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Tissue stem cells have been linked to cancers of epithelial origin including the prostate.
There are three relevant issues concerning stem cells and cancer that rely solely on func-
tional studies: 1. Are there tissue-regenerating stem cells in the adult organ? 2. Can tissue-
regenerating cells serve as targets for transformation? 3. Do primary tumors contain tu-
mor-propagating (cancer stem) cells? We will review the recent literature with respect to
these critical issues to provide a direct link between primitive cells and prostate cancer.

© 2010 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.

1. Introduction

The fields of stem cell biology and cancer biology are closely
linked. Approximately 1 in 6 men will be diagnosed with pros-
tate cancer in his lifetime (American Cancer Society Statistics,
2009). The estimated incidence of prostate cancer continues to
rise (Greenlee et al., 2000), and the field of prostate cancer

research is similarly growing. However, issues related to
stem cells have garnered little agreement among researchers.
The cellular location of stem and progenitor cells, the cell-of-
origin for prostate cancer, and the existence of cancer stem
cells are all relevant issues currently being debated in the field.
For each of these topics, we will discuss the experimental ev-
idence to support each side of the debate.

Abbreviations: Sca-1, Stem Cell Antigen-1; AR, Androgen Receptor; NE, neuroendocrine; K5, Keratin 5; K8, Keratin 8; UGSM, Urogenital
Sinus Mesenchyme; PSA, prostate-specific antigen; PIN, prostatic intraepithelial neoplasia; PI3K, Phosphoinositide 3-kinase; PTEN, phos-
phatase and tensin homolog; CARN, castration-resistant Nkx3-1-expressing cell.
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In the hematopoietic field, cells are named for their func-
tional activity, such that a cell capable of generating mono-
cytes/macrophages and granulocytes is termed the
granulocyte/macrophage lineage-restricted progenitor (GMP)
(Akashi et al., 2000). Recently this approach has been extended
to epithelial tissue in the mammary system, with the identifi-
cation of the mammary repopulating unit capable of regener-
ating mammary gland structures when transplanted into the
cleared fat pad (Stingl et al., 2006), and the luminal progenitor
capable of forming luminal-restricted structures (Asselin-
Labat et al., 2007; Lim et al., 2009). While numerous models de-
scribing the prostate epithelial hierarchy have been proposed
based on a variety of correlative data, we will concentrate
solely on functional evidence to determine the hierarchical re-
lationships between different cell types in the prostate epithe-
lium. Finally, we will discuss how studying stem cells can be
most useful for understanding and treating prostate cancer.

2. Adult stem cells in the prostate and their
localization within the epithelium

Hormonal-dependence distinguishes epithelial tissues like
the prostate and the mammary gland from other adult organs.
To account for changes in hormone levels, the prostate stem
cell should be responsive to, but not dependent on, androgen
for survival. This property is referred to as castration-resistance.
Prostate organogenesis occurs during embryonic develop-
ment and organ maturation is completed by the end of pu-
berty. Unlike the intestinal epithelium that is constantly
being turned over (Barker et al., 2007), the adult prostate
does not require rapidly cycling stem cells to replenish the or-
gan every few days. Occasionally, cells in the prostate luminal
layer will undergo apoptosis and shedding into the lumen.
Therefore, prostate stem cells should have tissue-regenerative
capacity to replenish the gland after routine cell death. In con-
trast to the hematopoietic stem cell that must generate a vast
array of mature lineages (Morrison et al., 1995), the prostate
stem cell is responsible for generating a relatively simple dou-
ble-layered epithelium (Figure 1). Finally, the prostate stem
cell must self-renew to meet the needs of the organ over the
course of a man’s lifetime. We will evaluate the experimental
evidence to support the existence of primitive prostate cells
with the properties of castration-resistance, tissue-regenera-
tion and self-renewal.
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2.1. In vivo evidence for castration-resistant cells

The first line of evidence to support a stem-like cell in the
prostate comes from studies demonstrating organ respon-
siveness to androgen. These findings began with Huggins
and Hodges’ discovery that the majority of prostate cancer
cells are hormone-dependent (Huggins and Hodges, 1941),
leading many to hypothesize that prostate cancer could be
treated with androgen ablation therapy (Huggins, 1943). Elim-
ination of androgen (castration) or androgen receptor function
provides temporary benefits to the patient; however the per-
sistence of castration-resistant cells within prostate tumors
and their ability to proliferate in the absence of androgen
causes the lethal hormone-refractory phase of prostate cancer
(Scher and Sawyers, 2005), termed castration-resistant pros-
tate cancer.

Castration-resistance is also a property of the normal non-
cancerous prostate. Isaacs (1987) demonstrated that the normal
rodent gland involutes after androgen withdrawal, accompa-
nied by massive apoptosis of androgen-dependent cells.
Androgen add-back is sufficient to stimulate the remaining cas-
tration-resistant cells to regenerate the gland (Isaacs, 1987).
Wilson’s group demonstrated that cycles of gland involution
and regeneration in response to androgen withdrawal and sub-
sequent androgen addition can be repeated up to thirty times
(Tsujimura et al., 2002), proving the existence of long-term
castration-resistant cells in the normal rodent prostate. Since
the cells that survive castration are capable of regenerating
the remaining cells of the gland after addition of androgen,
evidence suggests that a fraction of the castration-resistant
cells must have tissue-regenerating activity (Figure 2).

2.2. In vivo evidence for tissue-regenerating cells

Cunha and Lung (1978) developed a transplantation system
where castration is not required, combining tissue fragments
of murine fetal prostate mesenchyme with fetal epithelial
components under the kidney capsule of immunodeficient
mice. Upon transplantation, the embryonic mesenchyme
(Urogenital Sinus Mesenchyme/UGSM) can induce the em-
bryonic epithelium to generate functional (secretion-produc-
ing) prostatic-like glands (Cunha and Lung, 1978). These
studies demonstrate that normal non-castrated prostate tis-
sue is capable of tissue-regeneration in vivo. Instead of using
tissue fragments, our group developed an alternative

Figure 1 — Three cell types in adult prostate epithelium. Basal cells (green) line the outside of the gland and reside against the basement membrane

(black). Luminal cells (orange) contact the basal layer and the fluid-filled lumen. Rare neuroendocrine cells (red) are typically found in the basal

layer with neurite-like extensions that can approach the luminal layer.
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approach where both epithelium and inductive mesenchyme
are dissociated to single cells. Adult epithelial cells can be
combined with dissociated UGSM cells to demonstrate that
single cells from the adult prostate gland are capable of
regenerating prostatic tubules (Xin et al., 2003). Extending
the system to dissociated adult prostate cells enables the
subsequent purification of tissue-regenerating cells from
mouse and human adult prostate epithelium, and allows
for genetic manipulation of both epithelial and mesenchymal
components.

2.3. Self-renewal of primitive prostate cells

One universal property of stem cells, both embryonic and adult,
is self-renewal. While adult stem cells are capable of differenti-
ating into their mature progeny to fulfill the needs of the gland,
tissue-regenerating cells are required to produce more of them-
selves to sustain the tissue over a long period of time. Assays to
measure self-renewal activity need to be developed to deter-
mineif the prostate contains primitive self-renewing cells. Since
the prostate-regeneration assay takes approximately 8 weeks
for the development of primary outgrowths and requires the
use of immunodeficient mice, in vivo self-renewal studies are
time-intensive, expensive and technically challenging. As an al-
ternative, in vitro sphere-forming assays have been developed to
study primitive cells from the prostate (Garraway et al., 2009;
Goldstein et al., 2008; Lawson et al., 2007; Shi et al., 2007; Xin
et al,, 2007), similar to those developed to study the neural sys-
tem (Reynolds and Weiss, 1996), and mammary gland (Dontu
et al., 2003). A sub-fraction of the human and mouse prostate
basal compartment can generate spheres that self-renew in
athree-dimensional semi-solid structure comprised of extracel-
lular matrix components, resembling the native laminin and
collagen-rich microenvironment (Goldstein et al., 2008). The de-
velopment of this assay allows for the identification of pathways
that regulate self-renewal activity.

Androgen

In the prostate sphere assay, primitive cells retain their abil-
ity to generate daughter spheres for more than 10 successive
passages and a subset of sphere cells retain the capacity to gen-
erate prostatic tubules when transplanted in vivo (Xin et al,,
2007). A greater number of cells have sphere-forming activity
than prostate-regenerating activity, suggesting that the sphere
assay measures both progenitor cell and stem cell function. One
must critically evaluate these findings and ask if the in vitro as-
say is a true surrogate for stem cell self-renewal in vivo. In the
blood system, the hematopoietic stem cell has the capacity
for long-term multi-lineage reconstitution in irradiated recipi-
ent mice (Morrison and Weissman, 1994) and can serially recon-
stitute irradiated recipients (Kiel et al., 2005), demonstrating in
vivo self-renewal activity. Does such an in vivo self-renewing
cell exist in the normal prostate? To tackle this issue, we gener-
ated primary outgrowths from a murine prostate stem cell-
enriched population [Trop2™ basal cells, described in Section
2.4], and found that cells with the same phenotypic profile could
be re-isolated with the capacity to generate secondary out-
growths indistinguishable from primary tubules (Goldstein
et al.,, unpublished results). Wang et al. utilized a castration
and regeneration model to demonstrate in vivo self-renewal of
a stem cell population [CARN cells, described in Section 2.5].
Our group has also combined the two approaches, tissue-regen-
eration and castration/regeneration, to demonstrate in vivo self-
renewal (Lukacs et al., 2008). Primary cells are isolated from
a transgenic mouse carryingluciferase under the androgen-reg-
ulated Probasin promoter. Under normal conditions, luciferase
signal can be detected from under the kidney capsule of recip-
ient mice. Castration leads to a loss of signal and androgen add-
back restores bioluminescence, and the cycle can be repeated
several times (Lukacs et al., 2008). While in vivo self-renewal
studies are not ideal for investigating a broad range of pathways
implicated in regulating stem cell activity, they are useful to
demonstrate that the prostate contains self-renewing cells in
the normal and castrated/regressed prostate.
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Figure 2 — Response of prostate epithelium to castration and androgen addition. Androgen withdrawal causes massive apoptosis in the prostate

epithelium, leaving behind only castration-resistant cells. Upon addition of androgen, castration-resistant cells are capable of regenerating the

gland. The cycle of involution and regeneration can be repeated in the rodent prostate almost indefinitely.
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2.4. Evidence for stem cells with a basal location

Stem cells in many epithelial tissues reside in the basal layer
along the basement membrane (Stingl et al., 2006; Chan et al.,
2009; Eirew et al., 2008; Rock et al., 2009; Shackleton et al., 2006;
Blanpain et al., 2004; Cotsarelis et al., 1989; Hong et al., 2004;
Iwai et al., 2008), close to the growth factors secreted by stromal
cells. Early evidence suggested the basallayer as a niche for pros-
tate stem cells. English et al. (1987) determined that basal cells
preferentially survive androgen ablation, and possess the high-
estproliferation ratein the gland. Tsujimura et al. (2002) showed
that proximally-located basal cells preferentially retain BrdU la-
bel. Wilson’s group and our group showed that high expression
of Sca-1 (stem cell antigen-1) could enrich for prostate-regener-
ating cells in the tissue-regeneration assay (Burger et al., 2005;
Xin et al., 2005). We further demonstrated that the epithelial
cells in the Sca-1+ fraction co-express CD49f (integrin alpha 6)
athigh levels, and correspond to cells in the basal compartment.
Upon transplantation, only the Sca-1+ CD49f™ basal cells are ca-
pable of prostate-regeneration (Goldstein et al., 2008; Lawson
et al,, 2010). We have since refined this population to show
that Sca-1+ CD49f" basal cells expressing high levels of Trop2,
a type I transmembrane protein related to EpCAM, are highly
enriched for tissue-regenerative activity in vivo (Goldstein
et al., 2008) (Figure 3, mouse). Alternative approaches to enrich
forbasal cells with tissue-regenerative capacity include purifica-
tion based on aldehyde dehydrogenase (ALDH) enzymatic activ-
ity (Burger et al., 2009).

In the human prostate, we and others have purified stem-
like cells from the basal compartment. Collins et al. (2001)
demonstrated that basal cells can generate luminal cells in
vitro (Robinson et al., 1998), and that a subset of basal cells
expressing integrin alpha2/betal (and CD133) show the abil-
ity to form prostate-like acini in vivo (Richardson et al., 2004).
Using markers first identified in the mouse prostate, we have
purified human prostate basal cells expressing high levels of
CD49f and Trop2 with sphere-forming activity (Goldstein
et al., 2008) (Figure 3, human). We have recently found that
cells from the basal fraction demonstrate robust tissue-re-
generative activity when transplanted into immunodeficient
mice (Goldstein et al., 2010). Regenerated prostatic tubules
contain distinct p63+/K5+ basal and AR+/K8+ luminal layers

Mouse: Lin'Sca1*CD49f"Trop2"

that strongly resemble benign human prostatic ducts. Disso-
ciated cells from primary outgrowths demonstrate the cellu-
lar heterogeneity present in original specimens when
analyzed by flow cytometry (Goldstein et al., 2010).

2.5. Evidence for a luminal cell with stem/progenitor
activity

Although evidence supports a basal location for stem cells in
the prostate, it does not necessarily imply that all luminal se-
cretory cells are terminally-differentiated. If progenitor cells re-
side within the prostate luminal compartment, it is important
to determine whether these progenitors are luminal-restricted,
as has been demonstrated in the human and mouse mammary
gland (Asselin-Labat et al., 2007; Lim et al., 2009), or if they can
generate basal cells as well. Several groups have investigated
the possibility that luminal cells with stem/progenitor charac-
teristics exist in the rodent prostate. Isaacs showed that while
basal cells preferentially survive androgen ablation, a subset of
luminal cells demonstrate castration-resistance as well
(English et al., 1987), and Tsujimura et al. (2002) found that
small clusters of luminal cells retain BrdU label. These studies
suggest the existence of progenitors in the luminal compart-
ment, but functional studies are necessary to demonstrate
that luminal cells have proliferative potential.

Our group demonstrated that a fraction of luminal cells can
generate luminal (Keratin 5— Keratin 8+) colonies in vitro and
in vivo, but do not have tubule-forming activity (Lawson et al.,
2010), suggesting the existence of luminal-restricted progeni-
tor cells in the normal mouse prostate. Wang et al. (2009) dem-
onstrated that in the castrated mouse prostate, a population
of castration-resistant luminal cells expressing the homeobox
transcription factor Nkx3-1 (termed CARNSs) can generate
prostatic tissue with basal, luminal and neuroendocrine cells.
This study shows that the prostate hierarchy is more complex
than it previously appeared, and suggests that androgen abla-
tion can give tissue-regenerative activity to a luminal cell. It is
not clear if CARNS, or any luminal cell with tissue-regenera-
tive activity, exists in the non-castrated murine prostate.
Since human patients are not castrated prior to the onset of
advanced disease, a parallel human CARN population cannot
be identified directly from benign patient tissue. Regardless of
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Figure 3 — Stem cell-enriched populations in the human and mouse prostate. The most enriched murine prostate stem cell fraction is defined by
Lin~Sca-1* CD49f"Trop2". Left plot shows Lin(CD31/CD45/Ter119)- cells stained for CD49f and Sca-1. The basal population (Sca-

17 CD49£", black box) can be further sub-divided based on expression of Trop2, with the Trop2™ basal fraction (red box) containing the majority
of prostate-regenerating cells. Human prostate stem/progenitor cells are contained within the CD49f"*Trop2™ fraction (red oval).
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their relevance to the human disease, CARNs may prove use-
ful in understanding mechanisms of castration-resistance
and tissue-regeneration.

2.6. Proposed epithelial hierarchy of the normal prostate

Evidence from our group shows that a subset of cells con-
tained within the basal fraction of the murine and human
prostate can regenerate prostatic tubules (Goldstein et al,,
2008; Goldstein et al., 2010). Based on this data, we would place
stem cells with a basal phenotype at the top of the prostate ep-
ithelial hierarchy. When murine prostate epithelial cells are
plated in a two-dimensional assay in vitro, only two types of
colonies are observed based on keratin staining: K5+/K8+ col-
onies, and K5-/K8+ colonies (Lawson et al., 2010). The out-
growths suggest that these colonies arise from a bipotent
(K5-+/K8+) progenitor and a luminal-restricted (K5—/K8+) pro-
genitor. Since K5+/K8— colonies are not observed, evidence
does not support a basal-restricted progenitor, in contrast to
observations from the mammary gland (Stingl et al., 1998,
2001).

If luminal colonies are derived from luminal-restricted pro-
genitors, one might ask if all bipotent colonies arise from stem
cells. Although colony-forming cells and prostate-regenerat-
ing cells are both highly enriched within the Trop2™ basal
fraction (Goldstein et al., 2008), we observe a much greater
number of these cells capable of generating bipotent colonies
than generating tubules. This data suggests that a bipotent
progenitor with colony-forming but not tubule-forming ca-
pacity also resides within the basal compartment. In addition,
not all basal cells form tubules, colonies or spheres, suggest-
ing that a fraction of basal cells are mature and do not gener-
ate other cell types. The majority of luminal cells do not
generate any structures, suggesting a mature status.

Neuroendocrine (NE) cells represent a rare third cell type in
prostate glands, and are named for their morphology, with neu-
rite-like extensions, and their secretion of neuropeptides
(Abrahamsson, 1999). Despite the fact that NE cells are routinely
found in prostate cancer, with increased expression in late
stage metastatic disease (Huang et al., 2006; Abrahamsson
et al.,, 1989; Bohrer and Schmoll, 1993; Ahlgren et al., 2000;
Jiborn et al., 1998), their precise function is unknown. NE cells
are localized to the epithelial glands, but their origin has been
debated in the literature. Immunohistochemical stains have
led some to propose that NE cells originate from the neural crest
(Aumuller et al., 1999) and are not derived from an epithelial
source. Studies demonstrating that purified stem/progenitor
cells can generate tubules with NE cells upon transplantation
into immunodeficient mice (Goldstein et al., 2008; Leong et al.,
2008) suggest that NE cells have an epithelial origin. However,
neural crest-derived NE cells from recipient mice could have
migrated into regenerated tubules. To exclude this possibility,
we purified fluorescently-labeled Trop2* basal cells from trans-
genic mice expressing DsRed under the B-actin promoter and
transplanted into non-labeled immunodeficient mice. Fluores-
cently-labeled NE cells were detectable in regenerated tubules,
demonstrating that NE cells are donor derived and not host-de-
rived, and suggesting that a common progenitor can generate
NE, basal and luminal cells (Goldstein et al., 2008).

Our combined evidence suggests that a stem cell within the
basal layer of the normal non-castrated prostate that exhibits
tubule-forming capacity can give rise to multi-potent progeni-
tor cells within the basal layer. This progenitor likely gives
rise to neuroendocrine cells, mature basal cells and luminal-re-
stricted progenitors that generate mature luminal cells. Many
intermediate cell types have been proposed based on immuno-
histochemical staining (van Leenders et al.,, 2000; Verhagen
et al., 1992). However, our functional evidence leads us to this
proposed epithelial hierarchy in the normal, non-castrated
prostate (Figure 4). Future interrogation of intermediate cells
using functional criteria should lead to a more complex model.

Leong et al. described the identification of prostate-regener-
ating cells based on expression of several markers, most nota-
bly c-kit (CD117), however it is unclear what cell type is isolated
by this approach and how these cells relate to basal and lumi-
nal stem and progenitor cells. We and others find no expression
of c-kit in the basal layer of the normal prostate [Goldstein
et al., unpublished results and E.L. Wilson, personal communi-
cation] and Wang et al. (2009) reported no luminal c-kit expres-
sion in the castrated prostate. Therefore, future studies are
necessary to determine where c-kit-expressing prostate cells
fall into the hierarchy and if they have an epithelial origin.

3. The role of tissue stem cells in cancer-initiation

An important issue in the field currently under debate is the
cell-of-origin for prostate cancer (Huang and Witte, 2010).
Much evidence in the general cancer literature supports prim-
itive cells as efficient targets for transformation (Barker et al.,
2009; Zhu et al., 2009; So et al., 2003; Passegue et al., 2004), al-
though evidence also supports a role for cells with a more ma-
ture status in oncogenesis (Huntly et al., 2004; Krivtsov et al.,
2006; Cozzio et al., 2003). Due to the observed expansion of
malignant luminal cells and the relative loss of basal cells in
human prostate tumors, the traditional view in the field is
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Figure 4 — Proposed model of the prostate epithelial hierarchy. Stem cells
within the basal layer likely give rise to multi-potent progenitor or
intermediate cells that generate all three epithelial cell types.
Evidence supports the existence of a luminal-restricted progenitor

that can give rise to mature luminal cells.
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that luminal cells serve as the likely target population (Okada
et al., 1992). However our finding that Trop2™ basal cells have
the capacity for tri-lineage differentiation (Goldstein et al.,
2008) suggests that prostate cancer, comprised primarily of lu-
minal and neuroendocrine cells (Okada et al, 1992; di
Sant’Agnese, 1992), likely originates from a progenitor cell
with multi-lineage differentiation potential or a mature cell
that acquires this property. That age is a major risk factor
for prostate cancer suggests that long-lived, self-renewing
stem cells are best suited to acquire enough mutations to ini-
tiate the disease. Are primitive cells in the prostate the pre-
ferred targets for transformation, and do they represent the
only cell or one of multiple cells-of-origin?

3.1 Evidence for primitive prostate cells as targets for
transformation

Two general approaches have been taken to determine the
target cells for oncogenic transformation. One approach uti-
lizes cell-type specific promoters to drive the expression of
an oncogene or deletion of a tumor-suppressor to initiate
the disease. Although this approach is utilized effectively in
genetically engineered mouse strains, it does not allow for
parallel studies in the human system. Our group have taken
an alternative approach, analogous to studies in the hemato-
poietic system, where genetic alterations are introduced into
purified cell populations and transplanted into mice. We
found that the Sca-1+ fraction, enriched in prostate-regener-
ating cells, was capable of initiating prostatic intraepithelial
neoplasia (PIN) lesions upon activation of the PI3K pathway
via over-expression of myristoylated AKT (Xin et al., 2005).

Utilizing both approaches, our group and others have
shown that the basal compartment is susceptible to transfor-
mation. In the Pten-null prostate cancer model, Wang et al.
(2006a) demonstrated an expansion of basal stem/progenitor
cells, and Mulholland et al. (2009) recently found that cells
expressing the basal cell-specific marker p63 could initiate
prostate cancer after deletion of Pten. Our group went on to
show that the basal fraction is an efficient target population
for prostate cancer-initiation in response to multiple onco-
genic events including activation of the PI3K pathway, en-
hanced AR signaling, and increased expression of the ETS
family transcription factor ERG (Lawson et al., 2010).

Although stem-like basal cells are a likely target popula-
tion, other studies have shown that prostate cancer can arise
from luminal cells. Using a human PSA-promoter that is active
primarily in murine prostate luminal cells, Ma et al. (2005)
were able to demonstrate prostate cancer-initiation after
loss of Pten. Korsten et al. (2009) went on to show that the ge-
netic alterations are first seen in a subset of luminal cells
expressing the progenitor markers Trop2 (TACSTD2) and
Sca-1. Wang et al. showed that CARNs can serve as a cell-of-
origin for prostate cancer after loss of PTEN (Wang et al.,
2009), proving that PI3K pathway activation in multiple target
cells is sufficient for cancer-initiation.

To address the potential cell-of-origin for human prostate
cancer, we have lentivirally transduced prospectively-isolated
basal and luminal fractions with oncogenes that are both impli-
cated in human prostate cancer and have been demonstrated to
transform murine prostate epithelium. We have found thatcells

in the CD49f"Trop2® human prostate basal fraction can serve
as target cells for transformation upon transplantation into im-
munodeficient mice (Goldstein et al., 2010).

Results from the mouse suggest the co-existence of multiple
target cells in the context of murine prostate cancer, and early
studies in the human system implicate basal cells as one cell-
of-origin for human prostate cancer (summarized in Figure 5).
As has been demonstrated in the hematopoietic and mammary
systems (Lim et al., 2009; So et al., 2003; Passegue et al., 2004;
Huntly et al., 2004; Krivtsov et al., 2006; Cozzio et al., 2003;
Prat and Perou, 2009), different genetic alterations may have
the capacity to transform different target cells. Alternatively,
different clinical sub-types of cancer may arise from different
cell types. While the majority of human prostate tumors are ac-
inar-type adenocarcinomas, rare variant forms such as small
cell carcinoma and ductal carcinoma have been described
(Huang and Witte, 2010; Pinthus et al., 2000; Epstein, 2010). Un-
derstanding how different target cells self-renew and initiate
the disease may be useful to not only sub-divide patients
with these properties but also to identify therapies to specifi-
cally attack one or another target cell.

4. Do prostate tumors contain tumor-propagating
(cancer stem) cells?

The cellular heterogeneity within tumors has only recently
been probed to identify cellular components with greater tu-
morigenicity that may serve as unique targets for therapy.
The cancer stem cell (CSC) hypothesis proposes that a subset
of cells within a tumor are responsible for both self-renewing
to make more of themselves and producing the remaining cel-
lular heterogeneity represented in the tumor (Reya et al.,
2001). The gold standard assay to demonstrate this conceptin-
volves transplanting primary tumor cells into immunodefi-
cient mice. It has been shown in hematologic cancers
(Bonnet and Dick, 1997; Lapidot et al., 1994) and in several solid
tumors (Al-Hajj et al., 2003; O’Brien et al., 2007; Singh et al.,
2004) that a sub-fraction of cancer cells can propagate the tu-
mor in mice, while the remaining fraction is depleted for this
activity. However, this view needs to be critically examined in
each experimental system, as multiple groups have found no-
table exceptions where the majority of primary cancer cells
have tumor-propagating potential (Quintana et al., 2008;
Kelly et al., 2007; Williams et al., 2007).

4.1. Propagation of prostate tumors in mice

Over the last decade, a significant amount of work has been
done to establish xenografts of primary human prostate can-
cers. Numerous groups have demonstrated that small bits of
cancerous prostate tissue isolated from both primary and
metastatic sites can be propagated and serially passaged in
mice (Pinthus et al.,, 2000; Wainstein et al.,, 1994; Pretlow
et al., 1993, 2000; Klein et al., 1997; Ellis et al., 1996; Corey
et al., 2003). Some tumors can maintain their growth and dif-
ferentiation properties for up to 76 passages (Corey et al.,
2003), demonstrating long-term proliferative potential and
self-renewal of prostate cancer cells. Several groups have
used cell lines and xenografts as models to investigate
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Method to Enrichment Prostate Cancer
identify cells of interest (species) for cell type | regeneration | initiation References
Sca-1" (mouse) Basal 34, 35

CD49f""™ Sca-1* (mouse) Basal 17, 36, 66
Trop2" CD49f" Sca-1* (mouse) Basal Unknown 16
ALDH 9" (mouse) Basal Unknown 37
CD49f" Trop2" (human) Basal 41
Unknown 67
42
CD117* CD44* CD133* Sca-1* (mouse) Unknown Unknown 52

Figure 5 — Summary of studies demonstrating prostate-regeneration and/or prostate cancer-initiation. Numerous approaches have been taken to identify

prostate-regenerating cells (blue) and prostate cancer-initiating cells (red) from the mouse prostate. These methods are known to enrich for cells

with a basal (green), luminal (orange) or unknown (yellow) location in the gland. We have recently extended these studies to the human prostate

system to demonstrate that cells with a basal phenotype can generate human prostatic tubules and human prostate cancer.

potential prostate cancer stem cells (Hurt et al., 2008;
Patrawala et al., 2006, 2007; Vander Griend et al., 2008). It is im-
portant to note that these models have likely undergone in
vitro and/or in vivo selection processes that may not accurately
represent the cellular heterogeneity of primary prostate tu-
mors. The most convincing evidence for cancer stem cells in
prostate cancer would be the demonstration that dissociated
cells from primary prostate tumors can propagate a tumor
representing the heterogeneity of the original tumor.

4.2.  Lack of evidence for cancer stem cells in primary
prostate tumors

While tissue fragments from primary prostate tumors can be
propagated in mice (Pinthus et al., 2000; Wainstein et al., 1994;
Pretlow et al., 1993, 2000; Klein et al., 1997; Ellis et al., 1996;
Corey et al., 2003), the routine demonstration that dissociated
cells can generate such tumors has yet to be reported. Collins
etal. (2005) reported the isolation of a subset of cells from primary
tumors, termed prostate cancer stem cells, with proliferative po-
tential in vitro. Although prostate cancer is defined by an absence
of basal cells, the putative prostate cancer stem cells exhibited
basal cell properties (Collins et al., 2005). Interestingly, these cells
were purified based on their expression of CD44, a marker of
basal cells in benign prostate that is primarily expressed on chro-
mogranin A-expressing neuroendocrine cells and tumor-infil-
trating lymphocytes in prostate tumors (Palapattu et al., 2009).
The gold standard, tumor-propagation upon transplantation
into mice, has yet to be met, and therefore it remains unclear if
primary prostate tumors contain cancer stem cells.

4.3.  Are prostate tumors devoid of stem-like cells?

Despite the lack of evidence for tumor-propagating cells, such
a cell may still exist in the context of human prostate cancer.
Morrison and colleagues have demonstrated that optimiza-
tion of assay conditions can vastly alter the number of cells
capable of tumor formation in mice (Quintana et al., 2008).
While only 1 melanoma cell per million can generate tumors

in NOD/SCID mice, 1in 4 has the capacity for tumor formation
when injected into NOD/SCID IL2Ry™™! mice with Matrigel
(Quintana et al., 2008). Perhaps similar optimization of trans-
plantation techniques may elucidate a population of dissoci-
ated primary prostate tumor cells capable of tumor
formation in mice. Alternatively, prostate tumors may be de-
void of primitive cells. Strong evidence, as presented in this
review, supports the existence of progenitor-type cells in the
basal compartment of the mouse and human prostate. During
prostate cancer progression, the luminal compartment ex-
pands and basal cells are lost (Grisanzio and Signoretti,
2008). Perhaps this loss of basal cells corresponds to a loss of
progenitor-type cells during cancer progression. Late stage
disease, accompanied by metastasis and castration-resistant
prostate cancer, enriches for basal cell genes (Bui and Reiter,
1998) and may also enrich for stem-like cells. A third possibil-
ity is that neuroendocrine cells, rare in normal tissue with in-
creasing numbers during disease progression, represent
a progenitor cell in prostate cancer (Palapattu et al., 2009).
Neuroendocrine cells are quiescent, castration-resistant, and
do not express detectable levels of androgen receptor (AR) or
prostate-specific antigen (PSA) (Huang et al, 2006, 2007;
Palapattu et al.,, 2009; Bonkhoff et al., 1993; Krijnen et al.,
1993). Finally, different sub-types of prostate cancer, such as
small cell carcinoma, may have different propensities to con-
tain stem-like components. Future studies will be necessary to
determine if a subset of prostate cancer cells are responsible
for tumorigenic activity and can be uniquely targeted, or if
therapies should focus on eradicating the bulk tumor.

5. How can studying stem cells be useful for
understanding and treating prostate cancer?

To date, researchers have taken two central approaches to ap-
ply the study of tissue stem cells to cancer. In the first ap-
proach, the antigenic profile of stem and progenitor cell
populations are used to prospectively isolate cells from pri-
mary cancers with tumorigenic activity. Dick and colleagues
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first demonstrated that cells with the same profile as normal
human hematopoietic progenitors (CD34+ CD38—) were the
only cells capable of transplanting leukemia into mice
(Bonnet and Dick, 1997; Lapidot et al., 1994) and this approach
has been useful for the purification of tumorigenic cells from
solid tumors as well (Ginestier et al., 2007). Using a different ap-
proach that does not rely on expression of surrogate markers
for primitive cell populations, researchers are asking whether
mechanisms that regulate stem cell survival and function
will also regulate cancer cells. Such an approach has led to
the identification of new targets for solid tumors, such as
Bmi-1in lung cancer (Dovey et al., 2008) and the Wnt pathway
in chronic myelogenous leukemia (Zhao et al., 2007).

5.1. Properties shared by primitive prostate cells and
castration-resistant prostate cancer cells

Since the antigenic profile of normal human prostate stem cells
(enriched in the CD49f"'Trop2 basal fraction) is extremely low
or not represented in prostate tumors and is unlikely to be use-
ful for purifying cancer stem/progenitor cells, we should focus
our attention on identifying critical regulators of stem cell func-
tion that may modulate prostate cancer cells. Primitive cells of
the prostate likely share three properties with castration-resis-
tant prostate cancer cells: castration-resistance, tissue-regen-
eration, and self-renewal. Although Trop2™ basal cells and
CARNSs have different molecular properties and cellular locali-
zation, both populations contain prostate-regenerating cells
that exhibit castration-resistance and self-renewal. Transcrip-
tional profiling of these distinct populations may be useful to
identify common mechanisms that regulate castration-resis-
tance and self-renewal activity.

5.2. Self-renewal pathways in stem cells and prostate
cancer

Several candidate pathways have been implicated in modulat-
ing stem-like cells and are commonly dysregulated in prostate
cancer, suggesting that they may be targetable. The PI3K path-
way, shown to promote self-renewal of murine prostate basal
stem/progenitor cells (Mulholland et al., 2009), is activated in
the majority of prostate tumors (Yoshimoto et al., 2006). The
Ets transcription factor ERG, a regulator of hematopoietic my-
eloid progenitor self-renewal (Pereira et al., 1998) and normal
prostate differentiation (Zong et al., 2009; Klezovitch et al,,
2008), is frequently involved in translocations resulting in in-
creased protein expression in prostate cancer (Tomlins et al.,
2007). Other genes and pathways that regulate stem cell self-
renewal and similar developmental processes, such as the
Wnt (Chen et al., 2004; Bierie et al., 2003; Mulholland et al.,
2002; Ontiveros et al., 2008; Yang et al., 2002) and Notch path-
ways (Belandia et al., 2005; Dalrymple et al., 2005; Leong and
Gao, 2008; Shou et al., 2001; Wang et al., 2006b, 2010; Zhang
et al., 2006), c-Myc (Gurel et al., 2008; Ellwood-Yen et al.,
2003), Bcl-2 (Catz and Johnson, 2003; McDonnell et al., 1992)
and Bmi-1 (Berezovska et al., 2006; Glinsky et al., 2005; van
Leenders et al., 2007), have altered expression in prostate can-
cer and may be involved in cancer cell survival and self-re-
newal. Recent work from our group has established Bmi-1 as
a regulator of both normal murine prostate stem cell self-

renewal and murine prostate cancer-initiation (R.U. Lukacs,
Unpublished Results). Defining the dominant self-renewal
pathways that regulate primitive prostate cells may elucidate
critical targets for the treatment of prostate cancer.

6. Conclusions

In thisreview, we have evaluated studies thatlink primitive cells
to prostate cancer, highlighting the functional studies. Strong
evidence supports the existence of tissue stem cells in the pros-
tate with the properties of castration-resistance, tissue-regener-
ation and self-renewal. In addition to the numerous groups that
have isolated stem cells from the normal prostate basal layer,
a population of luminal cells in the castrated prostate can serve
as stem cells. We also present evidence that primitive cells can
serve as targets for prostate cancer-initiation. The fact that pros-
tate cancer is so heavily linked to age strongly suggests that
long-lived cells are the only cells capable of acquiring enough
mutations to initiate cancer, supporting the experimental evi-
dence of immature cells with cancer-initiating activity. The ep-
ithelial hierarchy of the prostate needs to be further
interrogated to identify intermediate progenitor-type cells, so
that their susceptibility to oncogenesis can be assayed as well.
Surprisingly little evidence exists to support a stem-like cell in
primary prostate tumors, however there may be a rare subset
of cellsin advanced disease with tumorigenic activity. These ex-
perimental findings have important implications for treatment
and need to be resolved.

We have determined that the link between stem cells and
prostate cancer involves three functional properties. Castra-
tion-resistance, tissue-regeneration and self-renewal are likely
shared by primitive prostate cells and castration-resistant
prostate cancer cells that can mediate tumor formation in the
absence of androgen. Studying stem cells and their properties
will hopefully lead both to a better understanding of cell sur-
vival and proliferation in androgen-depleted conditions and
to the development of new targets for advanced disease.
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