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ABSTRACT
INTRODUCTION A stem cell model of prostate cancer tumourigenesis explains progression to castration resistant prostate 
cancer (CRPC) and offers novel perspectives in targeting this cancer in its more advanced forms. Androgen receptor (AR) 
regulated pathways are central mechanisms in progression to CRPC. However, AR was thought to be lacking in prostate stem 
cell enriched fractions. Potential low levels of AR expression in stem cell enriched cells were investigated and potential direct 
effects of androgen were examined.
METHODS Human prostate stem cell enriched populations, based on high α2β1 integrin expression (α2β1

hi), were selected from 
primary human prostate tissue in men undergoing transurethral prostatectomy or cystoprostatectomy. Effects on differentiation 
were assayed with flow cytometry using differentiation-specific markers.
RESULTS Low levels of AR were demonstrable in α2β1

hi cells following inhibition of the proteasome using MG132. Further-
more, a direct effect of androgen was shown in stabilising/inducing AR expression. Androgen treatment of α2β1

hi cells was 
associated with the induction of differentiation using a number of differentiation-specific markers (prostatic acid phosphatase, 
cytokeratin 18 and AR) with increases ranging from 49% to 67% (p<0.05). These effects were blocked with the AR-specific 
inhibitor bicalutamide (p<0.05). These data support a role of direct androgen activity on stem cell enriched cells in the pros-
tate and the implications of these findings are discussed.

Prostate cancer is the most common male cancer with an 
incidence of over 37,000 new cases and over 10,000 cancer 
deaths in the UK in 2008.1 The Nobel-Prize-winning work 
of Huggins and Hodges in the 1940s first described the de-
pendence on androgen for these tumours and to this day 
the management of advanced prostate cancer centres on 
androgen deprivation. Although most patients respond to 
androgen deprivation therapy, the majority will eventually 
develop castration-resistant prostate cancer (CRPC). At this 
point the median time to death is 18–24 months, despite 
contemporary chemotherapies.

Recently, new models based on stem cell biology to de-
scribe mechanisms for hormone independent disease have 
emerged and offer a fresh approach to targeting CRPC. The 
stem cell is a specialised self-renewing cell that is main-
tained for the life of the tissue and sustains lineage-specific 
cellular compartments. These cells differentiate into a 
highly proliferative cell type, the transiently amplifying 
population (TAP), that expand cell numbers before commit-
ting to terminal differentiation to replace cells that undergo 
natural wastage. Stem cells are appealing candidates as the 

cell of origin for cancer because of their long-lived capac-
ity for self renewal, which provides a greater opportunity 
to accumulate the multiple mutations required for tumouri-
genesis.2,3

Within the prostate epithelium, the luminal population 
comprises terminally differentiated specialised secretory 
cells that are maintained by androgens. Castration causes 
the adult prostate gland to undergo involution as the an-
drogen-dependent luminal epithelial cells undergo apop-
tosis.4 The remaining basal layer is able to regenerate the 
luminal prostate epithelium following the readministration 
of androgen and therefore houses the stem cell. Prostate 
epithelial stem cells can be enriched by selecting basal cells 
expressing high levels of the α2β1 integrin (α2β1

hi).5 These pro-
genitor cells can be further defined into stem (α2β1

hi CD133+) 
and TAP cells (α2β1

hi CD133-) (Fig 1).6

Recent identification of α2β1
hi CD133+ CD44- prostate 

cancer stem cells highlights the relevance of the stem 
cell model to prostate transformation.7 Cancer stem cells, 
a minute fraction of tumour cells that drive the propaga-
tion of the tumour, share many molecular and functional 
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characteristics of normal progenitor cells, suggesting a 
common origin.7–10 Androgens play an integral role in the 
regulation of prostate epithelial differentiation and aberrant 
control of androgen receptor (AR) pathways are considered 
to be a key mechanism behind the formation of prostate 
cancer.11,12 During androgen deprivation treatment, similar 
to the androgen deprivation-related involution described in 
the normal prostate, the differentiated tumour cells undergo 
apoptosis. However, the cancer stem cells, which lack AR 
expression, are thought to persist as unlike the rest of the 
tumour they are not dependent on androgen for survival. 
These cells can subsequently expand and lead to the emer-
gence of CRPC. Current prostate cancer treatment strategies 
may be failing in that we are only treating the differentiated 
cells and not the cancer stem cells at the ‘root’.11

Interestingly, when prostate cancers progress despite 
castration to an androgen independent form of the disease, 
AR activity persists.13 This phenomenon is clinically evident 
in castrate resistant disease where we commonly see hall-
mark surges of prostate specific antigen (PSA) expression, 
which is a reporter of AR activity. In CRPC a number of dif-
ferent mechanisms have been extensively documented, act-
ing alone or in combination, to allow constitutive activation 
of the AR.14 The cancer stem cell model provides additional 
insights into the potential mechanism for CRPC develop-
ment.15–17 However, the absence of AR expression in prostate 

stem cells appears to be at odds with the more established 
mechanisms of CRPC in which AR activity remains a central 
mechanism.13 According to the stem cell model of prostate 
cancer, if the tumour initiating cells (AR-) undergo selective 
growth in CRPC,12,14 how do we see AR amplification, muta-
tion and constitutive activation? Androgens are believed to 
exert an indirect effect on the prostate epithelium differen-
tiation, which offers a potential explanation to this issue in 
that AR expression could be acquired through differentia-
tion.4 The indirect effects are mediated through paracrine 
growth factor signalling via adjacent androgen sensitive 
stroma.18,19 However, in the context of a cancer stem cell 
model, the direct effects of androgen in a stem cell model of 
differentiation were ill defined. The study of AR expression 
in the human prostate epithelial stem cell model formed the 
basis of the work described in this Hunterian lecture.

Methods
Human prostatic tissue was obtained from 60 patients 
(age range: 56–85 years) undergoing either transurethral 
transaction of the prostate for benign prostatic hyperplasia 
or a cystoprostatectomy for bladder cancer. All tissue was 
obtained with patient consent and ethical approval. Benign 
histology was confirmed by a clinical pathologist. Epithelial 
structures were separated from the stromal fraction by dif-
ferential gravity centrifugation (epithelial purity >98%)20 
and further purified with selection of human epithelial 
antigen (CD326; immunomagnetic isolation kit, Miltenyi 
Biotec Ltd, Bisley, UK). To enrich the stem cell population, 

Figure 1 Stem cells reside in the basal layer of the human 
prostate epithelia. These cells have an ability to self-renew for 
the life of the organ and express anti-apoptotic markers such 
as telomerase and bcl-2. They can be selected by expressions 
of α2β1

hi and CD133. These cells subsequently differentiate 
into transiently amplifying population (TAP) cells, which 
undergo proliferation to expand cell numbers before terminal 
differentiation (TD). Differentiated cells express specialised 
markers of prostatic secretary luminal cells such as androgen 
receptor (AR), prostate acid phosphatase (PAP), prostate 
specific antigen (PSA) and cytokeratins 8 and 18 (CK8/18). 
As the cell stem cell is maintained for the life of the organ, 
it is the most likely cell to acquire the critical number of 
mutations required to undergo transformation into the cancer 
stem cell. These cancer cells are then able to experience 
varying degrees of differentiation. In prostate cancer it is the 
more differentiated cells derived from the cancer stem cell that 
express high levels of AR and are dependent on androgens for 
survival.

Figure 2 To examine for potential low levels of androgen 
receptor (AR) expression in prostatic basal epithelial cells an 
inhibitor of proteasomal pathways (MG132, 10µM) was used 
for one hour prior to washing and assaying by fluorescence 
activated cell sorting. A representative typical dot plot from 
triplicate repeated experiments is illustrated. Propidium iodide 
(PI) was added to gate out debris (PI staining on y-axis; gated 
cells removed in this dot plot). On the x-axis, fluorescein 
isothiocyanate (FITC) labelled staining of AR is shown. Control 
levels of immunofluorescence are indicated by the quadrant 
markers, where a threshold of the 97th percentile of the isotype 
control is shown. Following treatment with MG132, there is a 
significant shift of the cell population to the right beyond the 
threshold shown from the isotype control, indicating expression 
of AR.

α2β1
hi
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α2β1
hi basal cells were selected by rapid adherence to type I 

collagen (5 minutes) (BD Biosciences, Oxford, UK).5

To examine for low levels of AR expression in pros-
tatic epithelial cells an inhibitor of proteasomal pathways 
(MG132, 10mM; Calbiochem®, Merck Chemicals Ltd, Not-
tingham, UK), was used. The effect of human androgen 
analogue (R1881, 10nM; AstraZeneca, Macclesfield, UK) on 
α2β1

hi cell differentiation was explored. The specificity of this 
reaction was tested using the anti-androgen bicalutamide 
(10mM; AstraZeneca). Epithelial differentiation of prostatic 
cells was validated using antibodies specific for prostate 
acid phosphatase (PAP; rabbit A0627, Dako Ltd, Ely, UK), 
PSA (goat sc-26023, Santa Cruz Biotechnology Inc, Santa 
Cruz, CA, US), cytokeratin 18 (CK18; mouse F7212, Dako 
Ltd) and AR (rabbit sc-815, Santa Cruz Biotechnology Inc). 
Furthermore, the effect on the expression of the α2β1 integrin 
was examined (anti-α2(β1), PIE6, Dako Ltd).

Expression of these differentiation markers were as-
sessed by fluorescence activated cell sorting (FACS) analy-
sis. The following controls were used for these experiments: 
no primary antibody and isotype IgG-specific controls. For 
the detection of epithelial differentiation, the cells were 
permeabilised with 0.01% Triton™ X-100 (Dow Chemical 
Company, Midland, MI, US) to allow the detection of intra-
cellular antigens. The permeabilised cells were incubated 
with primary anti-human antibodies for one hour at 48°C.

After washing in Isoton (Beckman Coulter Ltd, High 
Wycombe, UK), samples were pre-incubated with unconju-
gated primary antibody and subsequently incubated with a 
fluorochrome conjugated antibody for 30 minutes at 48°C. 
Immediately prior to FACS analysis, propidium iodide at a 
final concentration of 0.025mg/ml was added to gate out 
debris. The samples were studied using an LSR II FACS 
machine and data analysis was performed using Lysis™ II 

software (Becton Dickinson, Oxford, UK). Increased expres-
sion of differentiation markers were taken over the 97th 
percentile of isotype control on quadrant analysis.

Results
AR protein expression was demonstrated within the prostatic 
epithelial α2β1

hi basal cells
AR messenger ribonucleic acid (mRNA) expression was 
confirmed in stem cell enriched α2β1

hi basal cells and low 
levels of AR protein were suspected below the threshold 
of detection using standard techniques such as Western 
blotting.21 The regulation of AR protein expression by trans-
lational synthesis and proteasomal degradation is recog-
nised.22 In the absence of androgen ligand (as with the cells 
in this study), it is established that AR expression is subject 
to proteasomal breakdown.22,23 Hence, the proteasomal in-
hibitor (MG132) was added to prostatic epithelial α2β1

hi cells 
for one hour and AR protein expression measured by flow 
cytometry (Fig 2). Treatment with MG132 demonstrates in-
duction of AR protein expression compared with untreated 
α2β1

hi cells (in an ethanol vehicle control). By inhibiting the 
proteasome, AR expression was ‘unmasked’, allowing an 
increase in the overall AR to levels adequate for protein 
detection in approximately 60% of the cells.

Androgen stabilised AR expression in prostatic epithelial 
α2β1

hi basal cells and stimulated differentiation
Having confirmed low levels of measurable AR expression, 
the potential direct effects of R1881 on α2β1

hi progenitor 
basal cells were explored. The addition of androgen to the 
prostate basal cells was shown to stabilise and/or induce AR 
expression by 63% (p<0.001; two sided paired t-test) (Fig 3).

Having demonstrated AR expression in basal cells, the 
potential direct effects of androgen on differentiation were 

Figure 3 The effect of human androgen analogue (R1881, 10nM) on α2β1
hi basal cells was explored. The dot plots demonstrate a shift 

to the right, beyond isotype control levels of staining, revealing increased androgen receptor (AR) expression with treatment with R1881. 
The specificity of this reaction was verified using the anti-androgen bicalutamide (10mM).

α2β1
hi α2β1

hiα2β1
hi
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examined. Using FACS analysis, prostatic epithelial α2β1
hi 

cells treated with R1881 demonstrated induction of prostate-
specific markers of differentiation, namely PAP, cytokeratin 
18 (CK18) and AR expression, with mean increases of 67% 
(p=0.004, two sided paired t-test), 49% (p=0.011) and 63% 
(p<0.001) respectively (Fig 4). The expression of the α2β1 
integrin was down-regulated by 60% (p=0.042), which is as-
sociated with differentiation.19 These observed effects of an-
drogens on the selected prostatic epithelial basal cells were 
inhibited by its specific inhibitor, bicalutamide (p<0.05).

Discussion
Androgens are thought to have both direct and indirect 
effects on prostate epithelial differentiation.18,24 It has long 
been established that androgens are required to maintain 
the terminally differentiated luminal cells in vivo. The 
indirect effects via androgen regulated growth factors are 
becoming increasingly better characterised in the human 
prostate.19 However, the direct effects on regulating adult 
α2β1

hi basal epithelial differentiation were not unknown. In 
the in vitro model described in this work, additional effects 
of androgen are demonstrated as a direct independent 
regulator of prostate stem cell enriched α2β1

hi basal cell dif-
ferentiation.

The direct effects of androgen on prostate cell differenti-
ation are significant as α2β1

hi cells were considered to lack AR 
and PSA expression.5,19 However, AR transcript expression 
had been confirmed and observations of direct androgen 
responsiveness allowed speculation that AR protein expres-
sion may exist albeit at low levels, beneath the threshold 
of detection by conventional protein-based assays such as 
Western blotting and flow cytometry. AR protein is rapidly 

degraded in the absence of ligand23 and, on androgen bind-
ing, leads to stabilisation of AR.25 This mechanism can be 
similarly used to explain findings by others where cultured 
prostate epithelium in the absence of androgen has been 
associated with the undetectable AR protein expression 
even though mRNA can be detected.26 Inhibiting proteaso-
mal activity revealed detection of AR protein using FACS, 
confirming that AR protein is present and regulated by a 
tight balance between production and turnover in androgen 
depleted conditions in stem cell enriched basal cells. These 
data are supported by occasional reports of basal AR expres-
sion using immunohistochemistry.10

Furthermore, the results presented show that androgen 
itself is able to directly induce de novo AR protein expres-
sion and/or stabilise AR protein in the α2β1

hi cells. These data 
have been confirmed with immunofluorescence studies 
showing the induction of AR by R1881,21 where a pattern of 
co-expression of PSA expression and nuclear translocation 
of AR verified the presence of a functional AR. Of particular 
relevance is the α2β1 integrin managed extracellular matrix 
(ECM) interaction, which has been shown to maintain the 
basal cell phenotype and negatively to regulate differentia-
tion.19 Similar to previous findings with keratinocyte growth 
factor, in this study androgens induced differentiation 
through the down-regulation of the α2β1 integrin, outlining a 
mechanism of escape from ECM regulated maintenance of 
the immature basal phenotype.

In summary, a role for androgens directly to regulate dif-
ferentiation of stem cell enriched basal cells and to modu-
late AR protein expression is described. The demonstrable 
expression and regulation of AR within this population 
represents a significant finding as it allows for a potential 
description of a cancer stem cell model incorporating AR 
dependent pathways that are relevant in CRPC. Greater 
degrees of stem cell enrichments within the basal cells 
are described by selecting CD133+ expression and current 
evidence supports a lack of AR expression in these cells.6 
These cells are thought to be the target for malignant trans-
formation and CD133+ cancer stems are similarly thought 
not to express AR. As mutations and amplifications of AR 
are recognised as major genetic events in CRPC and if the 
CD133+ cancer cells are the tumour initiating cells in this 
hormone depleted environment, then these cells would be 
expected to have AR expression.

Future work should build on the data presented here 
and revisit the expression of AR in α2β1

hi CD133+ and α2β1
hi 

CD133- epithelial fractions using the most sensitive mo-
lecular biological techniques. These investigations should 
ideally be supported with in situ investigations within the 
stem cell niche as ex vivo experiments are associated with 
altered phenotype.27 In particular, potential AR expression 
in α2β1

hi CD133+ stem cells would have significant clinical 
relevance to prostate cancer as it remains the most likely 
cell of origin for tumourigenesis.

Figure 4 The direct effects of androgen on the α2β1
hi basal 

cell differentiation are shown using R1881. Epithelial 
differentiation of prostatic cells was validated using antibodies 
specific for prostate acid phosphatase (PAP), prostate specific 
antigen, cytokeratin 18 (CK18) and androgen receptor 
(AR). Furthermore, down-regulation of the α2β1 integrin was 
demonstrated. Expression of these differentiation markers was 
assessed by fluorescence activated cell sorting analysis and 
data from at least three replicates are summarised in the bar 
chart. The following controls were used for these experiments: 
no primary antibody and isotype IgG controls.

α2β1
hi

α2β1
hi

α2β1
hi
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