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Peter	Nowell	and	David	Hungerford’s	discovery	of	the	Philadelphia	chromosome	facilitated	many	critical	studies	that	
have	led	to	a	paradigm	shift	in	our	understanding	of	cancer	as	a	disease	of	stem	cells.	This	Review	focuses	on	the	appli-
cation	of	these	concepts	to	investigation	of	the	role	of	stem	cells	in	prostate	cancer	initiation	and	progression.	Major	
strides	in	the	development	of	in	vitro	and	in	vivo	assays	have	enabled	identification	and	characterization	of	prostate	
stem	cells	as	well	as	functional	evaluation	of	the	tumorigenic	effects	of	prostate	cancer–related	genetic	alterations.

Discovery and study of the Philadelphia chromosome have provid-
ed the foundation for many of our fundamental concepts about 
cancer today (1). The Philadelphia chromosome is a reciprocal 
translocation between the long arms of chromosomes 9 and 22 
[t(9;22)(q34;q11)] that is present in most human chronic myelog-
enous leukemia (CML) patients (2). This translocation causes 
fusion of the breakpoint cluster region (BCR) with portions of the 
v-Abl Abelson murine leukemia viral oncogene homolog (ABL) 
gene (reviewed in ref. 3). The resulting chimeric oncoprotein, BCR-
ABL, possesses aberrant tyrosine kinase activity (3). These findings 
have demonstrated the role of genetic change, genomic instability, 
and tyrosine kinase signaling in tumorigenesis and have highlight-
ed BCR-ABL as an important therapeutic target.

Discovery of the Philadelphia chromosome also facilitated sever-
al key studies that have led to a paradigm shift in our understand-
ing of cancer as a disease of stem cells. During chronic phase CML, 
the Philadelphia chromosome is found in many different blood 
cell lineages (4, 5). This implies that it must arise either in a stem 
or progenitor cell capable of giving rise to each lineage or inde-
pendently in cells of each lineage. Philip Fialkow and colleagues 
addressed this issue in a clever series of experiments examining 
Philadelphia chromosome–positive (Ph+) leukemic cells for the 
expression of an X chromosome–linked gene, glucose-6-phos-
phate dehydrogenase (4, 5). Each cell in the body only expresses 
one allele for this gene as a result of the inactivation of one X chro-
mosome during development. Interestingly, all Ph+ cells in female 
patients  heterozygous  for  the  gene  expressed  the  same  allele  
(4, 5). Although it is possible that X chromosome inactivation 
status may change in cancer cells during tumor progression, this 
finding strongly suggests human CML is clonal in origin and 
therefore must originate in a stem cell. Subsequent studies using 
surface antigens to purify HSCs have confirmed that the Philadel-
phia chromosome is present in HSCs (6, 7).

More recent studies have demonstrated that stem cells also sus-
tain disease in later phases of malignancy. Observations that only 

a minor subpopulation of cells in tumor samples have the capacity 
to initiate clonal growth in in vitro cultures or in in vivo transplant 
models had perplexed researchers for over 50 years (reviewed in 
refs. 8, 9). Two theories were proposed to explain this paradox. The 
stochastic theory suggested that all cancer cells are equally malig-
nant but only clones that randomly possess favorable biological 
properties will grow upon transplantation. An alternative theory 
predicted that tumors are hierarchical like normal tissues and only 
the rare subpopulation of cells at the pinnacle of that hierarchy 
have the unique biological properties necessary for tumor initia-
tion (8, 9). Studies by John Dick and colleagues provided evidence 
for the hierarchy model. This group demonstrated that only the 
small subpopulation (0.1%–1.0%) of Lin–CD34+CD38– cells within 
human acute myelogenous leukemia samples were capable of initi-
ating disease when transplanted into immune-deficient mice (10). 
These cells possessed the same antigenic profile as normal human 
HSCs, which are at the pinnacle of the normal hematopoietic 
hierarchy. This population also had the unique capacity to self-
renew to propagate the disease as well as differentiate to produce 
the many leukemic cell types represented in the original leukemia. 
Since these cancer cells possess properties unique to normal tissue 
stem cells, they have been termed “cancer stem cells” (CSCs).

These studies make it clear that stem cells play critical roles in 
both the initiation and maintenance of human leukemia. But does 
this mean stem cells are exclusively competent to perform these 
functions? Huntly et al. (11) showed that BCR-ABL can only ini-
tiate CML in mice when expressed in HSCs and not in commit-
ted progenitor cells. Inactivation of the AP-1 transcription factor 
(TF) JunB, a transcriptional regulator of myelopoiesis and poten-
tial tumor suppressor, is also only sufficient to induce disease in 
HSCs (12). However, leukemia-associated fusion oncogenes such 
as MOZ-TIF2, MLL-ENL, and MLL-AF9 will induce disease from 
both HSCs as well as myeloid progenitors (11, 13, 14). To deter-
mine why MOZ-TIF2 but not BCR-ABL can transform commit-
ted progenitors, Huntly et al. examined the in vitro self-renewal 
activity of progenitors expressing each oncogene and found that 
MOZ-TIF2 is sufficient to restore self-renewal in committed pro-
genitors while BCR-ABL is not (11). MLL-AF9 similarly can confer 
self-renewal activity in committed progenitors. Microarray studies 
comparing the expression profile of leukemic granulocyte-mac-
rophage progenitors (GMPs) expressing MLL-AF9 with normal 
HSCs and progenitor cells showed that leukemic GMPs maintain 
an expression profile similar to that of normal GMPs but reacquire 
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a self-renewal–associated transcription program characteristic of 
normal HSCs (13). These studies demonstrate it is the self-renewal 
activity of stem cells that makes them more conducive to oncogen-
esis. Acquisition of this property by other cells, however, appears to 
enable them to support tumor initiation.

The role of stem cells is now being addressed in many solid tissue 
cancers. Although prostate cancer is now the most commonly diag-
nosed cancer in American men, the etiology of this disease remains 
unclear (15). Interestingly, several aspects of this disease are remark-
ably similar to CML. CML is most frequently diagnosed in adults 
and the elderly and first presents as a chronic myelogenous hyper-
plasia that eventually progresses to acute immature blast crisis fol-
lowing the accumulation of genetic and epigenetic alterations in 
addition to BCR-ABL. Prostate cancer is similarly a disease of aging 
that is thought to begin with the chronic accumulation of prostatic 
intraepithelial neoplasia (PIN) lesions that may eventually develop 
into adenocarcinoma, although no experimental evidence for this 

has yet been provided. Many adenocarcinomas also progress to a 
poorly differentiated, hormone-refractory prostate cancer (HRPC) 
consisting mostly of immature blast-like cells. Arul Chinnaiyan and 
colleagues have recently identified a class of translocations that, 
like BCR-ABL, are present in the majority of prostate cancers (16). 
These translocations result in fusion of the androgen-regulated 
promoter for TMPRSS2 with the coding regions of ETS family 
TFs that are associated with Ewing sarcoma and several types of 
human leukemia (17, 18). In light of these findings, a major goal of 
our laboratory is application of the fundamental concepts learned 
about stem cells in CML to elucidate prostate cancer etiology. This 
Review will focus on current concepts of stem cells in prostate can-
cer initiation and progression as well as the implication of these 
concepts in prostate cancer research and therapeutic development. 
We hope that understanding the cellular basis of prostate cancer 
will yield insight critical for the development of more efficacious 
therapeutics to fight the disease.

The debate: existing evidence for the cell  
of origin of prostate cancer
Anatomy of the prostate gland. The prostate is a glandular organ 
comprised of three anatomically distinct epithelial cell popula-
tions that may contribute to tumorigenesis (reviewed in ref. 19). 
Prostate basal cells form a layer along the basement membrane 
of each prostatic duct. Neuroendocrine cells also reside along the 
basement membrane and secrete neuroendocrine peptides that 
support epithelial growth and viability. Luminal cells form a layer 
just above the basal cells and secrete prostatic proteins into the 
lumenal space. The prostate also contains several types of stromal 
cells including fibroblasts, myofibroblasts, and smooth muscle 
cells that guide the growth and differentiation of the epithelium. 
Blood cell elements as well as vascular and stromal endothelial 
cells are also present in the gland.

Classic androgen cycling experiments by John Isaacs and col-
leagues suggest the prostate epithelium must contain a stem cell 
population. When rodents are deprived of androgen by surgical 
or medicinal castration, the gland atrophies due to the apopto-
sis of terminally differentiated cells dependent on androgen for 
viability (20). When androgen is replaced, the gland regenerates 
and resumes normal secretory function. Isaacs’s group showed 
that this involution and regeneration could be repeated for many 
sequential cycles (21). This showed that a stem cell population 
with profound capacity for self-renewal and differentiation must 
exist within the gland.

Localization of stem cells in the prostate. The preferential survival of 
basal cells following androgen ablation has led to the traditionally 
held hypothesis that prostate stem cells (PSCs) reside within the 
basal cell layer of the gland (20). This is supported by findings that 
mice null for the basal cell marker p63 are born without the pros-
tate or mammary gland (22–25). Chimeric animals created from 
p63–/– blastocysts complemented with p63+/+ β-galactosidase–posi-
tive ES cells also produce only β-galactosidase–positive luminal 
cells (26). Human basal cells also express BCL-2, an antiapoptotic 
protein that is commonly expressed by tissue stem cells (27).	BrdU 
pulse chase experiments performed by Tsujimura et al. (28), how-
ever, show that long-term label-retaining cells localize to a specific 
region of the gland that is proximal to the urethra. This region is 
characterized by a thick band of morphologically distinct smooth 
muscle cells that secrete high levels of TGF-β, making it a com-
pelling location for the PSC niche since this factor is known to 

Figure 1
Models of prostate epithelial cell differentiation. In traditional linear hier-
archy models, self-renewing PSCs residing in the basal cell (BC) layer 
give rise to transit-amplifying cells (TACs) of intermediate phenotypes 
that may express both basal and luminal cell markers during their mat-
uration. These cells theoretically possess transient self-renewal activ-
ity and produce large numbers of terminally differentiated secretory 
luminal cells (LCs). In bifurcated models, basal cells and luminal cells 
represent separate epithelial cell lineages. These lineages may be sus-
tained by intermediate transit-amplifying cells and/or lineage-restricted 
basal and luminal cell progenitors (BP and LP, respectively).
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promote stem cell quiescence (29). Interestingly, both basal and 
luminal cells in the proximal region retain the label after many 
cycles of androgen ablation and add-back, suggesting stem cells 
may not be restricted to the basal layer. Cells from this region pos-
sess enhanced growth activity both in vitro and in vivo, and serial 
transplant studies have shown that these cells can self-renew to 
regenerate prostate tissue de novo for at least 4 passages (28, 30).

Models of prostate epithelial differentiation. The traditional model 
for prostate epithelial differentiation proposes that PSCs residing 
in the basal cell layer give rise to intermediate, transit-amplify-
ing cells that produce large numbers of terminally differentiated 
secretory luminal cells (31). This model implies a linear differ-
entiation scheme in which basal and luminal cells comprise one 
lineage and basal cells are essentially luminal cell progenitors 
(Figure 1). This hypothesis is supported by the existence of cells 
of intermediate phenotype that express both basal- and luminal 
cell–specific cytokeratins in both fetal and adult stages of prostate 
development (32–34). Intermediate cells can also be identified in 
in vitro cultures of primary prostate epithelium (34–37). Several 
studies have also suggested basal cells can differentiate into lumi-
nal cells in vitro (38–40).

Alternative theories for prostate epithelial differentiation pro-
pose basal and luminal cells may represent separate epithelial lin-
eages (Figure 1). This is similar to prevailing models for epithelial 
differentiation in the mammary gland, a tissue that is anatomi-
cally and functionally analogous to the prostate (reviewed in ref. 
41). Recent studies by Gerald Cunha and colleagues showed that 
fetal urogenital sinus tissue from p63-null mice can regenerate 
prostate ductal tissue following implantation in immunodefi-
cient mice (42). Regenerated prostate tissue lacked phenotypically 
identifiable basal cells but did contain cells that expressed typical 
luminal cell markers and had secretory function. This presented 
the possibility that luminal cells arise in the absence of basal cells. 
However, there are other explanations for these observations, one 
example being that loss of p63 expression causes differentiation 
defects that make basal cells unidentifiable in regenerated tissue.

BrdU-labeling experiments by Tsujimura et al. (28) have demon-
strated that the dramatic growth of the murine gland that occurs 
during puberty is due to the rapid proliferation of a subset of lumi-
nal cells, although the majority of basal cells do not divide. This 
suggests that basal and luminal cell progenitors may also exist that 
can respond independently to growth cues. This would also explain 
why subsets of luminal cells survive in the absence of androgen 
after castration (20) and would correspond with recent demonstra-
tion by Asselin-Labat et al. (43) of a luminal-restricted progenitor 
population in the mammary gland. One limitation of each of these 
models is that they do not address the ontogeny of neuroendocrine 
cells in the prostate. Neuroendocrine cells may represent a subset of 
the basal cell lineage, a unique epithelial lineage, or even a lineage 
produced from a separate stem cell population (44).

The cell of origin of prostate cancer. Most speculation over the cellu-
lar origin of human prostate cancer comes from correlative studies 
examining the cellular composition of prostate tumors. In human 
prostate adenocarcinomas, the majority of cancer cells express 
luminal cell–specific markers such as cytokeratin 8 (CK8), CK18, 
and prostate-specific antigen (45). Cells that solely express basal 
cell markers such as CK5, CK14, and p63 are rarely observed. This 
has led some to suggest that prostate cancers are derived from a 
luminal cell progenitor or mature luminal cell that has acquired 
self-renewal activity through mutation. Some reports, however, 

have identified intermediate cells that coexpress both basal and 
luminal cell markers within prostate cancers (27). PSCA, a puta-
tive marker of normal late-intermediate prostate cells, is also often 
upregulated in prostate cancers (39, 46). These data indicate the 
disease may originate in an intermediate or transit-amplifying epi-
thelial cell that precedes luminal cell differentiation.

Several properties of human prostate cancers suggest the dis-
ease may instead arise from a PSC. The progression to androgen-
independent HRPC during androgen ablation therapy has led to 
speculation that prostate tumors may contain a small population 
of androgen-independent cells that survive and can expand in the 
absence of androgen (reviewed in ref. 47). Since normal PSCs are 
androgen independent, it is reasonable to suspect they may be the 
source of these cells. Recent efforts to identify and characterize pros-
tate CSCs also support this hypothesis. Collins et al. (48) demon-
strated that the primary human prostate cancer cell subpopulation 
with the highest in vitro proliferative potential is negative for andro-
gen receptor (AR) expression, as is suspected for normal PSCs. This 
population also possesses a CD44+α2β1

hiCD133+ antigenic profile 
characteristic of normal human PSCs and predominantly expresses 
the basal cell cytokeratins (48, 49). Using several human prostate 
xenograft tumors and cell lines, Patrawala et al. (50) have also dem-
onstrated that the CD44+ population within these models displays 
enhanced proliferative activity in vitro and increased tumor-initiat-
ing and metastatic activity in vivo. These CD44+ cells are likewise 
AR– and express higher mRNA levels of several “stemness” genes, 
including OCT3/4, BMI1, β-CATENIN, and SMOOTHENED.

The lineage status of CSCs has also been addressed by several 
other  groups  using  human  telomerase  reverse  transcriptase–
immortalized primary human prostate cancer cell lines (51, 52). 
Gu et al. (51) showed that, as with CSCs, these clonally derived cell 
lines could regenerate prostate tumors in mice that resembled the 
original patient tumor with respect to histopathology and Gleason 
score. Regenerated tumors also contained basal, luminal, and neu-
roendocrine-like cancer cells, suggesting the clone of origin of the 
lines had multilineage differentiation capacity. Analysis of these 
lines showed they are predominantly AR– and p63– and express the 
pluripotency markers Oct4, Nanog, and Sox2, as well as the pro-
genitor markers CD44, CD133, and CD117 (also known as c-Kit).

An interesting question generated from these findings is wheth-
er the TMPRSS2-ETS fusion gene is expressed in CSCs if they are 
in fact AR–. Fusion of the androgen-regulated TMPRSS2 promoter 
with the coding region of various ETS TFs is thought to result in 
TF overexpression (16). ETS-regulated target genes have numerous 
potentially oncogenic functions, including the regulation of prolif-
eration, differentiation, apoptosis, angiogenesis, and transforma-
tion. If PSCs and CSCs are AR–, it is likely they do not express the 
fusion transcript. Does this mean that PSCs are not the origin of 
human prostate cancer, or that the fusion gene is not an initiating 
event but instead a secondary event generated through genomic 
instability? Recent identification of the TMPRSS2-ETS fusion gene 
in approximately 20% of PIN lesions suggests that its formation 
may be an early event in tumorigenesis (53). Perhaps it serves as 
a “first hit” that takes place in a primitive AR– cell but does not 
take effect until it is expressed in differentiated progeny that are 
AR+. Several studies have shown that some HSCs may not express 
BCR-ABL even though they contain the fusion gene. Expression of 
the fusion protein in the progeny of such HSCs is, however, cancer 
promoting. Research to answer these critical questions will provide 
invaluable insight into the etiology of prostate cancer.
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Several laboratories have begun to investigate prostate cancer 
initiation using mouse models of the disease. As in human pros-
tate cancer, disease in the Pten prostate-specific knockout mouse 
model progresses from PIN to invasive adenocarcinoma and metas-
tasis (54). Although Cre mediates Pten deletion in both basal and 
luminal cells, disease progression is associated with a dispropor-
tionate expansion of basal cells, indicating disease in this model 
may initiate and be sustained by primitive cells within the basal 
cell population (55). Zhou et al. (56) also suggest that disease in 
their Rb–/–p53–/– prostate-specific knockout model initiates from 
primitive cells. The earliest invasive neoplasms that develop in 
these mice express stem cell antigen-1 (Sca-1) and are observed in 
the proximal region of the gland, which is characteristic of murine 
prostate stem and progenitor cells. In contrast to the PTEN knock-
out model, the cells that comprise these lesions express luminal 
and neuroendocrine markers but are negative for basal cell mark-
ers like CK5. The authors of this study further found that both 
proximal and distal cells will regenerate tumors when engrafted 
under the kidney capsule of immunodeficient mice. This suggests 
that microenvironmental factors unique to the proximal region of 
the gland may promote cancer formation in this model.

Functional studies to directly compare the tumorigenic poten-
tial of different prostate cell types are necessary to resolve this 
debate over the cell of origin of prostate cancer. Several techni-
cal advancements are necessary for these studies: (a) development 
of reliable in vitro and in vivo assays for prostate epithelial cell 
growth; (b) identification of PSCs and epithelial lineage hierarchy; 
and (c) development of methods to model prostate cancer from 
dissociated populations of prostate cells. The remainder of this 
Review will focus on current efforts to achieve these goals.

Development of prostate epithelial stem cell assays
The in vivo dissociated prostate cell regeneration system. Most in vivo 
assays for the growth of normal adult rodent epithelial cells are 
based on the tissue recombination methods developed by Cunha 
and Lung (57). In this system, tissue fragments of fetal urogenital 
sinus mesenchyme are used to support the growth of normal pros-
tate epithelial tissue fragments when implanted in collagen under 
the renal capsule of immunodeficient mice. In order to evaluate 
the growth activities of different prostate cell subpopulations, we 
have modified this system using mechanical and enzymatic diges-
tion to dissociate both the urogenital sinus mesenchyme and adult 
murine prostate tissue into single cell suspensions (58). Dissoci-
ated prostate epithelia regenerate ductal structures that histologi-
cally resemble normal murine prostate. Prostate tissue can also be 
regenerated when dissociated cells are implanted s.c. in Matrigel 
or in collagen onto the flanks of immunodeficient mice (59, 60). 
Experiments utilizing mixed populations of differentially marked 
epithelial cells have demonstrated that the tubules regenerated 
using these protocols are clonal, as chimeric tubules expressing 
both markers are rarely observed (60–62). Immunohistochemical 
analyses have shown that each duct contains both basal and lumi-
nal cell lineages (58, 60–62). Since regenerated ducts are clonal, 
this suggests that tubule-regenerating cells possess the capacity 
for multilineage differentiation.

To investigate PSC self-renewal, Lynette Wilson and colleagues 
have utilized a serial transplantation approach analogous to the 
serial reconstitution method used to measure HSC self-renewal 
(30). This group demonstrated  that  regenerated prostate  tis-
sue can be dissociated and transplanted to regenerate prostate 

tissue at least three times, indicating regenerated ducts contain 
cells capable of self-renewing to support several rounds of pros-
tate regeneration. Interestingly, the regenerative activity of trans-
planted cells drops almost 100-fold from generation one to three. 
This may be because many cells within regenerated tissue repre-
sent short-term progenitors with limited regenerative activity that 
eventually expire during serial transplantation. Alternatively, the 
diminution in regenerative activity may be due to loss of regenerat-
ing cells during tissue digestion at each passage.

In vitro prostate colony assays. Epithelial cells from many organs 
such as the skin and mammary gland can be grown as colonies in 
two dimensional culture conditions (35, 63). Human prostate epi-
thelial cells can also be cultivated in this manner when cocultured 
with irradiated fibroblast feeder layers in low-calcium, serum-free 
medium containing growth factors such as FGF and EGF, which 
are known to promote stem cell maintenance (31). Under these con-
ditions, murine prostate epithelial cells form colonies of cells that 
express epithelial cytokeratins when cultured with irradiated 3T3 
feeder cells (64). These colonies appear to be clonogenic, as differen-
tial marking experiments have shown that chimeric colonies rarely 
appear. Castration was also shown to enrich for colony-forming 
cells, suggesting that colonies arise predominantly from primitive 
prostate epithelia. These findings demonstrate that this assay can be 
used to quantitatively compare stem cell enrichment strategies.

In vitro prostate sphere assays. Although colonies appear to be 
derived from primitive cells, they do not passage efficiently since 
this culture condition appears to promote differentiation. Stem 
cells from the central nervous system and mammary gland have 
been maintained by culturing them in nonadherent conditions as 
three-dimensional spheres (65, 66). Human prostate cancer cells 
lines and immortalized lines of normal cells can form spheroid 
structures when embedded in a solubilized basement membrane 
preparation called Matrigel (67–69). We have developed a murine 
prostate sphere–forming assay using similar conditions (64). The 
majority of spheres generated in these conditions are composed 
of several epithelial cell layers that surround a hollow center. We 
speculate that this is analogous to the canalization process that 
occurs during prostate duct development.

Like the colony assay, differential marking and castration stud-
ies have shown that prostate spheres are of clonal origin and derive 
from primitive cells (64). Spheres can be dissociated and passaged 
for over 10 generations, suggesting they contain a population of 
cells with extensive self-renewal capacity (64). The self-renewing 
population, however, appears to be a minority population, as only 
1%–2% of sphere cells form new spheres upon replating. Implan-
tation of sphere cells in the renal capsule regeneration assay has 
shown that both primary and passaged sphere cells can regenerate 
prostate ductal structures containing both basal and luminal cells 
(64). These data suggest that murine PSCs are capable of extensive 
self-renewal and that this activity can be maintained using this 
prostate sphere assay.

Identification and characterization of prostate  
epithelial stem cells
Traditional approaches for isolation of tissue stem cells have uti-
lized cell surface markers and cell-sorting technology. Using this 
approach, Collins and colleagues (70) demonstrated that prostate 
basal cells that rapidly adhere to type I collagen in vitro express 
high levels of α2β1 integrin, possess greater colony-forming effi-
ciency in vitro, and can produce prostate glandular structures 
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when grafted onto the flanks of athymic mice. Subdivision of the 
α2β1

hi basal cell compartment using CD133, a neural and hema-
topoietic stem cell marker, results in an 11-fold increase in colony 
formation (71). These CD133+α2β1

hi cells can also give rise to glan-
dular tissue in vivo.

Independent studies by our lab and Burger et al. (72) have shown 
that Sca-1, a marker used to enrich for hematopoietic, mammary,  
and  pulmonary  stem  cells,  can  be  used  to  enrich  for  murine 
prostate cells with enhanced tubule-forming activity in vivo (61,  
72–75). Sca-1+ cells possess several properties of stem cells, includ-
ing multilineage differentiation capacity and replication qui-
escence (61). Sca-1 also appears to be present on the majority of 
primitive cells that remain following castration-induced apoptosis 
of mature prostate cells. We have also found that Sca-1 is constitu-
tively expressed by all epithelial cells of the fetal prostate, indicat-
ing that the marker is present on PSCs from very early stages in 
their development (62).

Wilson and colleagues demonstrated that Sca-1+ prostate cells 
express other stem cell markers such as BCL-2 and CD49f (inte-
grin α6) (72). CD49f is a particularly prevalent stem cell marker 
that is expressed by hematopoietic, neural, embryonic, skin, and 
mammary epithelial stem cells (76–80). Magnetic bead sorting for 
CD49f+ cells enriches for cells with enhanced regenerative activ-
ity in vivo (30). We have shown that combining these markers to 
sort for cells with a Lin(CD45/CD31/Ter119)–Sca-1+CD49f+ (LSC) 
antigenic profile results in a 60-fold enrichment for colony- and 
sphere-forming cells in vitro (64). These cells can self-renew to 
form spheres for many generations and can differentiate to pro-
duce ductal structures containing both basal and luminal cells in 
vivo. These studies estimate that PSCs can be isolated to a purity 
of up to 1 in 35 by using this antigenic profile.

Immunohistochemical staining of sorted LSC cells indicate that 
they possess a basal cell cytokeratin expression profile. LSC cells 
also localize to the basal cell layer within the proximal region of 
the gland, integrating both of the proposed models for PSC local-
ization. The ability of LSC cells to produce CK8+ luminal cells in 
vivo also provides the first functional in vivo evidence for the tra-
ditional linear model for prostate epithelial cell differentiation, 
which proposes that basal cells give rise to luminal cells.

Murine prostate cancer regeneration models
Human cancers initiate from a wide range of genetic and epigen-
etic alterations. Studies in leukemia have shown that oncogenes 
induce tumorigenesis in some cell types more efficiently than in 
others, depending on their ability to confer self-renewal properties 
in the target cell (reviewed in ref. 9). Since the cellular source of 
prostate cancer may likewise be oncogene dependent, a long-term 
goal is to compare the tumorigenic activity of different prostate 
cell subpopulations following exposure to different oncogenic 
stimuli. Toward this end, we are using the dissociated prostate 
regeneration assay to investigate the tumorigenic effects of several 
prostate cancer–associated genetic alterations in PSCs as well as in 
more differentiated prostate cell populations.

The PTEN/AKT pathway. Loss of function of PTEN and activa-
tion of AKT are highly correlated with human prostate cancer (81, 
82). Transgenic animals that express a constitutively active form of 
AKT under regulation of the prostate-specific probasin promoter 
develop PIN lesions (83). PTEN prostate-specific null animals 
also develop high-grade prostate adenocarcinomas and metasta-
ses (54, 84). We have found that lentivirus-mediated expression of 

constitutively active AKT in dissociated prostate cells results in the 
regeneration of prostate tubules containing PIN lesions that prog-
ress to frank carcinoma in some experiments (61, 85). PIN lesions 
also develop when prostate cells are infected with lentivirus carry-
ing siRNA for targeted knockdown of PTEN (61).

The AR. Alterations in AR signaling causing receptor hypersensi-
tivity, promiscuity, or androgen-independent receptor transactiva-
tion are also common features of prostate cancer (86). Interestingly,  
we find that overexpression of AR does not cause pathological 
growth but instead seems to reduce the tubule-forming activity of 
dissociated prostate cells in this assay (85). This is consistent with 
in vitro studies reporting that overexpression of AR reduces prolif-
eration and promotes differentiation (36, 87). Lentivirus-mediated 
cell-autonomous overexpression of both AR and AKT, however, is 
sufficient to induce initiation and progression to frank carcinoma 
in this system. These regenerated tumors also progress to andro-
gen independence, as continued growth is observed after several 
weeks of castration-induced androgen deprivation.

Investigation of tumorigenic activity of prostate cell subpopulations. In 
preliminary efforts to compare the tumorigenic activity of primi-
tive and mature prostate cell populations, we isolated Sca-1+ and 
Sca-1– cells and compared their response to overexpression of 
AKT1. We found that Sca-1+ cells regenerate ductal structures 
that contain PIN, while Sca-1– cells give rise predominantly to 
normal ducts (61). AKT-regenerated tumors are marked by a 
10-fold expansion of the Sca-1+ population compared with nor-
mal regenerated prostate tissue. This expansion is also observed 
in prostate tumors that develop in PTEN-null animals (55). A 
future goal is to compare the oncogenic potential of LSCs and 
more differentiated cells following perturbation of the PTEN/
AKT pathway and AR signaling. Efforts to develop other models 
of prostate cancer are also underway using other prostate can-
cer–associated genetic alterations.

Conclusions and implications
Development of new therapeutics. Common anticancer treatments 
such as radiation and chemotherapy do not eradicate the majority 
of CSCs (88, 89). Several studies have shown that Ph+ CSCs can still 
be identified in CML patients following imatinib mesylate treat-
ment (90, 91). CSC resistance to these therapeutics may be mediat-
ed by several stem cell–related mechanisms, including replication 
quiescence, activation of antiapoptotic pathways, and multi-drug 
transporter expression. Androgen ablation therapies for invasive 
and metastatic prostate cancers may also spare prostate CSCs (47). 
Since mature prostate cells are dependent on androgen for viabili-
ty, androgen ablation results in a dramatic tumor regression. How-
ever, progression to HRPC occurs quickly after treatment in nearly 
all patients. Many believe this is because, unlike normal PSCs, the 
prostate CSC population is not dependent on androgen for viabil-
ity. Androgen ablation therapy may actually promote disease pro-
gression by stimulating normally quiescent CSCs to repopulate 
the tumor with primitive, blast-like androgen-independent cells. 
Research should therefore be aimed at developing therapeutics 
that can selectively target the CSC population rather than more 
differentiated prostate cancer cells. Clinical trials should likewise 
be designed to measure drug efficacy by examining their ability to 
eradicate CSCs rather than to measure bulk tumor regression.

Several strategies have been employed to eradicate CSCs. One 
involves targeting stem cell–signaling pathways to abrogate the 
self-renewal capacity of CSCs and induce differentiation. An inhib-
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itor of the Notch signaling pathway component, γ-secretase has 
recently been shown to have activity against mammary tumors that 
overexpress Notch1 (92, 93). Treatment with Hedgehog pathway 
inhibitors such as cyclopamine, anti-Hedgehog antibodies, and 
siRNAs against Gli have also been shown to abrogate the growth of 
medulloblastoma and prostate cancer in murine models (94–96). 
The challenge of these therapeutic approaches, however, is sparing 
normal tissue stem cells that utilize these pathways.
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