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Abstract The prostate is a luminal secretory tissue whose
function is regulated by male sex hormones. Castration
produces involution of the prostate to a reversible basal
state, and as the majority of prostate cancers also have a
luminal phenotype, drug-induced castration is a front line
therapy. It has therefore been assumed that the tumor arises
from transformation of a luminal progenitor cell. Here, we
demonstrate that a minority basal “cancer stem cell” (CSC)
population persists in primary human prostate cancers, as in
normal prostate, serving as a reservoir for tumor recurrence
after castration therapy. While the CSCs exhibit a degree of
phenotypic fluidity from different patients, the tumor-
initiating cells in immunocompromised mice express basal
markers (such as p63), but do not express androgen
receptor (AR) or markers of luminal differentiation (PSA,
PAP) when freshly fractionated from human tissues or
following culture in vitro. Estrogen receptors α and β and
AR are transcriptionally active in the transit amplifying
(TA) cell (the progeny of SC). However, AR protein is
consistently undetectable in TA cells. The prostate-specific
TMPRSS2 gene, while upregulated by AR activity in
luminal cells, is also transcribed in basal populations,
confirming that AR acts as an expression modulator.
Selected cells with basal phenotypes are tumor initiating,
but the resultant tumors are phenotypically intermediate,
with focal expression of AR, AMACR, and p63. In vitro
differentiation experiments, employing lentivirally trans-
duced SCs with a luminal (PSA-probasin) promoter

regulating a fluorescent indicator gene, confirm that the
basal SCs are the source of luminal progeny.
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Introduction

Human prostate cancer is primarily a disease of the luminal
secretory epithelium in the prostate gland. In normal
prostate, luminal cells can be identified by expression of
androgen receptor (AR), polyamines, differentiation-
specific cytokeratins, prostate-specific antigen (PSA), and
prostatic acid phosphatase (PAP) [1]. Indeed, PSA and PAP
have been exploited as diagnostic and monitoring tools for
prostate cancer, although their ability to distinguish malig-
nant disease is not perfect [2, 3]. Even when prostate cancer
returns in castration resistant form, after failure of hormone-
based therapies, elevated serum PSA levels remain an
excellent indicator of tumor progression [4].

However, studies of prostate cancer both in the labora-
tory and in patients are plagued by the presence of
heterogeneity. Phenotypic markers are frequently expressed
in disparate patches across the tumor, and within a single
prostate gland there is clear evidence from both genetic and
phenotypic studies for the presence of multiple areas of
tumor histology, sometimes with different clonal origins [5,
6]. The response of the tumor to common chemotherapies,
employed after failure of hormone therapy, is difficult to
predict and has a relatively limited duration [7]. The source
of this heterogeneity is presently uncertain. “Field cancer-
ization”, where a proportion of the prostate is activated for
transformation into a cancer phenotype has been proposed
as a mechanism, in a similar manner to that for oral cancers
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[8]. There is also the possibility of distinct independent
events. This has been best marked by the detection of
microsatellite instabilities/loss of heterozygosity [5, 9] and
most recently and most usefully by the presence of fusion
genes. The most common fusion is between the TMPRSS2
prostate-specific gene and the proto-oncogene (ETS family
member) ERG [10], which is most frequently formed by a
deletion within chromosome 21, bringing ERG gene
expression under the direct control of the TMPRSS2 gene
promoter [11]. TMPRSS2 is considered to be one of the
most highly prostate-specific genes [12] and has been
shown in previous studies to be potently up-regulated by
the presence of male sex hormones. The role of the fusion
gene in oncogenesis (apart from the properties deriving
from the over-expressed oncogenic ERG protein) has not
yet been fully established, although experimental evidence
for loss of growth control by over-expression has been
demonstrated [13, 14]. Recent evidence suggests that the
fusion can be generated, even in AR− cells, by prolonged
exposure to androgens [15, 16].

The origin of prostate cancer and the cell type of origin
remains controversial (as shown in Fig. 1). The simplest
etiological mechanism would be a direct transformation of
normal luminal cells into the luminal phenotype of the
treatment-naïve primary cancer, as shown at the top of
Fig. 1. This presupposes that prostate cancer induction is a
stochastic homogeneous event, producing homogeneous
progeny, i.e., a single transformation event, which results in
a mass of tumor cells with loss of growth control. Evidence
from other tumor types, most notably from the hematopoi-
etic system [17], suggests that a hierarchy of cells exists
within a cancer. This hierarchy is of course dominated by
one cell type in prostate, which is likely to be an aberrantly
growing luminal cell. However, the hypothesis that each
tumor is driven by and perhaps initiated from a stem cell-
like population with very different phenotypic properties
from the tumor mass is now receiving more consideration
[18, 19].

Cellular Organization and Hierarchies in the Prostate The
normal human prostate consists of two distinctive epithelial
layers: a basal epithelium, which adheres to and signals via
the basement membrane, and a luminal epithelium, which is
separated from intact basement membrane by the basal
layer (inset Fig. 1). In contrast, mouse prostate consists
mainly of a luminal-like epithelium, which contains
occasional basal cells, but with luminal cells in direct
contact with the basement membrane [20]. Basement
membrane (BM) itself is a complex entity made up of a
number of different structural proteins, adhesion molecules,
and growth factors, and as such it provides a barrier
between the epithelial layer and the underlying stroma. BM
has also been shown to play a key role in prostate

development where positional signals for epithelial integrity
are transmitted via the basolateral contacts of basal cells.

Prostate Stroma Prostate tissue models which lack stroma,
i.e., most of those reported in the literature and used for
primary therapeutic development, fail to take account of the
stromal signaling factors such as FGFs and TGFβ, which can
directly influence epithelial cell behavior [21, 22]. During
development of the embryonic prostate (in rodents), the
stromal component, i.e., urogenital sinus mesenchyme
(UGM), is under the influence of hormones and exerts a
powerful differentiating and growth-promoting influence on
the vestigial epithelium within the prostate. UGM was shown
in the classical experiments of Cunha et al. [23] to define
organogenesis in a way which previously had been thought
impossible: female epithelium from the ovary in the presence
of UGM can be differentiated to form a morphologically
distinguishable prostate gland in a heterotypic graft [23]. In
development of the murine prostate, these initiated cells
could be considered to be tissue stem cells, although their
embryonic nature suggests they may well require further
stimuli to acquire full prostate tissue definition or restriction.

In man, the content and phenotype of stromal cells in
mature prostate is quite distinctive from that in the mouse. The
stromal cells are more numerous and consist of a mixture of
cell types, some of which have a smooth muscle phenotype
(as in breast cancer) and express AR, acting as a potential
source of the andromedins which have been proposed to be
secreted by the UGM in the developing mouse prostate under
the influence of the androgens [24, 25].

Epithelial Stem Cells in Normal Mouse and Human
Prostate The nature of the mouse stem cell in an adult
prostate remains the subject of some controversy. In a series
of experiments in 2008, Leong et al. [26] showed that a
single basal cell type (CD117+) had the capacity to develop
into a mouse prostate when xenografted under the appro-
priate conditions. More recently, however, Wang et al. [27],
using strains of genetically manipulated mice, proposed an
alternative stem cell, one that is Nkx3.1+ but can survive
under castrate conditions and comprises 1% of all cells in
the mouse prostate. These cells did not express typical basal
cell markers and were therefore defined as a luminal stem
cell. However, if one defines the stem cell as being able to
reconstitute a complete glandular structure, then the
existence of two “stem cells” is difficult to reconcile and
may simply reflect our definition of a basal or luminal cell,
which is based on expression of certain markers. As with
most systems, there is heterogeneity in expression, and it is
more likely that the murine stem cell can be classified as
intermediate between a basal and luminal cell.

In human prostate, the evidence is now very strong for
the existence of a primitive epithelial cell that is present
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within the basal compartment as the tissue stem cell for
prostate [28, 29]. A number of markers have been used to
identify the normal SC, and there is consensus that they
have high levels of (1) integrin expression (e.g., α2β1, at
high levels mediating attachment to collagen type 1) [28]
(2) CD44 (which is predominantly basal and which has
multiple functions, but acts as a receptor for hyaluronic
acid) and in our laboratory [30] the CD133 antigen, which
has no discernable function to date, but serves as a stem cell
antigen in many tissues (recently reviewed in [31]) and as
an enrichment factor in prostate [30]. The sub-fractionation
identifies a cell population with high colony-forming
efficiency in vitro but also the ability to reconstitute
prostate glands in immunodeficient mice, accompanied by
differentiation into AR+, PSA-expressing luminal cells [30].
Complete differentiation both in vitro [28] and in vivo [30]
also required the presence of prostatic stromal cells and
active basement membrane, such as matrigel. Thus, the
normal stem cell for prostatic gland formation is firmly
established in a basal “niche”.

The existence of an epithelial stem cell in normal
prostate could imply the existence of a progenitor cell for
prostate cancer. There is good evidence from several other
cancer types that the most primitive cell can be the target
for oncogenesis. Whether indeed it is the stem cell itself or
a cell that has reverted to a stem-like phenotype, perhaps
under the influence of gene activation, as shown elegantly
for iPS cells [32, 33], is still open to conjecture.

Cancer Stem Cells in Human Prostate Cancer In human
prostate, the nature of the “cancer stem cell”, perhaps better
termed the tumor-initiating cell (TIC), remains somewhat

controversial. Since our laboratory’s identification of highly
invasive epithelial cells with high clonogenicity from
primary cultures of human prostate cancers [34], which
were characterized by the cell surface markers that we had
previously employed to isolate normal tissue stem cells
from non-malignant prostate [30], other candidate cells
from both mouse [27] and human [35–39] systems have
been proposed. The significance of the CD133 marker is a
particular source of controversy probably on two grounds:
firstly the expression of CD133 is critically determined by
cellular microenvironment; transcription can be modulated
by hypoxia [40], and different splice variants/transcriptional
initiation sites are seen in many different tissues [41]. In
prostate, there is a preferential transcriptional start site
which we, and others, have quantified in cells and tissues
(Pellacani et al., submitted for publication). In cell cultures,
CD133 expression is critically determined by the culture
media, as the presence of serum and even 10nM Ca++ have
a significant influence on methylation status such that
increased serum correlates with decreased expression.
Secondly, the technical difficulties of using the various
commercial CD133 antibodies [some of which do not bind
the glycosylation (stem cell) specific epitope], coupled with
the relative rarity of the SC in primary tissue biopsies,
results in low cellular yields, which are in fact a
demonstration of the rarity of the CSC (0.1%) within a
heterogeneous tumor mass.

The question of cellular yield versus purity is also critical in
phenotypic analysis of cellular subsets. For some biological
assays, the functional cells are “self-selecting” (e.g., clonoge-
nicity or invasion of matrigel/collagen matrices), but even a
small contamination can skew the results of gene expression

Fig. 1 Normal human prostate and the origins of human prostate cancer.
Two alternative pathways to develop human prostate cancer are illustrated:
(1) stochastic conversion of luminal cells and (2) a stem cell mechanism. A

stem cell representation of differentiation in the normal prostate is shown
on the left of the figure, with a histology image of a normal prostate
gland shown in the inset (B basal cells, L luminal cells, S stroma)
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profiling [42]. Cell purity is an important consideration for
the question we address in this manuscript: Do SCs in a
largely luminal epithelial tumor have a similar luminal
phenotype or do they have a basal nature with the capacity
to differentiate into luminal cells (Fig. 1)?

Results

Expression of Basal Cell Markers in Fractionated Prostate
Cancer Epithelial Cells As shown in Fig. 2a, human

prostate biopsies can be fractionated into component cell
parts as first described for normal prostate [30]. When
applied to malignant prostate tissues, the same cellular
fractions can be identified but in differing proportions [34].
In cancers, there is a much larger population of luminal/
intermediate cell types, which express AR and, in contrast
to the normal situation [43], are highly proliferative. In
addition to this population, there is also an underlying low
abundance basal cell population which comprises less than
1% of the tumor mass and can be isolated on the basis of
CD44 expression, high expression of α2β1 integrin com-
plex (by rapid adhesion to collagen) and, for the stem cell

Fig. 2 Fractionation of human
prostate biopsies: phenotype of
isolated stem cell fractions.
a Cell fractionation to enrich for
stem cell (α2β1

Hi/CD133+) and
committed basal/precursor cells
(CD44+/α2β1

Low) as used to
generate expression profiles
in Birnie et al. [42]. A transit
amplifying population (CD44+/
α2β1

Hi/CD133−) can also be
retrieved during this fraction-
ation. b Immunophenotype of
(α2β1

Hi/CD133+) cells from a
hormone naïve Gleason grade
4+ tumor with respect to com-
mon epithelial differentiation
markers. c Nuclear p63 detec-
tion (green) in SC-derived
colony from cancer biopsy.
Nuclei counterstained (blue)
with DAPI. d Detection of cy-
toplasmic AMACR (green) in
epithelial colonies derived from
prostate CSCs by immunofluo-
rescence. Nuclei are counter-
stained with DAPI (blue)
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fraction, immunomagnetic selection for the CD133 antigen.
When the different fractions are phenotyped according to
protein expression, it is clear that there is a high prevalence
of basal markers (as shown in Fig. 2b) in the SC and TA
(CD44+/α2β1 high/CD133−) cells when compared to the
luminal fraction. Other basal markers expressed within the
SC and TA populations include p63 (Fig. 2c), which is
present within the nucleus of these selected cells [44]. The
cytokeratin pattern of the SC and TA populations is also
characteristic of a basal phenotype, expressing cytokeratins
5, 14 but occasionally within the cancers more luminal
cytokeratin 18 expression has been observed. No expres-
sion of AR, PSA, or PAP is observed in the selected CSC
population (Fig. 2b) although the prostate cancer marker
AMACR [45] is expressed in cultured cells (Fig. 2d).

This basal phenotype is reinforced by data abstracted
from [42] in which a total gene expression profile was
carried out on the constituent cell populations from both
normal and tumor tissues. Here, the cell differentiation
markers expressed in the CSC population were again
predominantly basal. It should be noted, however, that
such cell fractionation of primary tissues before in vitro
culture selection occasionally yields a para-luminal pheno-
type. In these cases, a further FACS analysis of the
“purified cell population” indicated a low percentage of
cells with luminal phenotype, which had failed to be
depleted in the original fractionation. Even a 1% contam-
ination of the SC fraction by luminal cells is sufficient to
produce an apparent over-expression of luminal markers,
such as AR and PSA, whose transcription levels are at least
3,000-fold higher and as quantified below (Fig. 5c) can be
over-expressed up to 500,000-fold. Such low level con-
taminations were also observed in the microarray heat maps
where differentiated cell “breakthrough” was apparent in a
direct comparison of the different cell types [42]. This is
mainly a feature of freshly fractionated tissues where
insufficient breakdown of the complex tissue structure has
occurred.

Oncogenic Potential of Epithelial Sub-fractions of Prostate
Tumors In our original studies, the SC population showed
the highest secondary colony-forming efficiency, in keeping
with its ability to found new growth in vitro and indeed
tumor growth in vivo [34]. The cancer phenotype of these
cells was further confirmed by two separate methods.
Firstly, needle biopsies of the same tumor were capable of
forming cancers in immunocompromised mice. For pros-
tate, such assays have exhibited a relatively low “take rate”
of such primary material relative to other organ systems. In
our current studies, we have shown (see Table 1 and Fig. 3)
that the tumorigenicity of such tissue fragments is limited,
even in the Rag2−/−gammaC−/− mouse strain, which lacks
natural killer cell activity. Strikingly, only tumors which

contained a Gleason pattern 4 were capable of inducing
cancer with any frequency. Lower Gleason grade cancers
and benign prostatic hyperplasia samples were non-
tumorigenic after subcutaneous and indeed renal capsule/
orthotopic inoculation (data not shown). The invasive
capacity was also demonstrable in vitro by a modified
Boyden chamber assay previously described in Collins et
al. [34] in which prostate stromal conditioned medium was
used as a chemoattractant for freshly isolated epithelial cells
from human prostate biopsies. In this assay, cultures
derived from a CD133+ enriched stem cell fraction was
approximately three times more invasive than the most
invasive prostate epithelial cell lines such as PC-3M, and
>20-fold higher than non-malignant cell lines and primary
cells.

Expression of EMT Markers in Prostate Cancer Epithelial
Cells Invasive capacity has frequently been associated with
the epithelial mesenchymal transition (EMT), which has
recently been shown in studies of cancer stem cells from
other tissues, particularly in breast cancer [46, 47], where
the CSCs also share an EMT phenotype. On examination of
the cancer stem cell phenotype according to Birnie et al.
[42], a number of markers of the mesenchymal phenotype
were observed within the cancer stem cell expression
pattern relative to SCs from benign prostatic tissues. In
particular, loss of E-cadherin and activation of both
vimentin and SPARC (osteonectin) were detected at both
the mRNA and protein levels. These markers co-segregate
with the basal phenotype of the CSCs. We had previously
observed high levels of vimentin, a strong indicator of EMT
transition in our primary cultures of high grade CaP [48],
and immunohistochemistry of invading xenografts also co-
expressed epithelial markers and vimentin (Fig. 3c, d).

Transduction with Epithelial Lineage Tracking Lentiviru-
ses A more convincing demonstration of a stem cell is the
capacity to differentiate into its potential daughter cells, e.g.,
luminal cells in the normal prostate. Other systems have used
lineage-marking techniques to identify different sub-
populations. We generated a series of lentiviruses, which
contained either constitutively active promoters (Fig. 4a) or
“prostate specific” promoters targeted to individual cell
populations including stem cells, their daughter cells, and
the ultimate luminal phenotype (Fig. 4a, b) [49, 50]. A good
example of a differentiation-regulated promoter is the
synthetic PSA-probasin promoter [51] where promoter
activity is highly restricted to the luminal cells by the
addition of the human AR-responsive PSA enhancer to the
prostate-specific rat probasin promoter [52]. As shown in
Fig. 4c, this promoter is completely inactive in basal cell
types such as P4E6 (Fig. 4c), PC3, or PNT2, but highly
active in luminal cells such as LNCaP (Fig. 4b) and
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PC346C, which express the AR. If the hypothesis that the
stem cell in prostate cancer (as in normal prostate) has a
basal phenotype, then introduction of the PSA-probasin
promoter into these cells would result in cells which lack
fluorescence, but induction of differentiation would trigger
activity of the PSA-probasin promoter and result in
fluorescent cells. When primary cells were transduced with
the PSA-probasin lentivirus, no expression was seen in the
undifferentiated cells either before the medium switch
(Fig. 4d—SCM) or in the lower epithelial layer, which
remained largely basal after differentiation induction [53]. In
contrast, single luminal cells emerging from the basal layer
in DM (Fig. 4d) initiated PSA-probasin activity, and red
fluorescence was observed. Across the whole population,
approximately 0.2% of cells undergo this transition [44] in
this controlled model system.

Expression of the Androgen Receptor Gene in Fractionated
Prostate Epithelium The archetypal luminal gene in
prostate encodes the AR, which is normally found in
about 60% of epithelial cells in normal prostate glands
and more highly expressed in the majority of cells (>99%)
in hormone naïve prostate cancers. This results in
extremely high levels of transcription from AR responsive
genes, the best examples of which are PSA, prostatic acid
phosphatase (PAP), and TMPRSS2 [54]. When AR
transcription was assayed in a total genome expression
analysis [42], the levels were such that they were at best
under-expressed in the committed basal cell and more
likely to be completely absent within the stem cell fraction.
As shown in Fig. 2b, there was no evidence of AR protein
expression by IF in stem cells. It was therefore important
when determining the difference between the luminal and

Fig. 3 Primary xenografts gen-
erated from human prostate tis-
sues in immunocompromised
mice. a Xenograft procedure
for isolated prostate epithelial
cells in Rag2−/−gammaC−/−

immunocompromised mice.
b Liver metastases from primary
prostate xenografts. c Immuno-
histology of xenograft tumor
to confirm expression of epithe-
lial marker (pan)cytokeratin.
d Immunohistology of xenograft
tumor indicating expression of
EMT marker vimentin

Table 1 Xenograft frequency from primary human prostate tumors

Total G6 G7 G9 Hormone refractory

Incidence 15% (9/60) 0% (0/2) 14% (2/14) 40% (6/15) 26% (5/19)

Xenografting efficiency is expressed in percent of patients (each grafted as several fragments) tested from each tumor grade with actual number of
patients shown in parentheses
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basal phenotype to more precisely measure AR expression
in a series of fractionated tissues and primary cultures from
prostate cancers.

The selection of RT–PCR primers (Fig. 5a) took into
account the recent identification of rare splice variants of
AR [54–56] as a pan-AR mRNA detection. Accordingly,
we were concerned to detect any AR expression as a
measure of luminal phenotype, rather than specific splice
variants. In Fig. 5b, the sensitivity and lack of AR
expression in basal cell lines of both normal and tumor
origins was confirmed. Note here that the TMPRSS2 gene
(but never PSA—data not shown) was detectable in BPH1,
PNT1A, PNT2C2, and PC3 cells, all of which do not
express AR mRNA. The magnitude of increased AR
transcription was quantified in the experiments reported in
Fig. 5c. With AR expression in PC3 set at a level of 1,
expression in the luminal cell lines LNCaP and VCaP were
2×105- and 5×105-fold higher, respectively. In contrast,
changes in the expression of TMPRSS2 were more
restricted and not related to AR expression as LNCaP and
VCaP expressed 100- and 7-fold higher levels (than PC3
cells).

In primary cells, following 30 cycles of RT–PCR (shown in
Fig. 5d), AR expression was undetectable in every CD133+

cell population studied. The sensitivity of the assay was such
that most low copy number genes would eventually be
visualized. What was more surprising was that the strongest
AR transcription was detectable in the TA cells, which were
derived from the original CD133+ AR− cells stem cell by
asymmetric division. The more differentiated CD133−/α2β1

low CB cells again only expressed relatively low levels of the
AR. As CB cells are committed to differentiation into luminal
cells where AR expression is strongest (and >3,000-fold
higher than levels in the CB cells—data not shown), this
down-regulation was unexpected. A 1:100 dilution of VCaP
cell line cDNA is shown in Fig. 5d to reflect the difference in
AR expression levels between the basal compartment (SC,
TA, and CB) and a true luminal cell.

Expression of Estrogen Receptors in Fractionated Prostate
Epithelium Estrogen receptors (ER) alpha and beta are also
expressed in prostate cancer, particularly in basal epithe-
lium [57], where it has been suggested that ER expression
can substitute for AR to provide steroid response. In

Fig. 4 Stem cell marking with conditionally expressing lentiviral
vectors. a Colony of cultured primary prostate epithelial cells infected
with beta-actin-mOrange lentivirus. b LNCaP cells infected with
PSAPb-mOrange lentivirus. c CD133+ cells selected from P4E6
prostate epithelial cells labeled with PKH-67 membrane marker and

infected with PSAPb-mOrange lentivirus. d Primary prostate epithelial
cells infected with lentivirus and cultured in either SCM (PSAPb-
Citrine lentivirus) or in DM (PSAPb-tdTomato lentivirus). Lentivi-
ruses were optimized [49] and used to infect primary prostate cells
after dissection from tissues as previously described [50].

HORM CANC (2011) 2:47–61 53



Fig. 6a, expression levels of ER α and β were measured in
basal and luminal cell lines by RT–PCR. As found in
previous studies, no ER was detectable in the luminal
cancer cell lines PC346C, LNCaP, and VCaP. Weak ERα
expression was seen in some, but not all, basal cell lines,
with the strongest expression in the malignant cancer cell
line PC3. All basal cells expressed detectable ERβ; again,
expression was highest in PC3 cells. However, fractionat-
ed epithelial cells (Fig. 6b) expressed highest levels of
ERα in the TA population, persisting in slightly lower
levels in the CB cells, but no ER was expressed when the
cells differentiated fully into luminal cells. Only rarely
were low levels of ER (α or β) found in SCs from normal
or malignant epithelium. As TMPRSS2 expression is
influenced by ER activation [58], we also looked in the
same tissue cDNA preparations for both AR and
TMPRSS2 mRNA. As shown in Fig. 5d, TMPRSS2 was
principally expressed in CB cells, with lower levels in
TA cells, but was undetectable in SC. In TA and CB
cells, therefore, TMPRSS2 expression was inversely
related to ER expression, although protein levels were
not measured.

Phenotype of Tumor Xenografts After Inoculation of
Lineage Depletion and Cell Selection The ability of
fractionated populations, including the CD133+ fraction,
to initiate new tumor growth was assayed by a system of
limiting dilution following mouse lineage depletion, as shown
in Fig. 3a. In all experiments to date, we have been unable to
culture primary epithelium long term in vitro and re-
xenograft efficiently into recipient immunocompromised
mice at any of the three grafting sites discussed earlier.
However, to approach the problem, we have sought to
propagate primary material in subcutaneous sites, remove the
tumors, and lineage deplete the mouse component, which
frequently infiltrates into these primary tumor growths. We
are then able to re-graft not only total cells but also
fractionated cells according to the stem cell phenotype.
When this was carried out, the resultant tumors (in the
absence of the inductive effects of prostate stroma) were
largely of an intermediate phenotype (CD44+/CD24+)
(Fig. 7b) with focal expression of AMACR, AR, PSA, and
p63 (Fig. 7a). In contrast to human tumors, clusters of cells
strongly expressing the basal p63 marker were also clearly
observed in xenografts even after extended passage in vivo
(Fig. 7a). When xenograft tumors were lineage depleted and
sorted for basal and luminal markers, tumors could be
initiated from both a CD133 and CD24 phenotype.
However, tumors were also derived from a CD24+ pheno-
type, perhaps surprisingly as high levels of CD24 expression
are commonly associated with luminal differentiation.
Although preliminary, tumor induction frequency remains
much higher from CD133+ cells (Tables 2 and 3).

Discussion

The origins of human prostate cancer remain somewhat
controversial [19, 59]. Experiments in syngeneic mouse
models have provided functional data, but nevertheless the
nature of the normal epithelial stem cell even in mouse
remains elusive [26, 27, 60]. The elegant grafting experi-
ments by Leong et al. [26] clearly demonstrated that single
cells which have surface expression of the c-kit proto-
oncogene (CD117) possess gland-initiating properties. The
situation was complicated by Wang et al. [27], who showed
that a minor population (1%) of cells expressing the
Nkx3.1, androgen-regulated luminal gene persisted after
castration and were responsible for regeneration of the
epithelial glands. This Nkx3.1+ cell was also capable of
initiating cancer in mice after knockout of the PTEN gene
[27]. The existence of similar dual progenitor cells is only
rarely the case in other tissues; for example, the separate
cells of origin for the myeloid and erythrocyte lineages
have been well characterized in the hematopoietic system
[61]. It would be surprising that an organ with limited
epithelial complexity such as the mouse prostate should
have evolved two different stem cell populations. However,
the anatomy of the mouse prostate is distinctive (http://
tvmouse.compmed.ucdavis.edu/prostate/mouse/gross.html),
with a multilobular structure, which may offer the potential
for multiple stem cells compared to the human prostate,
which has a more discrete glandular structure. For example,
the distal ducts in mouse are extremely sensitive to

Fig. 5 Androgen receptor expression in prostate epithelial cell subsets. a
Schematic diagram of human AR mRNA structure. The eight canonical
exons of the AR gene are represented by the numbered blue boxes.
Alternative, novel splice variants are represented by the orange boxes
[54], the green boxes [55] and the purple linker [56] indicating a fusion
between exons 4 and 8. The binding locations of RT–PCR primers (red
arrows) and TaqMan probes (blue arrows) used in our studies are also
indicated. b Semi-quantitative RT–PCR analysis of TMPRSS2 and
Androgen Receptor (AR) mRNA expression in a panel of prostate cell
lines. PCR amplification of TMPRSS2 and AR from “normal” (PNT1a,
PNT1b, PNT2c2), early- (P4E6, PC346C), and late (PC3, LNCaP,
VCaP) stage cancer and BPH-derived (BPH-1) human prostate cell
lines of basal and luminal phenotypes. GAPDH was used as a loading
control [42]. c Quantitative RT–PCR analysis of TMPRSS2 and
Androgen Receptor (AR) mRNA expression in a panel of prostate cell
lines. AR and TMPRSS2 expression levels are expressed as fold change
compared to the lowest expressers (PC3 and PNT1a, respectively). All
values are averages of triplicate measurements normalized to an
endogenous control (HPRT) [42]. d Semi-quantitative RT–PCR analysis
of TMPRSS2 and Androgen Receptor (AR) mRNA expression in
human prostate primary epithelial sub-populations. PCR amplification
of TMPRSS2 and AR from epithelial cultures derived from BPH
(PEY089/09), cancer (PE665, PE550, PE541, PE525, PEY008/06,
PEH018/09, PEH020/09), and castration-resistant cancer (PEY096/09,
PEY028/07). Sub-populations consist of stem cell (SC), transit
amplifying (TA), and committed populations (CP). VCaP cells were
used as a positive control and GAPDH was used as a loading control

b
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androgens, whereas the proximal regions are not so strictly
androgen dependent [62]. The murine acinar structures are
also much simpler, with relatively few basal cells and a less
complex and less abundant stroma. Prostate regeneration
after relief of castration is also simpler and more reproduc-
ible in murine prostate [63].

There is also good evidence in favor of an androgen-
responsive cell initiating experimental murine prostate

cancer, to the extent that the androgen receptor has been
termed an oncogene in mouse prostate [64]. There are a
number of transgenic cancer models in which the initiating
event is, for example, probasin activation of a potent
oncogene, such as T antigen from SV40 [65], or probasin
directed cre mediated knockout of a potent tumor suppres-
sor like PTEN [66]. As probasin is a secreted rat product
[52], it has naturally been assumed that probasin is
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luminally restricted (and androgen regulated), but in a
similar manner to the TMPRSS2 gene expression described
above [12], AR regulation is rarely on–off, and the
transition from basal to luminal expression is frequently a
substantial up-regulation from a lower level expression.
Transition may be the key term when describing prostate
epithelial cell hierarchy [45] since it is less likely to be a
single precise switch from one cell type to another and
more of a continuum with different stages of change.

On the contrary, more recently, using a precise PTEN
knockout mouse, Liao et al. [67] showed that not only was
the phenotype of the initiating cell modified by the
microenvironment but that the tumor-initiating cell also
expressed the strongly basal p63 marker [46]. While the
requirement for p63 for prostate development remains
somewhat controversial [46, 68], these mouse experiments
probably confirm its essential role, as in other epithelial
tissues. In human epithelium, p63 is expressed strongly in
basal epithelium and is also present in less than 1% of
epithelial cells in human tumors, but enriched in vitro
(Fig. 2). This low percentage is probably below that
detectable by gross immunohistology where tumors are
often 100% p63 “negative”: a feature often used for
immunodiagnosis [69]. Clusters of cells expressing p63
(Fig. 7a) were also apparent in our xenografted tumors after
lineage depletion.

In humans, although the markers to select normal and
malignant epithelial stem cells from prostate are still

somewhat varied [28–30, 34–39, 70–74], there now seems
to be a greater consensus pointing towards a basal cell as
the necessary initiator of glandular growth. In all cases,
both integrins and the CD44 cell surface antigen [34, 37,
71, 73, 74] are represented in the normal human epithelial
stem cell phenotype. However, in our laboratory, we found
that cells selected even by a combination of such antigens
remained heterogeneous, and that not all selected cells were
clonogenic or gland initiating in immunocompromised
mouse grafts (Tables 1, 2, and 3). Further fractionation
was possible with antibodies against the common (“stem
cell”) CD133 antigen [31], specifically those directed
against the AC133 epitope. However, CD133 expression
is a complex procedure [41]. The variable expression of
CD133 provides an excellent example of the adaptability in
gene expression, even phenotypic plasticity, which might
be required of a successful stem cell, in order to respond to
changes in its microenvironment.

Our experimental procedure to isolate potential cancer
stem cells from prostate involved dissociation of primary
tissue biopsies originally taken by thick needle dissection of
radical prostatectomy from areas of clearly identifiable
viable tumor origin. Benign comparisons were taken either
from normal areas of the same prostate, resections for
cystectomy, or more commonly transurethral resections of
benign prostatic hyperplasia. The procedure was invariably
biased in favor of more primitive basal cells since the
growth medium [34] was serum-free and based on a similar

Fig. 6 Estrogen receptor
transcription in fractionated
prostate epithelial cells.
a ER expression detected by
RT–PCR in prostate epithelial
cell lines. b ER expression
detected by RT–PCR in
fractionated primary prostate
epithelial cells. Semi-
quantitative PCR was carried
out as described in [42]
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medium to propagate embryonic stem cells in colony form.
In addition, the cells were cultured on a collagen substrate
in the presence of irradiated STO feeders. With hematopoi-
etic stem cells for example, this has been highly successful,
but with solid tumors the conditions for such differentiation
both in vitro and in vivo are almost certainly more
demanding. Hence, any cultures would be expected to be

heavily biased towards the proliferation of primitive basal
cells. From the data presented earlier, it is clear that these cells,
from non-malignant prostate, retain the ability to regenerate
glandular structures in vivo (in the presence of matrigel and
prostate stroma) and can recapitulate the transition from basal
to luminal cell in response to external stimuli, as shown by the
lineage tracking lentiviral vectors [44]. An alternative,

Fig. 7 Immunophenotype of prostate xenograft tumors derived from
SC fractions. a Immunohistology of serially xenografted tumors
derived from lineage-depleted prostate basal epithelial cells. Note
focal expression of tumor (AMACR), basal (P63), and luminal markers
(AR and PSA) from an originally basal cell population. b FACS

analysis of disaggregated xenograft tumors is indicative of an
intermediate differentiation phenotype, with a consistent and low
content of primitive basal cells. Left to right: CD44 (50% of cells); AR
(44% of cells); high CD24+AR (16%); CD133 (0.05%); basal
cytokeratins 5/14 (0.74%)
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stepwise approach involving the putative basal SC from
human prostate tissues multiply transfected with activating
genes has recently demonstrated that basal cells can indeed
serve as the origin of a tumor xenograft [39].

When identifying the molecular phenotype of the cancer
stem cell in prostate cancer, the heterogeneous nature of the
disease and the incomplete state of knowledge concerning
the epithelial differentiation program in prostate, relative to
other epithelial tissues and in particular hematopoiesis, has
resulted in a number of potential CSC candidates. Based on
earlier studies with non-malignant prostate, we reasoned
that the CSC should share at least some of the antigenic
phenotype [34]. However, prostate cancers are notoriously
difficult to maintain in cell culture. There are relatively few
new convincing cell lines, and those derived from primary
xenografts in immunocompromised mice are generally
from castration resistant patients’ tumors [75, 76].

In human cells, there are also a number of experimental
reports which have implicated androgens as a powerful
initiator of prostate cancer, and this would imply that the
tumor-initiating cell itself would be AR+ or at least AR
responsive [27]. As tumor initiation cannot be modeled in
humans, all such studies have been reliant on either cell line
models or a retrospective analysis of established human
tumors [70]. The ability of human androgen receptor to
generate chromosomal deletions, and to activate an onco-
genic phenotype, i.e., to act as an oncogene, has also been
shown recently [15, 16, 64].

The lack of structure within the tumor mass of our
xenografts is typical of mouse xenografts [75, 76] of
prostate cancer. The prostate cancer SCs bear comparison to
cancer stem cells from both hematopoietic malignancies
and solid tumors. Although the stem cell markers may be
different, the assays and characteristics can reveal important
similarities as well as other differences. In breast cancers,
another hormone-responsive cancer like prostate, the
CD44+/CD24low cell—a basal cell—is responsible for
tumor induction [77].

We therefore conclude that cells with a primitive, largely
basal phenotype can be purified from hormone naïve
primary human prostate cancers. These cells have a unique
phenotype distinct from different classes of differentiated
progeny [42], are capable of self-renewal, and can be
serially transplanted (but without in vitro culture) into
immunocompromised mice. Fewer than 100 cells with the
CSC phenotype can initiate new tumor growth, which has
an intermediate/para-luminal AR+ phenotype, even in the
absence of human prostatic stromal cells. The secondary
tumors retain the critical CSC phenotype in a reproducibly
small proportion of cells (Fig. 7).

Conclusions

Looking to the future, further investigations into the
definition, characterization, and functions of a prostate
(cancer) SC will enhance our knowledge of prostate
epithelial hierarchy as well as tumor initiation properties.
It may be that our definitions of these cells will become less
strict since there is likely to be heterogeneity within
populations and indeed plasticity within individual cells,
which may depend on external signals and their niche. The
researchers in this field may also have to follow cell fate
dynamically and remain flexible and fluid in their con-
clusions depending on new findings that occur. When
defining cells by specific markers, it is acknowledged that
each marker defines a snapshot of a particular cell in a
certain environment with external stimuli at a moment in
time. This is clearly a large leap forward from analyzing a
tumor as a whole, and our ability to dissect populations of

Table 2 Xenograft frequency with lineage-depleted and fractionated
epithelial cells from prostate cancers: tumor incidence after subcuta-
neous xenografts with serially diluted cell populations

Cell population No. tumors/no. grafted

No. cells/graft (latency)

105 104 103 102

Unsorted 4/4 (40) 2/2 (35) 0/2 0/2

CD44+ 2/2 (45) – – –

CD133+ – 1/2 (50) 1/4 (92) 1/4 (163)

CD24+ 1/2 (55) 1/2 (43) 1/2 (68) –

Phenotype Number of tumors/number of injections Tumor-initiating frequency (95% CI)

Cells per injection

102 103 5×103 104 5×104 105 106

hLin− – – – 2/2 – 1/1 2/4 1/105 (1/105–1/106)

CD24+ 0/1 – 1/1 1/1 1/1 1/1 – 1/103 (1/101–1/104)

CD133+ 1/2 2/2 – 1/2 – – – 1/102 (1/100–1/102)

Table 3 Xenograft frequency
with lineage-depleted and frac-
tionated epithelial cells from
prostate cancers: tumorigenicity
of serially diluted, lineage-
depleted and sub-fractionated
cell populations in the immuno-
compromised mouse assay,
resulting in an estimate of the
frequency of tumor-initiating
cells in various populations
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cells from a heterogeneous mixture is key to stem cell
research, although probably no marker is perfect. Ulti-
mately, progress must lead us to a therapy-approached
investigation. The current cancer stem cell revolution
should lead to demonstrable patient benefit in terms of
identification of novel drug targets and development of new
drugs to combat prostate cancer in all its forms.
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