 A S O or sc ramble ol igonucleot ide control after a pre- incubat ion 

for 20 min with 3mg /mL ol igofectamine in serum-f ree O p t i - M E M (Invitrogen, Bur l ington, O N , 

C a n a d a ) . Fou r hours after the beginning of the incubat ion, the med ium w a s rep laced with 

standard culture medium as descr ibed above. 

Northern Blot Analysis. Total R N A w a s isolated from L N C a P tumours us ing TRIzo l Reagen t 

(Invitrogen, Bur l ington, O N , C a n a d a ) . Fo l low ing the protocol f rom Life T e c h n o l o g i e s , the 
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tumours were homogen ized in 1 ml of TRIzo l reagent per 0.1 mg of t issue using a Polytron 

power homogene izer (Kinemat ica). Chloroform extraction w a s performed at a ratio of 0.2 ml per 

1 ml of TRIzo l , and samp les were centrifugated at 12,000xg for 15 min at 4°C. The R N A present 

in the aqueous phase w a s precipitated by mixing with isopropanol at a ratio of 0.5:1 of TRIzo l 

original ly a d d e d . S a m p l e s were incubated at -20°C for 30 min and pel leted. The pellet w a s 

w a s h e d with 7 0 % e thano l . T h e e thano l w a s removed and the R N A pel let a i r -dr ied and 

reconst i tuted with d ie thy lpyrocarbonate ( D E P C ) treated water. T h e R N A concentrat ion w a s 

determined using either fluorimetry or standard A 2 6oA 2 8o ratio with a spectrophotometer. Twenty 

^ g of total R N A w a s separa ted by e lect rophores is through a 1.2% fo rma ldehyde-agarose gel 

and transferred to a nylon membrane (Biodyne® B membrane, Pal l Corporat ion, Eas t Hil ls, NY) . 

M e m b r a n e s were hybr id ized to a 3 2 P - l a b e l l e d human Y B - 1 or P g p c D N A probe as required, 

u s i n g U L T R A h y b ™ so lu t ion (Amb ion ) fo l lowing the p rocedu re d e s c r i b e d by Amb ion . 

M e m b r a n e s were e x p o s e d for autoradiography. Dens i t ies of bands for Y B - 1 were normal ized 

against G A P D H 3 by densitometric analys is to control for R N A integrity and quantif ication. 

Y B - 1 c D N A probe w a s obtained using P C R to amplify a 406 bp band from Y B - 1 gene using 

the r eve rse pr imer 5 ' G C A G G C G A A G T T C C C A C C T T A C T A C A 3 ' and the forward pr imer 

5 T T A C T C A G C C C C G C C C T G C T C A 3 ' . 

MTT Assay. The in vitro growth inhibitory effects of 2 ' -MOE-mod i f ied YB-1 A S O s plus pacl i taxel 

on P C - 3 cel ls w a s compared using the M T T a s s a y a s previously descr ibed (Zel lweger, et a l . , 

2001). Briefly, 8 x 1 0 3 cel ls were seeded in each well of a 96-wel l microtiter plate and al lowed to 

attach overnight. Ce l l s were then treated once daily with 2 0 0 n M of 2 ' -MOE-mod i f ied YB-1 A S O , 

or 2 ' -MOE-mod i f i ed sc ramble o l igonucleot ide control , respect ively, for 2 days . Fol lowing A S O 

treatment, cel ls were treated with var ious concentrat ions of pacl i taxel . After 48 h of incubat ion, 

20 uL of 5 mg/mL M T T (S igma C h e m i c a l C o . , St. Louis , M O ) in P B C w a s added to each wel l , 

fo l lowed by incubat ion for 4 h at 37°C. T h e f o rmazan crys ta ls were d i sso l ved in d imethyl 

su l fox ide . T h e opt ica l dens i ty w a s de te rmined with a microcul ture plate reader (Bec ton 
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Dick inson Labware , M i ss i ssauga , O N , C a n a d a ) at 540nm. A b s o r b a n c e va lues were normal ized 

to vehic le- t reated cel ls to determine the percentage of surv ival . E a c h a s s a y w a s performed in 

triplicate. 

Protein extraction. Total proteins were obtained homogeniz ing L N C a P tumours in R I P A buffer 

(150 m M N a C l , 1% I G E P A L C A - 6 3 0 , 0 .5% sod ium deoxycho la te , 0 . 1 % S D S , 50 m M Tris pH 

8.0) containing protease inhibitor cocktai l (Roche) , and incubating the lysate at 4°C during 30 

min. After a 5 min spin at max imum s p e e d , the proteins were recovered in the supernatant and 

quantif ied using the B C A a s s a y (Pierce). 

Western blot analysis. For the detect ion of Y B - 1 , 30mg of total proteins from L N C a P tumours 

were resolved on 10% S D S - P A G E gels containing 5 M urea. The proteins were transferred onto 

P D V F m e m b r a n e s ( Immobi lon ' -P, M I L L I P O R E ) at 4 0 0 m A dur ing 1 h. M e m b r a n e s were 

b locked during 2 to 3 h at 25°C in blocking buffer (5% dry nonfat milk in T B S ; 1.37M sod ium 

chloride, 200 m M Tris, pH 7.6) and incubated at 25°°C for 1.5 h with YB-1 antibody in 1% bovine 

serum albumin ( B S A ) and 1% dry nonfat milk. After severa l w a s h e s with T B S - T (0.05% T w e e n -

20 in T B S ) blots were incubated with the secondary ant ibody, perox idase l inked ant i -mouse 

immunoglobul in in 1% B S A - 1 % dry nonfat milk, for 4 5 min at 25°C and then w a s h e d aga in 

ex tens ive ly with T B S - T . Blots were p laced in e n h a n c e d chem i l um inescence ( E C L ) reagents 

(Pha rmac ia -Amersham) for 1 min, fol lowed by exposure to autoradiographic M R film (Kodak) . 

T h e ant ibody dilution used w a s a s fo l lows: 1:5000 for Y B - 1 , and 1:10,000 for the seconda ry 

antibody. Anti-vinculin antibody ( D A K O ) was used to normal ize the loading (1:2000 dilution). 

Inoculation of LNCaP Cells. Approx imate ly 1 x 1 0 6 human L N C a P ce l ls were inoculated 

subcutaneous ly with 0.1 mL of Matrigel (Becton Dick inson Labware , M i s s i s s a u g a , O N , C a n a d a ) 

v ia 27 -gauge need le into the f lank region of male 6-8 w e e k old a thymic nude mice under 

ha lo thane a n e s t h e s i a (5% induct ion, 1.5% ma in tenance concent ra t ion) . T u m o u r vo lume 

measurements were performed twice weekly using cal ipers, and their vo lumes were calculated 

using the formula: length x width x height x 0.5236 (42). A l l animal procedures were performed 
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accord ing to the gu ide l ines of the C a n a d i a n Counc i l on An ima l C a r e and with appropr iate 

institutional certification. 

Determination of Serum PSA Levels. B lood samp les were obta ined by tail ve in inc is ion of 

mice week ly as descr ibed previously (G leave et a l . , 1992). Se rum P S A levels were determined 

by an enzymat i c i m m u n o a s s a y kit with a lower limit of sensit iv i ty of 0 .2ng /mL (Abbott IMX, 

Montrea l , P Q , C a n a d a ) accord ing to the manufacturer 's protocol . Fif teen uL of mouse serum 

were diluted with 1 3 5 ^ L of di luent to perform the a s s a y ; the lower limit of sensit iv i ty in this 

murine model was 2ng/ml_. 

In Vivo Treatment Protocols. S i x w e e k s after in ject ion, L N C a P tumour vo lume reached 

between 5 0 0 - 6 0 0 m m 3 and se rum P S A levels were approx imate ly 20 -30 ng /mL, mice were 

anesthet ized using halothane and castrated via abdominal approach (Sato et a l . , 1997). 

In an initial experiment, mice were randomized into one of two arms for treatment with 2'-

MOE-mod i f i ed scramble ol igonucleot ide control or 2 ' -MOE-mod i f ied Y B - 1 A S O . E a c h treatment 

group cons is ted of at least 6 mice. After randomizat ion, 12.5mg/kg of Y B - 1 A S O or sc ramble 

ol igonucleot ide control was injected intraperitoneally once daily into each mouse for the first five 

days beginning 4 days after castrat ion, and three t imes per week up to 28 days beginning at day 

three post -cast rat ion. Tumour vo lume and se rum P S A levels were measu red as desc r ibed 

above . Data points for both sets of exper iments were exp ressed as average % tumour vo lume 

levels compared to Day 0 ± S E M . 

In a s e c o n d set of exper iments , mice were randomized into one of three a rms for 

intratumoural t reatment with control paste , 2 ' -MOE-mod i f i ed sc ramb le o l igonucleot ide control 

p lus pacl i taxel paste, and 2 ' -MOE-mod i f i ed Y B - 1 A S O plus pacl i taxel paste. At day three post-

castrat ion, mice in all treatment groups were treated with a s ingle intratumoural injection in a 

ratio of 1uL paste to 1 0 m m 3 tumour of control paste or 3 % A S O - l o a d e d 1% pacl i taxel- loaded 

paste. Tumour vo lume and serum P S A levels were measured as descr ibed above for a total of 

seven weeks . 
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Statistical Analysis. Al l of the results were exp ressed as the mean ± S E M . Statist ical analys is 

w a s performed using Microsoft Exce l software by a one-way A N O V A fol lowed by a Student 's t-

test. P<0.05 was considered significant (*). 

5.3 Results 

Dose-dependent knockdown of YB-1 expression by ASO. 

It has been further hypothesized that YB-1 acts to control the express ion and function of 

proteins involved in drug res is tance and tumour growth (Kuwano et a l . , 2004). W e hypothesized 

that YB-1 act ively part icipates in the progression of the mal ignant phenotype and promotes the 

survival of prostate cancer cel ls . Spec i f i c targeting of YB-1 express ion us ing A S O may act to 

supp ress aberrant cel lular growth and ultimately de lay A l p rogress ion . Firstly, to evaluate the 

effects of sequence-spec i f i c and dose-dependent A S O treatment on Y B - 1 m R N A express ion in 

L N C a P cel ls we conducted Northern blot ana lys is (Figure 5.1). A s shown in F igure 5.1, Y B - 1 

A S O dec reased Y B - 1 m R N A levels in a dose-dependen t manner , signif icant suppress ion was 

s e e n at 5 0 n M , and YB-1 m R N A express ion levels were a lmost absent with the 1000nM dose . In 

contrast, Y B - 1 m R N A express ion w a s not affected with sc ramble control o l igonucleot ide after 2 

days treatment at any of the used concentrat ions. Ol igofectamine treatment a lone w a s used as 

a compar ison for non-specif ic m R N A suppress ive effects of the A S O treatment. 

Effect of YB-1 ASO treatment on cell viability in vitro. 

The c a s c a d e s of gene express ion regulated by YB-1 have been l inked to the functions of 

cel l prol i ferat ion, genotox ic s t ress , and drug res is tance . In part icular, an inc rease in Y B - 1 

express ion has been reported to have an adverse effect on cancer cell viability and proliferation 

(Kohno et a l . , 2003) . The M T T a s s a y w a s opt imized with P C - 3 cel ls due to the low ability of 

L N C a P ce l ls to at tach to the t issue culture p lates. T h e s e a s s a y s were first per formed with 

L N C a P cel ls , but due to the cell loss during medium changes and the spontaneous detachment 

of the ce l ls , P C - 3 cel ls proved to be a much more ideal cel l l ine for these exper iments and 

a l lowed us to perform the M T T cel l viabil ity exper iments by 96-wel l format with reproducibil i ty 
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and high-throughput. To determine whether the knockdown of YB-1 express ion affects P C - 3 cell 

growth, ce l l s were t reated for 2 d a y s with 20 , 100, and 2 0 0 n M Y B - 1 A S O or s c r a m b l e 

ol igonucleot ide. Ce l l viability w a s examined 2 days after treatment using the M T T a s s a y (Figure 

5.2). Figure 5.2 shows a dose-dependent reduction in P C - 3 cell viability after treatment with up 

to 6 0 % d e c r e a s e s in cell viability at the 2 0 0 n M Y B - 1 A S O treatment compared with sc ramble 

control in the absence of pacl i taxel. 

Effect of YB-1 ASO on paclitaxel sensitivity in vitro. 

Resu l ts in Figure 5.2 sugges t that inhibition of Y B - 1 express ion a lone supp resses cel l 

proliferation mechan i sms . However , Y B - 1 over -express ion in cancer cel ls funct ions a s posit ive 

transcript ion factor to up-regulate the M D R - 1 gene promoting drug res is tance (Kuwano et a l . , 

2004) . T o exam ine whether e n h a n c e d pacl i taxel chemosens i t i v i ty can be ach ieved by the 

supp ress ion of Y B - 1 exp ress ion in vitro, P C - 3 cel ls were treated with 2 0 0 n M Y B - 1 A S O or 

sc ramble o l igonucleot ide control . At the end of the treatment, P C - 3 cel ls were incubated with 

different concentrat ions of pacl i taxel. Ce l l viability w a s examined after 2 days using the M T T cell 

viabi l i ty a s s a y (Figure 5.3). A s shown in Figure 5.3, A S O - i n d u c e d knockdown of Y B - 1 

signif icantly reduced P C - 3 cel l viability and dec reased the I C 5 0 of pacl i taxel from 4 . 0 x 1 0 1 n M to 

2 .4x10 2 nM, a six-fold inc rease in sensit ivi ty. In addi t ion, at lower concentrat ions, for examp le 

5 0 n M , comb ined Y B - 1 A S O and pacl i taxel t reatment d e c r e a s e s cel l viabil i ty from 8 5 . 7 % to 

4 6 . 7 % , a 3 9 % d e c r e a s e . S ign i f i can t s i ng le -agen t act iv i ty m a k e s de tec t ion of addi t ive 

chemosensit iv i ty difficult at high paclitaxel concentrat ions. 

Systemic YB-1 ASO treatment inhibits LNCaP tumour progression and serum PSA levels 

in vivo. 

Male athymic mice bear ing L N C a P tumours were castrated and randomly se lec ted for 

treatment with Y B - 1 A S O a lone or sc ramble ol igonucleot ide control . E a c h exper imenta l group 

cons is ted of at least 6 mice bearing similar mean tumour vo lumes at the beginning of treatment. 

Beg inn ing 4 days after castrat ion, 12.5mg/kg Y B - 1 A S O or sc ramb le o l igonucleot ide control 
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were injected intraperitoneally once dai ly into each mouse for the first 7 days , and 3 t imes per 

week thereafter for 35 days . In mice treated with Y B - 1 A S O shown in Figure 5.4, tumour 

progress ion w a s signif icantly de layed as measured by tumour vo lume and se rum P S A levels. 

By day 35 post cast ra t ion, tumour vo lume were reduced by 3 3 % , and P S A se rum levels 

dec reased 5 6 % by day 32 post castrat ion, in the Y B - 1 A S O treated compared to the scramble 

o l igonucleot ide control treated mice. In order to conf irm the ef f icacy of Y B - 1 A S O treatment, 

Wes te rn blot ana lys is demonst ra tes approximately 4 0 % downregulat ion in Y B - 1 protein levels 

with Y B - 1 A S O treatment in a select ion of three tumours harvested at 35 days post castrat ion 

from three different mice, compared with sc ramb le o l igonucleot ide treatment control tumour 

protein levels (Figure 5.5). P g p protein exp ress ion w a s a l so exam ined , however a smal le r 

molecular weight band, opposed to the expected 170kDa P g p band , w a s resolved by Western 

blot, indicating that the protein was possibly truncated during the homogenizat ion process. 

Intratumoural YB-1 ASO enhances paclitaxel chemotherapy in vivo inhibiting LNCaP 

tumour progression and serum PSA Levels. 

After 6 weeks , male athymic mice bearing L N C a P tumours were castrated and randomly 

se lec ted for treatment with polymer ic paste a lone, 3 % Y B - 1 A S O plus 1% pacl i taxel polymer ic 

paste or 3 % sc ramb le o l igonuc leot ide control p lus 1% po lymer ic paste (Figure 5.6). E a c h 

exper imenta l group cons is ted of at least 6 mice. Beg inn ing 4 days after cast rat ion, P a s t e 

injections were calculated at a 1:10 ratio of paste to tumour vo lume (1cc paste : 10cc tumour) 

and injected intratumourally careful ly " seed ing" the paste throughout the tumour. A s shown in 

Figure 5.6, Y B - 1 A S O treatment c o m b i n e d with 1% pac l i taxe l in a cont ro l led re l ease 

intratumoural po lymer ic paste signi f icant ly de layed t ime to A l p rogress ion as m e a s u r e d by 

dec reased tumour growth and serum P S A levels after 21 days post castrat ion. In Figure 5.6A, 

tumour growth after 49 days post castration with YB-1 A S O plus pacl i taxel treated w a s reduced 

by 4 8 % when compared to treatment with the un loaded polymeric paste, and dec reased by 3 7 % 

when compared to sc ramb le o l igonucleot ide control plus pacl i taxel treated mice. Simi lar ly in 
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Figure 5 .6B, after 49 days post castrat ion, when compared with un loaded po lymer ic paste 

treatment, se rum P S A levels dec reased by 5 3 % in mice treated with YB-1 A S O plus pacl i taxel , 

and dropped 4 8 % compared with scramble ol igonucleotide control plus paclitaxel treatment. 

N o s y s t e m i c toxic i ty cha rac te r i s t i c of s y s t e m i c pac l i taxe l s u c h a s we igh t l oss , 

l is t lessness, or gait d is turbance was observed in any an imal during treatment. In s o m e an imals 

treated with pac l i taxe l - loaded paste , smal l red wounds could be s e e n c lose to the injection 

point. T h e s e wounds were probably c a u s e d by pacl i taxel inhibit ion of wound heal ing at the 

injection site. This problem may have been exacerbated by animal scratching. 

5.4 Discussion 

R a d i c a l pros ta tec tomy or irradiat ion remain the only curat ive t reatment opt ions for 

c l in ical ly loca l i zed prostate cance r , w h e r e a s until recent ly and rogen ablat ion w a s the only 

effect ive form of sys tem ic therapy with pro longed surv iva l benefi t for men with a d v a n c e d 

hormone-na ive d i s e a s e . Res i s tance to chemotherapy and radiation is a major problem in the 

treatment of prostate cancer , and the development of androgen resistance represents the major 

obstac le to effective control of d isseminated d i sease . Tannock et a l . (2004) and Petrylak et a l . 

(2004) are the first to report studies of the treatment benefits with the use of the cytotoxic agent 

docetaxel , increasing the survival of patients with androgen-refractory prostate cancer . 

A n improved unders tanding of the molecu lar pa thogenes is of A l tumour progress ion 

must p recede the deve lopment of new therapeut ic strategies for prostate cancer patients. It is 

w ide ly a c c e p t e d that seve ra l dist inct m e c h a n i s m s regulate the ba l ance be tween ce l lu lar 

prol i ferat ion and p rogrammed cel l dea th , wh ich col lect ively determine the rates of tumour 

growth and tumour p rogress ion . Y B - 1 is a member of the highly conse rved Y - b o x family of 

prote ins, wh ich regulate gene transcr ipt ion by binding to ei ther doub le - or s ing le -s t randed 

T A A C C e lements (the Y-box ) conta ined within many eukaryot ic o rgan isms. The c a s c a d e s of 

gene express ion regulated by YB-1 have been l inked to funct ions of cell proliferation, genotoxic 

s t ress, drug res is tance, and metastat ic invasion (Kohno et a l . , 2003) . It has been shown to be 
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involved in a w ide var iety of ce l lu lar funct ions, inc lud ing t ranscr ip t ional and t rans lat ional 

regulat ion, D N A repair, drug res is tance and s t ress r e s p o n s e s to extracel lu lar s igna ls . A s a 

c o n s e q u e n c e , Y B - 1 is c lose ly assoc ia ted with cel l proliferation and metastat ic invas ion. In a 

recent review, Kohno et a l . (2003) reported data indicating that a reduction of Y B - 1 express ion 

us ing A S O s inhibited cel l growth. Simi lar ly , we report that A S O - i n d u c e d d e c r e a s e s in Y B - 1 

e x p r e s s i o n s igni f icant ly reduced and rogen - i ndependen t prostate c a n c e r cel l viabi l i ty and 

decreased the I C 5 0 of paclitaxel by 5-fold (Figure 5.3). 

A s highlighted in Chapter 4, Y B - 1 up-regulat ion and nuc lear local izat ion is assoc ia ted 

with an androgen- independent phenotype in c l in ical prostate cance r s a m p l e s . T h e s e results 

sugges t that i nc reases in Y B - 1 exp ress ion are paramount in the molecu lar pa thogenes is of 

and rogen- independen t tumour p rog ress ion , and that target ing Y B - 1 with new therapeut ic 

strategies may signif icantly impact the survival of prostate cancer patients. The aim of Chapter 

5 w a s to investigate the effect of either repeated sys temic administrat ion of YB-1 A S O s alone or 

a s ingle intratumoural injection of Y B - 1 A S O s in combinat ion with pacl i taxel on L N C a P tumours 

grown subcu taneous l y in mice . S y s t e m i c adminis t rat ion of Y B - 1 mono therapy s u p p r e s s e d 

L N C a P tumour growth in this model (Figure 5.4A), suggest ing that inhibition of YB-1 express ion 

a lone inhibits cell proliferation mechan isms . Similar ly, the intratumoural injection of a polymeric 

paste formulation that acts as a control led re lease drug del ivery sys tem for both pacl i taxel and 

Y B - 1 A S O s w a s shown to s igni f icant ly inhibit tumour growth and P S A exp ress ion in vivo 

(Figure 5.6). 

W e have previously descr ibed the use of a pac l i taxe l - loaded polymer ic paste for the 

intratumoural t reatment of L N C a P prostate tumours grown in mice ( J a k c s o n et a l . , 2000 ; 

Spr ingate et a l . , 2005). However , the formulation conta ined 10% (w/w) pacl i taxel and al though 

highly effective w a s assoc ia ted with s o m e inhibition of wound heal ing. Spr ingate et a l . (2005) 

have a lso demonstrated that a polymeric paste formulation containing just 1% (w/w) pacl i taxel 

(or docetaxe l ) and micropar t icu late-bound cluster in A S O s re leased both these agents in a 
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control led manner and inhibited P C - 3 prostate tumour growth fol lowing intratumoural injection. 

In this study, a novel injectable formulat ion that conta ins A S O s and water -so lub le ch i tosan 

suspended in a lipid polymer ( P E G 600) containing 1% pacl i taxel is descr ibed . Th is formulation 

a l l ows for m u c h h igher load ings of both A S O s and ch i tosan than the prev ious ly u s e d 

micropart iculate sys tem. W h e n injected into an aqueous envi ronment , such as t issue, water 

penetrates the formulation and d isso lves both the chi tosan and A S O s . The negatively charged 

A S O s then bind and prec ip i ta te the pos i t i ve ly c h a r g e d ch i tosan forming an inso lub le 

hydrophobic waxy m a s s contain ing pacl i taxel . Th is precipi tated m a s s w a s shown to form an 

effective control led re lease sys tem for both pacl i taxel and ol igonucleot ides in vitro ( Jackson et 

al . , unpubl ished data). 

A lmos t 9 0 % of men d iagnosed with prostate c a n c e r in North A m e r i c a present with 

loca l i zed d i s e a s e . There fo re , t hese pat ients are part icular ly a m e n a b l e to new treatment 

strategies using less invasive local treatments. Loca l treatments would be most appropriate for 

pat ients w h o are not cand ida tes for rad ica l therapy or for pat ients who deve lop a loca l 

recurrence after radical therapy to reduce the risk of local and/or metastat ic progression of the 

prostate c a n c e r . P a c l i t a x e l , an an t i - cance r taxo id that inhibi ts the depo l ymer i za t i on of 

microtubules, has been reported to inhibit human prostate cancer cell growth in vitro and in vivo. 

In addi t ion, we have previously descr ibed the effective use of b iocompat ib le , b iodegradab le 

polymer ic pas tes for the si te-directed del ivery of neoplast ic agents such as pacl i taxel . In this 

study, the polymeric paste formulation is a v iscous liquid or paste at room temperature that may 

be successfu l ly injected through a smal l -gauge needle and solidif ies within 1h in vivo. 

Col lect ively, the f indings of this study support the hypothesis that inhibition of YB-1 can 

delay the progress ion of human prostate cancer cel ls to an androgen- independent phenotype. 

W e have a l so prov ided pre-c l in ical ef f icacy da ta and proof of pr inciple for a s i te-d i rected, 

injectable, cont ro l led-re lease formulat ion of Y B - 1 A S O and pacl i taxel a s an effective form of 

treatment for loca l ized prostate tumours . A l though this study w a s per formed us ing human 
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prostate tumour xenograf ts g rown in m ice , we be l ieve that YB - 1 is a rat ional target for 

biotherapy, and A S O combined with pacl i taxel may offer a potentially effective form of treatment 

for patients with local ized, ear ly-stage tumours in combinat ion with androgen ablation. 
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5.5 Figures 
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Figure 5.1. YB-1 ASO dose-dependent inhibition of YB-1 expression in LNCaP cells. 

L N C a P ce l l s were t reated da i ly with different concen t ra t ions of Y B - 1 A S O or s c r a m b l e 

o l igonucleot ide control for 48 hours; total R N A w a s extracted from cultured ce l ls , and Y B - 1 

m R N A express ion w a s ana l yzed by Northern blotting. Ol igofectamine labeled cel ls represent 

Y B - 1 exp ress ion in L N C a P cel ls treated with ol igofectamine vehic le control only. M e m b r a n e s 

were hybridized with a 3 2 P - l a b e l l e d human YB-1 c D N A probe. 2 8 S R N A was used as a loading 

control. 
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Figure 5.2. Effect of YB-1 ASO treatment cell viability in vitro. To compare the eff icacy of 

YB-1 A S O on cell viability in vitro, P C - 3 cel ls were treated for 2 days with 20, 100nM and 2 0 0 n M 

Y B - 1 A S O s e q u e n c e or sc ramble o l igonucleot ide control. After 48h of incubat ion, cel l viability 

w a s de termined by the M T T a s s a y . Resu l t s are reported as % cel l viabil i ty b a s e d on the 

scramble ol igonucleot ide control. E a c h data point represents the mean ana lys is of 8 samp les ± 

S E M . Resul ts were obtained over two experimental determinations. 
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Figure 5.3. Effect of combined YB-1 ASO and paclitaxel treatment on cell viability in vitro. 

To compare the eff icacy of Y B - 1 A S O sequence to enhance pacl i taxel chemosensi t iv i ty in vitro, 

P C - 3 cel ls were treated for 2 days with 2 0 0 n M Y B - 1 A S O sequence , sc ramble ol igonucleot ide, 

or o l igo fec tamine contro l . At the end of the treatment, ce l ls were incubated with vary ing 

concentrat ions of pacl i taxel . After 48h of incubat ion, cel l viability w a s determined by the M T T 

a s s a y . Resu l t s are reported as % cel l viabil i ty relative to the cel l viabil i ty at OnM pacl i taxel 

concentrat ion, which w a s set as 100% for Y B - 1 A S O ISIS No .3 , sc ramble ol igonucleot ide, and 

o l igonucleot ide control treatment. I C 5 0 va lues are reported for both Y B - 1 A S O or sc ramb le 

o l igonucleot ide treated ce l ls . E a c h data point represents the m e a n ana lys is of 8 s a m p l e s ± 

S E M . Resul ts were obtained over two experimental determinations. 
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Figure 5.4. Effect of systemic administration of YB-1 ASO after castration on inhibition of 

LNCaP tumour growth. A, Tumour vo lume was measured and calculated by the formula length 

X width X depth X 0.5236. Data points were reported as an average % tumour vo lume of Day 0 
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± S E M . B, B lood samp les were obtained by tail vein incis ions of mice before treatment and then 

once week ly after starting treatment. Data points were e x p r e s s e d as % P S A levels of Day 0 

(Day of Castrat ion) ± S E M . 
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F i g u r e 5.5. Y B - 1 e x p r e s s i o n in L N C a P t u m o u r s h a r v e s t e d 35 d a y s af ter c a s t r a t i o n af ter 

s y s t e m i c a d m i n i s t r a t i o n . Western blot ana lys is w a s used to detect Y B - 1 protein levels in YB-1 

A S O - and sc ramb le ol igonucleot ide-t reated mice. Y B - 1 protein w a s detected using ant i -YB-1 

antibody and anti-vinculin antibody was used as a loading control. 
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Figure 5.6. Effect of intratumoural injection of YB-1 ASO and paclitaxel-loaded polymeric 

paste on delay of Al tumour progression in the LNCaP tumour model. A, Tumour vo lume. 

Data points were reported as an average % tumour vo lume of Day 0 ± S E M . B, B lood samp les 

were obtained by tail vein incis ions of mice before treatment and then once weekly after starting 

treatment. Data points were exp ressed as % P S A levels of Day 0 (Day of Castrat ion) ± S E M . 
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CHAPTER 6. GENERAL DISCUSSION AND PERSPECTIVES 

In prostate cancer , both P g p and YB-1 may play an important role in modulat ing 

androgen act ion and inf luencing cel lular growth and proliferative events . Consequent ly , we 

h y p o t h e s i z e that t h e s e pro te ins have a ro le in aber ran t a n d r o g e n func t ion and 

respons i veness in the deve lopment of a d v a n c e d prostate cance r . The main hypothes is 

invest igated p roposes that pharmaceut ica ls and other xenobiot ics may inf luence androgen 

act ion by m e c h a n i s m s affect ing ce l lu lar and rogen transport and accumu la t ion through 

modulat ion by P g p , wh ich in part is regulated by t ranscr ipt ion factor Y B - 1 . In prostate 

cancer , we further hypothes ize that YB-1 express ion is c losely assoc ia ted with both cel lular 

proliferation and chemotherapeut ic res is tance. A l though many s tud ies have contr ibuted a 

diverse array of knowledge with respect to our understanding the role of both YB-1 and P g p 

in cance r , the e v i d e n c e p resen ted in this thes is un ique ly cha rac te r i zes the comp lex 

relationship between androgens, YB-1 and P g p , and the molecular interaction between P g p 

and androgens in the context of prostate cancer. 

Ep idemio log ica l ev idence , based on agricultural occupat iona l exposures , inst igated 

exper imen ta l s tud ies that s u g g e s t e d pes t i c ides may have the potent ia l to m imic or 

an tagon i ze ho rmone ac t ion , in many c a s e s through b inding to s tero id receptors and 

interfering with transcr ipt ional activity, thus are capab le of disrupt ing the male hormone-

signal ing pathway ( C h a p t e r 2). F rom these studies, we hypothes ized that many chemica ls 

may have a profound effect of androgen accumulat ion in prostate cancer cel ls, which in part 

may be modu la ted by an act ive p r o c e s s wh ich invo lves the exp ress ion of the efflux 

transporter P g p . A l though the current d o g m a exists that highly l ipophil ic and hydrophobic 

mo lecu les , including androgens , p a s s freely through the cel l membrane , our research has 

shown that the cel l m e m b r a n e - b o u n d protein P g p has the abil i ty to efflux and rogens 

( C h a p t e r 3). P-glycoprotein, encoded by the MDR-1 gene, has been shown to be a highly 

p romiscuous transporter, a l though structure-funct ion re la t ionships be tween P g p and its 
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substrates are not wel l understood and highly debated. T h e physio logical c o n s e q u e n c e s of 

this act ive P g p transport mechan ism in the context of prostate cancer may be mult i faceted, 

including effects on androgen respons ive gene transcr ipt ional regulat ion and mult i-drug 

res i s tance . Th rough paral le l r esea rch us ing c D N A microar rays wh ich identi f ied many 

potential ly upregulated g e n e s in prostate c a n c e r p rogress ion our focus shif ted to one 

important upstream regulator of MDR -1 express ion , the multi-functional protein Y B - 1 . Initially 

androgen-dependent tumours are treatable by androgen ablat ion, but become resistant to 

this approach when they become androgen- independent with t ime. Increased express ion of 

both YB -1 and P g p during prostate cance r progress ion in the L N C a P tumour model w a s 

con f i rmed by immunoh is tochemis t r y , Nor thern and W e s t e r n blot a n a l y s i s . Fur ther , 

immunoloca l izat ion of YB -1 protein to the nuc leus may occur during benign to mal ignant 

transformation and cont inue to accumula te during prostate cancer progress ion. In addit ion, 

in vitro transfection a s s a y s were used to suggest that transient express ion of YB-1 results in 

reduced androgen accumulat ion and androgen- respons ive gene activity, perhaps through a 

Pgp-med ia ted mechan i sm (Chapter 4). Observ ing the inc reased express ion of both YB -1 

and P g p in prostate tumour cel ls , we hypothes ized that YB-1 may be an appropriate target 

for e n h a n c i n g the e f fec t i veness of chemothe rapeu t i c t reatment and /o r promot ing an 

apoptot ic tumour r esponse . Us ing an t i sense o l igonuc leo t ides target ing YB -1 in vitro in 

prostate cance r ce l ls , YB -1 m R N A express ion w a s reduced in a sequence -spec i f i c and 

dose-dependent fash ion. Further, YB -1 A S O treatment signif icantly dec reased cell viabil ity 

and i nc reased chemosens i t i v i ty to pac l i taxe l . Us ing the in vivo L N C a P tumour mode l , 

sys tem ic admin is t rat ion of YB -1 A S O d e c r e a s e d both tumour growth and se rum P S A 

express ion during androgen- independent prostate cancer progress ion. Intratumoral injection 

of polymeric paste containing YB -1 A S O and pacl i taxel a lso suppressed tumour growth and 

P S A express ion , although these effects may be due to YB-1 A S O alone delaying androgen-
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independent p rogress ion , rather than due to Y B - 1 A S O and pacl i taxel co-adminis t rat ion 

(Chapter 5). 

T h e focus at the beginning of this research project w a s to sc reen a structural ly 

d iverse set of pest ic ides for their ability to inf luence A R - or AhR-med ia ted transcription of a 

firefly luci ferase reporter gene using a highly sensi t ive in vitro reporter gene a s s a y sys tem. 

In addit ion, to determine if changes in androgen- respons ive transcript ional activity were due 

to an interference m e c h a n i s m involv ing d isp lacement of androgen binding to the A R by 

pest ic ides , a A R - L B D l igand-binding a s s a y w a s u s e d . T h e results obta ined us ing these 

methods s h o w e d that 23 pes t i c ides are ab le to an tagon i ze or a g o n i z e A R and A h R -

mediated transcript ional activity, and with 10 pest ic ides data sugges ts this may be due to 

direct A R binding. Unfortunately, a structure-activi ty relat ionship w a s difficult to identify, 

however further in vitro test ing using a larger representat ion of pest ic ides of each speci f ic 

chemica l c lassi f icat ion may help to predict whether groups of structurally s imi lar compounds 

have the abil i ty to in f luence A R - or A h R - m e d i a t e d activity. Addi t ional ly , prostate ce l ls 

e x p r e s s both A R and A h R and c r o s s talk be tween recep to rs may affect prosta te 

differentiation, development , growth, and sensit ivity to hormones . Therefore, in the future it 

would be interesting to examine the in vivo effects of pest ic ide exposure in a t ransgenic 

mouse mode l , which e x p r e s s e s an androgen-regu la ted prostate-speci f ic ch lo ramphen ico l 

acetyl t ransferase reporter gene. This would al low a more physiological ly relevant evaluat ion 

of potential deleter ious effects on the prostate, including the ability to examine histological or 

morpho log i ca l c h a n g e s , a s wel l a s d e s i g n mul t i -genera t iona l expe r imen ts . A n o t h e r 

interest ing exper imen t wou ld be to use c D N A mic roar rays to eva lua te a number of 

pest ic ides on gene express ion patterns in treated and non-treated prostate cancer cel ls . It 

may be poss ib le to draw paral le ls between speci f ic groups of chemica l ly s imi lar pest ic ides 

on their ability to change specif ic gene express ion patterns. 
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Other indirect mechan isms of endocr ine disruption may be a lso possib le. There have 

been reports in the literature that the multidrug res is tance efflux transporter Pgp may play a 

role in the cel lular detoxif ication of pest ic ides in mammal ian t i ssues. Thus , P g p may play a 

phys io log ica l role in part ic ipat ing in the protect ion of human ce l ls aga ins t xenob io t i cs , 

including pest ic ides, by act ive efflux of these compounds into bile, urine, or the intestinal 

lumen, and by preventing accumulat ion in critical organs such as the brain, testis, prostate, 

and other reproduct ive organs (Schinkel et a l . , 1994; Tel l ingen et a l . , 2001) . For example , 

express ion of P g p in the p lacenta has been shown to protect fe tuses against toxicity of the 

pest ic ide ivermectin (Smit et a l . , 1999). Therefore, P g p may be responsib le for what could 

be def ined a s 'mult i-pesticide resistance' , a phenomenon that paral lels multi-drug res is tance 

in tumour cel ls . P rev ious studies suggest that P g p can reduce the accumulat ion of a wide 

range of steroids, suggest ing that cel lular androgen levels could be signif icantly affected by 

this efflux transport mechan ism. Further to this idea, cel lular uptake and efflux a s s a y s would 

help determine the inf luence of pest ic ides on androgen accumulat ion and if pest ic ides have 

the ability to modulate androgen act ion through a Pgp-med ia ted mechan i sm or by directly 

inf luencing P g p express ion . Pes t ic ides may a lso affect the express ion of cy tochrome P 4 5 0 

e n z y m e s that are respons ib le for drug and steroid metabo l ism. Further exper iments may 

examine the possibil i ty that the intracellular concentrat ion certain androgen metabol i tes may 

be al tered in the p resence of low levels of pest ic ide exposu re , and consequent ly affect 

a n d r o g e n - r e s p o n s i v e g e n e e x p r e s s i o n . E x p e r i m e n t s u s i n g h i g h - p r e s s u r e l iqu id 

chromatography of steroid metabol i tes upon isolat ion from treated cel l l ysates may help 

identify whether or not the relative concentrat ions of androgen metabol i tes are altered with 

pesticide exposure. 

6.1 Effects of Dietary Constituents and Pharmaceuticals on Pgp Function 

There has been a growing interest in the modulat ing effects of dietary const i tuents 

on P g p funct ion, and consequent ly on drug absorpt ion. In the context of prostate cance r 
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t reatment , d ie tary const i tuents s u c h a s l y copene , g i n s e n o s i d e s , and va r ious herba l 

supp lements have been shown to affect prostate cancer progression and treatment. Var ious 

f lavonoids, part icularly for f lavonols , coumar ins and other ingredients from natural fruits, 

vegetables, and herbs, have been found to modulate P g p function, however no studies have 

e x a m i n e d P g p or Y B - 1 exp ress ion leve ls . S tero id ho rmone levels may be af fected by 

ingest ion of var ious dietary const i tuents and therefore could potentially inf luence prostate 

cancer cel ls growth or androgen respons ive gene activity v ia a Pgp-med ia ted mechan i sm. 

G i ven the co- ingest ion with fruit and growing use of herbal extracts, due care should be 

taken in regard to the effects of these products on altering not only the pharmacokinet ics of 

d rugs , but a l so their e f fec ts on s te ro id h o r m o n e regu la t ion and o n e the c l in ica l 

consequences for d isease outcome. 

6.2 Contributions of Other ABC Transporters to Steroid Transport and Hormonal 

Response 

Ana lys i s to date has shown that P g p is not vital to bas ic physio logical funct ions and 

homeos tas is in a variety of o rgans including the male reproduct ive tract. Unfortunately, no 

studies in knockout mice have examined P g p function in the prostate. It may be poss ib le 

that P g p or other M R P transporter express ion in the prostate is responsib le for changes in 

the reproduct ive health of humans . Prostate secret ions make up about 3 0 - 3 5 % of s e m e n 

(Had ley , 2000 ) and the f luid sec re ted by the prostate is r ich in phospho l i p i ds and 

cholesterol , both shown to play a role in lipid dependence on P g p transport (Pal lares-Truj i l lo 

et a l . , 2000). C h a n g e s in A B C transporter express ion or the interaction of these transporters 

with other exogenous agents in the prostate secretory epithelial cel ls may affect the ba lance 

of chemica l compounds , including stero ids, and reproduct ive quality of s e m e n . Numerous 

s tud ies indicate that ma le fertility may be in part due to the phys io log ica l ef fects of 

exogenous agents. 
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Although our studies have focused sole ly on the effects of P g p on steroid transport, 

to fully comprehend the modulat ion of steroid activity, it will be necessa ry to further examine 

the inf luence of other members of the M R P family, including M R P 1 , M R P 4 and M R P 5 . 

M R P 1 has been shown to be o v e r e x p r e s s e d in a d v a n c e d prostate cance r , and these 

s tud ies indicate that f lu tamide and hydroxyf lu tamide but not d ihydro tes tos te rone are 

t ransported by M R P 1 ( G r z y w a c z et a l . , 2003) . M R P 4 is highly e x p r e s s e d in the normal 

prostate and a lso ove rexp ressed in M D R cel l l ines (Kool et a l . , 1997). Recent ly , it w a s 

reported that cyc l i c nuc leot ide efflux cou ld be potent ly inhibi ted by p roges te rone and 

es t ramus t ine , a s tero id- re la ted c o m p o u n d u s e d in the t reatment of prostate c a n c e r 

(Sundkvist et a l . , 2002) . Other studies have shown steroid conjugates may be transported 

by M R P 1 , M R P 4 and M R P 5 , rais ing the possibi l i ty and rogens and ant i -androgens might 

a l so be phys io log ica l subs t ra tes (Ze lcer et a l . , 2 0 0 3 ; W ie l i nga et a l . , 2003) . It s e e m s 

poss ib le that modulat ion of both P g p and members of the M R P subfami ly may c a u s e 

increased steroid transport and physiological response compared to modulat ion of just P g p . 

Co-transfect ion a s s a y s using plasmid D N A encod ing var ious members of the M R P family in 

Pgp overexpress ing and wild-type prostate cancer cel l l ines examin ing androgen-respons ive 

transcript ional activity or androgen efflux may help to e luc idate the relative contribution of 

other efflux transporters compared with Pgp in prostate cancer . 

6.3 YB-1 and Androgen-Responsiveness in Prostate Cancer 

Our research sugges ts a complex mechan ism by which Y B - 1 is involved as a main 

player in modulat ing androgen- respons iveness in prostate cancer progression (Figures 6.1 

and 6.2). W e hypothesize that YB-1 is upregulated early in prostate cancer deve lopment as 

a st ress response , perhaps to environmental stimuli or in response to D N A damage . T h e s e 

early events result in the immediate translocat ion of YB-1 from the cy top lasm to the nuclei . 

W e hypothesize that Pgp would then act to transport androgens out of prostate cancer cel ls, 

encourag ing androgen independence. In the a b s e n c e of androgens , Y B - 1 could converse ly 

- 2 2 6 -



act to regulate androgen respons ive genes in a Y - b o x independent manner via interaction 

with other transcription factors (Figure 6.2). Y B - 1 protein may a lso bind to regions of D N A of 

androgen-regulated or anti-apoptotic genes , such as cluster in. In this way, Y B - 1 could be a 

master regulatory protein which inf luences the downst ream transcript ion and translat ion of 

important cell survival pathways which encourage the progression of androgen independent 

prostate cancer . Th is requires further explorat ion. The nuclear local izat ion of Y B - 1 may not 

only act a s a transcr ipt ion factor of var ious genes that are c lose ly assoc ia ted with D N A 

repl icat ion, cel l prol i feration, and drug res is tance but a lso exert S O S s ignal ing to protect 

cel ls or D N A integrity from genotox ic factors such as c isplat in, mitomycin C , and ionizing 

irradiation (Ohga et a l . , 1 9 9 6 ; O h g a et a l . , 1 9 9 8 ) . To better understand the multifunctional 

effects of Y B - 1 on molecu lar pa thogenes is and cell surv ival , it would a lso be interesting to 

examine the exp ress ion of other g e n e s affected by Y B - 1 inhibit ion. Poss i b l e cand ida tes 

inc lude M M P - 2 , wel l known for its role in degradat ion of the ext race l lu lar matrix and 

contributing to metastat ic invasion, a s wel l as surv iva l -associated genes such as N F - K B , and 

repress ing dea th -assoc ia ted g e n e s s u c h a s fas. Y B - 1 may regulate the express ion of a 

variety of genes in addit ion to the ones thus far identified that may impact the progressed 

phenotype of prostate cancer. 

6.4 YB-1 as a Prognostic Marker in Androgen-independent Prostate Cancer 

Progression 

In v iew of the st rong assoc ia t i on be tween Y B - 1 exp ress ion and p rogress ion of 

prostate cancer , the important quest ion remains whether Y B - 1 is an accura te prognost ic 

marker for the d i sease . Co -exp ress ion of Y B - 1 and P g p emerged as a promising relevant 

b iomarker for un favorab le p rognos is in ovar ian cance r . (Huang et a l . , 2004) . Nuc lea r 

exp ress ion of Y B - 1 has been assoc ia ted with c h e m o r e s i s t a n c e and poor p rognos is of 

tumour pat ients. In lung cancer , nuc lear express ion of Y B - 1 s e e m s to be an independent 
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F i g u r e 6.1 Y B - 1 e x p r e s s i o n a n d n u c l e a r t r a n s l o c a t i o n d u r i n g a n d r o g e n - i n d e p e n d e n t 

p ros ta te c a n c e r p r o g r e s s i o n . 

Our research has shown that YB-1 is highly expressed and translocates into the nucleus 

during prostate cancer progression. Many questions remain regarding the specific 

mechanisms of YB-1 and gene regulation at the transcriptional and translational levels. 
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Consequences of YB-1 over-expression in 
prostate cancer cells 

Extracellular stress (chemotherapeutics, UV, etc.) 

decreased YB-1 and 
androgen-regulated 
protein synthesis 

Figure 6.2. Consequences of YB-1 over-expression in prostate cancer cells. 

Th is f igure s u m m a r i z e s the mo lecu la r in teract ions and phys io log ica l resul ts of Y B - 1 

overexpress ion . Y B - 1 acts to encourage drug res is tance and inc reased androgen efflux. 

Dec reased androgen-regulated gene activation may encourage upregulation of aberrant cell 

growth and metastat ic pa thways encourag ing the deve lopment of androgen- independent 

prostate cancer progression. 
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prognost ic marker ( G e s s n e r et a l . , 2004) . Prol i ferat ive activity has been shown to be an 

i ndependen t p rognos t i c marke r for pat ients w h o h a v e had rad ica l p ros ta tec tomy 

(Bettencourt et a l . ,1996; Bubendor f et a l . , 1996) and a lso for hormonal ly treated patients 

(Ahlgren et a l . 1999; Baretton et a l . , 1999). Thus , the measurement of Y B - 1 might be useful 

in detect ing pr imary androgen- insens i t i ve d i s e a s e . Fur ther s tud ies examin ing Y B - 1 a s a 

marker in predict ing the p r e s e n c e of ho rmone- independen t prostate c a n c e r are thus 

warranted. 

6.5 Additional Therapeutic Approaches - Integrated Molecular Approach 

A s numerous genes and cel lular pathways are involved in the mechan ism regulating 

A l p rogress ion , inactivat ion of a s ingle target gene like Y B - 1 may likely be insufficient to 

adequate ly supp ress tumour progress ion . It is l ikely that other cel l surv ival pathways are 

act ivated in response to the down regulat ion of Y B - 1 b e c a u s e the cance r cel l is highly 

adapt ive in its s t ress response . Future research will track c h a n g e s in gene express ion by 

tumours over t ime to determine speci f ic genes and express ion patterns assoc ia ted with the 

transi t ion to a n d r o g e n - i n d e p e n d e n c e . Exp lora t ion of addi t ive or synerg is t i c ef fects of 

b lock ing severa l ant i -apoptot ic g e n e s s imul taneous ly us ing an t i sense o l igonuc leot ides in 

precl inical mode ls will help guide the des ign of further cl inical protocol (Miyake et a l . , 2001). 

Tumou r p rogress ion is a highly dynamic p r o c e s s and cannot be attr ibuted to s ingu lar 

genet ic events, involving instead a perpetual accumulat ion of genet ic alterat ions that al low 

escape from normal regulatory controls. 

6.6 Future opportunities for prostate cancer diagnosis and treatment 

Final ly , our improved unders tanding of the mo lecu la r pa thogenes is of and rogen-

independent tumour p rogress ion may lead to the deve lopment of nove l d iagnost ic and 

therapeut ic st rategies for prostate cancer . P g p and Y B - 1 may serve as useful d iagnost ic 

markers for prostate cancer d i sease progression and larger, more control led cl inical studies 

will be useful in determining their prognost ic va lue. Addit ional ly, results for this thesis show 
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the utility of an t isense ol igonucleot ides for therapeutical ly modulat ing Y B - 1 express ion . The 

androgen-dependent phase of advanced prostate cancer may be prolonged by inhibition of 

YB-1 express ion and/or activity early in the course of treatment. In addit ion, our results link 

Y B - 1 to a genera l apoptot ic m e c h a n i s m , suggest ing it may be an ideal target s ince YB-1 

inhibition may supp ress cel l proliferation mechan i sms and act ivate apoptot ic pa thways in 

prostate cance r ce l ls . M a n y cha l l enges lie a h e a d in translat ing research knowledge into 

ef fect ive pat ient therap ies , with a mul t imodal and mul t id isc ip l inary app roach be ing a 

prerequis i te for s u c c e s s . It shou ld be kept in mind that in the future deve lopment of 

prognost ic and therapeut ic potentials of Pgp and Y B - 1 , they are only two in an ever-growing 

list of proteins w h o s e aberrant exp ress ion contr ibutes to androgen- independent prostate 

c a n c e r p rog ress ion . A better unders tand ing of the interplay a m o n g var ious m e m b r a n e 

t ranspor ters , and rogen-dependen t and androgen- independen t apoptot ic regulators, and 

their relat ive ro les in prostate c a n c e r tumour igenes is , uncontro l led growth, metastat ic 

potent ia l , and therapeut ic res i s tance , will be essen t ia l to the t ranslat ion of laboratory 

observat ions into the clinic. 
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