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Abstract
The cells of origin for cancer are the cells within tissues that serve as the target for transformation.
Understanding the nature of these cells will benefit disease prevention, diagnosis and prognosis.
During the past decade, much progress has been made in understanding the cellular origin for
prostate cancer. This review aims to summarize the previous findings, describe the most recent
results and discuss some controversies and unresolved issues in this field.
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INTRODUCTION
The cells of origin for cancer denote the cells within tissues that serve as the target for
transformation during tumor initiation.1 They are defined differently from the cancer stem
cells that represent the cellular subfractions that can regenerate the tumors.2 Characterizing
the identity of cells of origin for cancer has been a research area under extensive
interrogation. This is mainly due to the enthusiasm to test the hypothesis that distinct cellular
origins for cancers determine the histological and molecular features of cancers and account
for the heterogeneous nature of certain malignancies. Understanding the nature of these cells
will facilitate early diagnosis and accurate prognosis, and may also lead to novel preventive
strategies for high-risk patients.

MAJOR APPROACHES FOR STUDYING THE CELLS OF ORIGIN FOR
CANCER

Historically, the identities of cellular origins for cancers were assumed based on their
histological appearances. Now we know, based on our current knowledge, that random and
static observations from tumor specimens can be misleading. Any assumptions made should
be validated using more direct genetic approaches. A related, but more elegant hypothesis is
that tumors display gene expression profiles that most resemble those of their cells of origin
rather than those of other lineages in the same tissue. With this approach, it has been
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suggested that the mammary gland luminal epithelial progenitors are the cells of origin for
the basal-like breast cancer.3 More impressively, brain tumors with identical histological
appearances can be divided into distinct groups based on their gene expression profiles that
reflect those of their cellular origins.4,5 These studies suggest that the pathological
appearance of tumors does not always match their molecular profiles. However, conclusions
from these types of studies are still indirect and need further validation using direct genetic
studies.

A relatively more direct approach to study the cellular origin for cancer is to establish cell
lines with distinct lineage characteristics from human or rodent tissues, transform the
cultured cells and determine whether the resulting tumors display different pathological
appearance. For example, Ince et al.6 established two types of mammary gland epithelial cell
lines that displayed a myoepithelial and a luminal cell phenotype, respectively. When
transformed by the same combination of oncogenes, the two types of cells formed tumors
with distinct phenotypic appearances and malignant potentials. This study provides direct
evidence that the cellular origin for cancer can dictate the tumor phenotype and
aggressiveness. However, it should be noted that the phenotypic characteristics of the in
vitro cultured cells may not always reflect their origins in vivo.

During the past decade, maturation of technologies such as fluorescence-activated cell
sorting and the availability of genetically engineered mouse models have made it possible to
investigate the cellular origins for cancers using more direct approaches. Figure 1 illustrates
the two most popular direct approaches for studying cells of origin for cancer. The first
approach is a transplantation assay-based method that was pioneered by studies in the
hematopoietic system.7 As shown in Figure 1a, individual hematopoietic lineages are
isolated by flow cytometry based on their surface antigen expression profiles. Isolated cells
are transduced by either a retrovirus or lentivirus to elicit various oncogenic signaling.
Engineered cells are then transplanted into host mice to determine their susceptibility to
transformation. With this approach, dozens of studies have concluded that both
hematopoietic stem cells and more committed progenitors such as the granulocyte–
macrophage progenitors can serve as the cells of origin for hematological disorders in
different oncogenic contexts.8–11 Subsequently, this approach has been successfully adapted
to studying cells of origin for solid tumors, such as breast12 and prostate cancer,13 as
described in detail below. One caveat to this approach is that the expression level of specific
oncogenes may influence the susceptibility of different target cell populations.

The second direct approach to study cellular origin for cancer is to introduce oncogenic
signals into specific cell lineages in vivo and in situ in genetically engineered mouse models
(Figure 1b). This is often achieved by spatiotemporal activation of oncogenic signaling by
lineage-specific promoters. The oncogenic signaling may be initiated upon activation of a
lineage-specific promoter (Figure 1b (i)), or by dual regulation of specific promoters and a
tamoxifen-responding CreER or a tetracyclin-responding element (Figure 1b (ii)).14

Alternatively, oncogenic signaling can also be specifically introduced into individual
lineages by virus infection such as the RCAS/TVA system, and so on (Figure 1b (iii)).15

A typical example is a study from Lapouge et al.,16 in which the authors showed that K-ras
activation in hair follicle bulge stem cells leads to squamous skin carcinoma. The same
approach has been utilized in many other elegant studies to investigate cellular origin for
hematological disorders,17 brain cancers18 and so on. For some organ systems, simplified
approaches are available that do not require multiple genetically engineered mouse models
and tedious mouse breeding. For examples, epithelial lineages in the lung can be targeted by
inhalation of an aerosol of adenovirus,19 whereas mammary gland epithelial lineages can be
targeted by intraductal injection of retrovirus, lentivirus or avian virus.20 Although this is the

Xin Page 2

Oncogene. Author manuscript; available in PMC 2014 August 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



most direct and physiologically relevant approach, it is not always feasible because of the
lack of proper animal models. In addition, tumor initiation from a cell lineage with stem cell
activity does not necessarily conclude that it is the only cellular origin for cancer. Parallel
studies targeting individual downstream lineages are essential to determine whether the stem
cell lineage or the differentiated lineages, or both, are susceptible to transformation induced
by the introduced oncogenic signaling. Finally, expression of an oncogene driven by
lineage-specific promoters or a viral long terminal repeat may be not equivalent to activation
of an endogenous oncogene and the level of oncogene expression may influence the
susceptibility of the cells of origin.21

PROSTATE EPITHELIAL LINEAGE HIERARCHY AND THE CELLULAR
ORIGIN FOR PROSTATE CANCER

Prostate cancer is the second leading cause for cancer-related death in males in the western
countries.22 Currently, a major therapeutic challenge for prostate cancer is to distinguish
indolent cancers from aggressive ones that need immediate therapeutic intervention. The
malignant potential of the prostate cancer may be determined by the transforming capacities
of the oncogenic events associated with the disease. Alternatively, it is also hypothesized
that the cellular origin for prostate cancer dictates the aggressiveness of the disease.
Therefore, much effort has been made in interrogating the identity of the cells of origin for
prostate cancer.

There are three types of epithelial cells in the adult prostate (Figure 2).23 Luminal cells
constitute the majority of the prostate epithelia and carry out the secretory function. Most
luminal cells depend on androgen signaling for their survival. The low-molecular-weight
cytokeratins CK8/18 are typical lineage markers for the luminal cells. The androgen receptor
and a homeobox gene Nkx3.1 are also preferentially, but not exclusively, expressed in the
luminal cells.24,25 Basal cells are aligned between the basement membrane and luminal
cells. They express the high-molecular-weight cytokeratins CK5/14 and a p53 superfamily
member p63.26 One classical view of the function of the basal cells is that they serve as a
barrier to protect luminal cells from oncogenic insults.27 In addition, classic studies by
Isaacs et al.29 demonstrated that rodent prostate epithelia can undergo extensive turnover in
response to fluctuating serum testosterone levels, suggesting the existence of a stem cell
population. As basal cells do not rely on androgen for their survival, it was hypothesized that
prostate stem cells reside in the basal cell layer. Neuroendocrine cells are the third type of
epithelial cells and constitute only a very small fraction of cells within prostatic acini.30

They express synaptophysin and chromagranin A, but their functions are still not clear.
Additionally, a population of `transit-amplifying' or `intermediate' prostate epithelial cells
has been documented in the study of human prostate biology.28,31 These cells express
markers of both the basal and luminal cells. Although these cells are very rare in vivo, basal
cells often display the intermediate cell phenotype when cultured in vitro.32–34 Because of a
lack of proper in vivo experimental approaches for studying neuroendocrine cells and
intermediate cells, this review will focus mainly on basal and luminal cell lineages.

Historically, luminal cells were thought to be the cellular origin for prostate cancer because
prostate cancers are mostly composed of cells that display a luminal cell phenotype. In fact,
loss of the expression of the basal cell antigens CK5/14 and p63 has served as a diagnostic
criterion for prostate cancer.35 On the other hand, prostate cancer often recurs after
antihormonal therapy and becomes castration-resistant. As androgen independence is a
major feature of basal cells, it has also been suggested that the cellular origin for prostate
cancer is basal cells. In support of this hypothesis, Min et al.36 showed that primary
established human basal prostate epithelial PrEC cells can be transformed by oncogenic
signaling and can form tumors that are composed of cells displaying a luminal cell
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phenotype. Finally, intermediate cells have also been observed in human prostate cancer
tissues in some reports.37,38 Prostate stem cell antigen, a marker for late intermediate
epithelial cells, is also upregulated in human prostate cancers.39 Thus, it has also been
suggested that the intermediate epithelial cells may be the cells of origin for prostate cancer.
The intermediate epithelial cells have not been definitively defined in vivo under
physiological conditions in adult mice, but have been frequently observed during
carcinogenesis in various mouse models.40,41 During the past 10 years, more direct
approaches have been utilized to investigate prostate epithelial lineage hierarchy as well as
the identity of the cellular origin for prostate cancer. Interestingly, those studies have
generated some seemingly controversial conclusions.

Previously, we managed to separate individual prostate epithelial cell lineages using flow
cytometry, hoping to define the prostate epithelial lineage hierarchy and to determine the
cellular origin for prostate cancer using the first approach illustrated in Figure 1a. We
established a dissociated prostate cell regeneration assay (Figure 3a)42 based on a classic
tissue fragment recombination assay.43 Briefly, dissociated single prostate epithelial cells
are combined with embryonically derived urogenital sinus mesenchymal cells (UGSM) and
grafted under renal capsules of immunodeficient male host mice. UGSM cells are capable of
stimulating proliferation and differentiation of prostate stem cells to regenerate glandular
structures de novo. We and others showed using this assay that human and rodent basal cells
are capable of regenerating glandular structures that contain all three major epithelial
lineages in the prostate.13,44–47 In contrast, basal cell-depleted lineages do not possess this
capacity. These studies directly demonstrated the long-existing hypothesis that prostate basal
cells possess the stem cell capacity for multi-lineage differentiation.29 In addition, when
FACS- (fluorescence-activated cell sorting) sorted cell lineages were infected with
lentiviruses that express various oncogenes, only basal cells were able to generate prostatic
intraepithelial neoplasia lesions or adenocarcinoma (Figure 3b).13,48,49 Of note, Goldstein et
al.48 showed that when FACS-sorted primary human prostate basal cells were transformed,
they formed adenocarcinomas that were composed solely of luminal cells. These studies
demonstrate that prostate stem cells reside in the basal cell lineage, and that basal cells are
an efficient target for transformation in the prostate regeneration assay.

Wang et al.50 employed a lineage-tracing approach to address the same questions (Figure 4).
They utilized an Nkx3.1-CreERT2 mouse strain that expresses the tamoxifen-responding
CreERT2 under the endogenous promoter of Nkx3.1. In intact mice, Nkx3.1 is mainly
expressed by luminal cells but is also expressed in a few basal cells.25 However, using a
fluorescence reporter line, Wang et al.29 showed that in castrated Nkx3.1-CreERT2 mice,
Nkx3.1 is only expressed in a small fraction of luminal cells, which were termed as the
castration-resistant Nkx3.1-expressing (CARN) cells (Figure 4a). They induced extensive
epithelial turnover by a classic castration-androgen replacement protocol and showed that
CARN cells can generate both basal cells and luminal cells. In addition, when phosphatase
and tensin homolog (Pten) is specifically knocked out in CARN cells, castrated mice
developed adenocarcinoma upon androgen replacement (Figure 4b). Collectively, this study
shows that the CARN luminal cells also possess stem cell activity and can serve as the
cellular origin for prostate cancer.

DETERMINING LINEAGE HIERARCHY AND THE CELLULAR ORIGIN FOR
PROSTATE CANCER USING LINEAGE TRACING AND LINEAGE-SPECIFIC
GENE TARGETING

The studies described above appeared to be controversial. However, these different
conclusions most likely reflect the differences and limitations of the experimental models
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utilized in those studies. In the prostate regeneration assay, prostate epithelial cells are
dissociated into single cells and removed from their normal environmental cues. They are
combined with the UGSM cells that possess strong inductive capacity. UGSM cells can
reprogram epithelial cells of other tissue origins at various developmental stages into
prostate epithelial-like cells.51–53 Therefore, it is unknown whether the biological readout of
the assay reflects an obligate or a facultative function of prostate stem cells. In addition,
prostate luminal cells by nature do not proliferate and form grafts in this assay. Therefore,
the observation that luminal cells cannot be transformed in this assay does not rule out that
they cannot be transformed in vivo and in situ.

On the other hand, despite a luminal phenotype, the origin of the CARN cells is unknown. It
is possible that basal cells can adapt a CARN cell phenotype in castrated mice. In addition,
Nkx3.1 is a transcription factor that has a role in prostate homeostasis24 and has been shown
to affect the dynamics of prostate regeneration.54 The Nkx3.1-CreERT2 mouse model was
designed so that one allele of Nkx3.1 is functionally null.50 It remains unknown how this
may affect stem cell function and lineage maintenance during the induced epithelial
turnover. Finally, tumor initiation from the CARN cells occurred in castrated mice.
Although it has been reported that castrated males can develop prostate cancer in some rare
cases, this may not be similar to mechanisms of cancer initiation in intact adults.

We employed a different experimental approach to further interrogate the lineage hierarchy
and cellular origin of prostate cancer. As shown in Figure 5a, prostate basal cells and
luminal cells were fluorescently marked individually in adult mice using K14-CreER and
K8-CreERT2.40 After induced epithelial turnover, we found that prostate basal cells only
generate basal cells, while luminal cells only generate luminal cells (Figure 5b). A previous
study using a PSA-CreERT2 model also showed that the luminal cell lineage is self-
maintained.55 Our finding is also in agreement with recent studies in the mammary gland
showing that the adult myoepithelial and luminal epithelial lineages are also independently
sustained.56–58 These studies, together with observations from some other tissue systems,59

highlight a distinct model for adult epithelial maintenance, in which adult epithelial tissues
are maintained by unipotent progenitors or self-duplication of epithelial cells.

We also knocked out the tumor suppressor Pten specifically in basal and luminal cells in
intact adult mice using K14-CreER and K8-CreERT2, respectively (Figure 5c).40

Experimental mice were allowed to age to determine whether tumors would form. Our study
revealed that prostate luminal cells are very sensitive to the mitogenic signaling induced by
Pten deletion. K8-CreERT2;Ptenfl/fl mice developed prostatic intraepithelial neoplasia
lesions within 1 month after Pten deletion. In contrast, basal cells are more indolent to
oncogenic insults such as loss of Pten or simultaneous loss of Pten and p53. Nevertheless,
those mice developed prostatic intraepithelial neoplasia lesions after a long latency. We
think this is because basal cells trans-differentiated into luminal cells in the context of these
oncogenic signals. As soon as the trans-differentiation took place, the derived luminal cells
proliferated in response to the pre-existing oncogenic insults. This study demonstrates that
both prostate basal cells and luminal cells can serve as the cellular origin for prostate cancer.

BASAL-LUMINAL DIFFERENTIATION: A CRITICAL PATHOLOGICAL
EVENT?

Prostate basal cells are less well-differentiated and proliferate more frequently.60 Therefore,
they are more prone to accumulating genetic alterations than luminal cells and may act as a
preferred cellular origin for cancer. In addition, prostate basal cells are aligned between
luminal cells and the basement membrane and have been proposed to serve as a natural
barrier to protect luminal cells from various insults.27 They are exposed to a more `hostile'
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environment than luminal cells because they are in direct contact with surrounding reactive
stroma that generates various cancer-promoting cytokines.61 Therefore, basal cells may have
evolved protective molecular circuitries against oncogenic insults through cell-autonomous
or non-autonomous mechanisms. In agreement with this, our studies showed that prostate
luminal cells are more responsive to mitogenic signaling induced by Pten deletion, while
basal cells in situ are more resistant to transformation.

Our study suggests that differentiation of basal cells into luminal cells may have a critical
role in prostate cancer initiation. Prostate cancer is unique in that the disease is strictly age-
dependent. Seldom do men under 35 develop prostate cancer. Our study showed that K14-
Pten mice developed prostate cancer with a long latency: after deletion of Pten in K14-
expressing basal cells, it took at least 3 months for K14-Pten mice to develop prostate
cancer, which is equivalent to approximately 10 years of human life. This suggests that
basal–luminal differentiation is an extremely lengthy and inefficient biological process
under certain genetic contexts, which may serve as one explanation as to why prostate
cancer is an age-related disease.

Additional evidence suggests a potential role of a deregulated epithelial differentiation
program in prostate cancer initiation. A series of TMPRSS2-Ets fusion proteins generated
through chromosome translocation have been identified in over 54% of prostate cancers.62

Surprisingly, Ets fusion proteins per se are not sufficient to initiate prostate cancer in several
transgenic mouse models.63–66 Of note, two of those studies reported that overexpression of
Erg and Etv1 in the prostate leads to a reduction of basal cells within the prostate.65,66 It is
tempting to hypothesize that one of the functions of the Ets fusion protein is to drive prostate
basal cells to differentiate into prostate luminal cells, and that the cellular origin for Ets
fusion protein positive prostate cancer is likely to be prostate basal cells. If this is true, then
suppressing the Ets fusion protein-mediated signals that promote basal–luminal
differentiation may provide a promising approach to prevent prostate cancer.

Basal cells may also serve as the cellular origin for metastatic prostate cancer. Basal cells
display a more mesenchymal phenotype and express genes relevant to epithelial–
mesenchymal transition at a higher level than luminal cells. For example, the miR-200
family that positively regulates E-cadherin is expressed at a lower level in basal cells as
compared with luminal cells.67–69 Epithelial–mesenchymal transition is a phenotype that is
often associated with anchorage-independent survival and higher migratory capability.70

Therefore, basal cells may be more competent to intravasate, survive in the circulating
system, extravasate and then differentiate into transformation-competent luminal cells that
colonize at distal sites. Although there is no direct evidence to support this hypothesis, it has
been shown previously that untransformed murine mammary gland epithelial cells can seed
in the lung.71 In addition, our previous studies have demonstrated that basal cells have the
capability to survive and differentiate into multiple cell lineages in the transplantation-based
prostate regeneration assay.13,49

SUMMARY, CAVEATS AND DISCUSSIONS
Our work demonstrated that adult murine prostate basal cells and luminal cells are
independently self-sustained. They both can serve as the cellular origin for prostate cancer.
However, basal cells are relatively resistant to oncogenic signals and need to undergo basal–
luminal differentiation to initiate cancer40 (Figure 6). These findings are not contradictory to
the previous studies showing that basal cells possess multipotent stem cell activity in the
prostate regeneration assay.13,44,45 As discussed earlier, the experimental condition of the
prostate regeneration assay awakens the plasticity of basal cells, which represent a
facultative function that basal cells do not, or rarely, carry under physiological conditions in
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adult mice. Neither is our work in conflict with previous studies showing that basal cells are
efficient targets for transformation in the prostate regeneration assay.48,49 This is because
basal cells are capable of differentiating into luminal cells much more efficiently in the
prostate regeneration assay. In summary, the prostate regeneration model may reveal some
capabilities of adult prostate basal cells under pathological conditions, such as during tumor
metastasis (Figure 6b), as described earlier.

It should be noted that our studies showed that it is in the adulthood that the prostate basal
and luminal cell lineages are independently sustained. It has been well-accepted that the
prostate epithelia are developed from a stem cell population that expresses both CK5 and
CK8 at the embryonic stage (Figure 6a).72 A very recent lineage-tracing study revealed that
some murine prostate basal cells retain multipotent capacities at the postnatal developmental
stage.73 This developmental stage-dependent switch of the mechanisms for tissue
maintenance has also been demonstrated in the mammary gland.56,58

One limitation of our experimental model is that we cannot label prostate basal cells at a
high efficiency. The labeling efficiency is the highest in the lateral lobe, and is only about
20%. Similar observations have been made in the mammary gland that myoepithelial cells
are relatively refractory to fluorescent marking.56 The molecular basis of this resistance is
not known. It is possible that the CK14 promoter in the transgenic mouse model does not
work potently in the basal cells. Or alternatively, basal cells express higher levels of ATP-
binding cassette transporters so that they can efflux tamoxifen more efficiently.74 With this
limitation, we cannot rule out completely that rare bipotent or even multipotent stem cells
may exist and can generate all three epithelial lineages in the prostate. However, in the
complementary lineage tracing of the luminal lineage, we found no evidence that other
lineages contribute significantly to the maintenance of the luminal lineage. Therefore, our
study showed convincingly that prostate basal and luminal cell lineages are mainly
maintained independently. In summary, even if they exist, multipotent stem cells may only
marginally contribute to adult epithelial maintenance. The other interesting finding in our
study is that Pten knockout can induce trans-differentiation of basal cells into luminal cells.
This is based on the observation that basal to luminal transition is not observed in wild-type
mice but is seen in the Pten-null mice. However, in light of the caveats described herein, we
cannot exclude the possibility that Pten was deleted in rare bipotent progenitors, which
initiate cancer upon differentiating into luminal cells.

The other caveat is that different lineage-specific promoters may mark different
subpopulations of the cells within a given lineage. For examples, although lineage tracing
using the promoters of CK5 and CK14 showed that myoepithelial cells in adult mouse
mammary gland are unipotent,56 a recent study showed that some Axin2-expressing
myoepithelial cells in adult mice display bipotent activities during cycles of lactation and
involution.58 It will be interesting to see whether similar conclusions derived from our
studies will be obtained using mouse models expressing the CreER transgene driven by the
promoters of other lineage markers.

Finally, despite the microscopic similarities between their glandular structures, there are
fundamental differences between human and rodent prostates. Natural seasonal fluctuations
in androgen level may differ between human and rodents, which could have an impact on
the biology of the prostate and affect incidence of prostate cancer.75 Human prostate is a
lobular organ, while mouse prostate displays a tubular structure. There are more stromal
cells in human prostates than in mouse prostates. Human prostate basal cells form a
continuous layer. Adjacent basal cells are always in direct contact with each other and form
tight junctions. In contrast, the basal cell layer in rodents is punctuated and not continuous.27

Prostate basal cells proliferate more than luminal cells in human prostate, whereas luminal
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cell proliferation is more frequently observed in rodents.60 Human and rodent prostate cells
also differ in terms of the expression of lineage markers such as PSA, CD44 and CD57, and
so on.76 Collectively, while studies from rodents provide important insights into molecular
and cellular mechanisms underpinning disease initiation and progression in humans, it
should be kept in mind that exceptions and differences exist between species.

IMPLICATIONS AND FUTURE DIRECTIONS
Breast cancer has been successfully subclassified into at least five different types based on
their gene expression profiles.77 This finding supports the hypothesis that the identity of the
cellular origin for cancers determines their histopathological appearances and molecular
profiles. Gene expression profiles of large cohorts of human prostate cancer specimens have
also been performed.78,79 However, no distinct subtypes of tumors were able to be classified
based on their gene expression profiles. This could be accounted for by the fact that prostate
cancer is so heterogeneous that sampled specimens fail to reflect the overall genomic
compositions and gene expression profiles of tumors, as has been shown in a recent study on
renal cell carcinoma.80 On the other hand, unlike breast cancer, treatment-naïve prostate
cancer is quite homogeneous in terms of the expression of frequently used lineage markers.
Therefore, it is possible that prostate cancers may not be distinguished from each other as
distinctively compared to what has been achieved with breast cancers. As an alternative, it
has been proposed that prostate cancers be subclassified based on the associated oncogenic
signaling, such as the presence of Ets fusion events.81

Although we showed that disease initiation from prostate basal cells have a longer latency in
the K14-Pten model, the majority of the tumors are composed of cells that display a luminal
cell phenotype. There are no dramatic differences in histological appearance and responses
to androgen deprivation between the cancerous lesions initiated from basal and luminal
cells. Proliferation and apoptosis indices are also comparable. Therefore, our observations
do not support the hypothesis that cellular origin can substantially affect histopathology and
malignant potentials of prostate cancers at least in the context of loss of function of Pten and
p53. Molecular profiling analyses of these tumors will provide more insights.

Nevertheless, our study raised several additional interesting questions. What is the essential
molecular signaling that can induce basal–luminal differentiation? Our recent study showed
that Notch signaling is capable of inducing differentiation of basal progenitors, but is not
sufficient to drive the basal–luminal differentiation.82 Additionally, the longer latency of the
K14-Pten model offers a platform where researchers can study the etiology of cancer
initiation from prostate basal cells. It will be interesting to investigate how other oncogenic
or inflammatory signaling can accelerate disease initiation in this model. For example, will
the expression of Ets fusion proteins in the basal cells of the K14-Pten model accelerate
disease initiation by promoting basal–luminal differentiation? These studies should provide
novel insights into the molecular mechanisms underpinning prostate cancer initiation.
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Figure 1.
Two major direct approaches for studying the cellular origin for cancer. (a) Different
hematopoietic cell lineages are isolated by flow cytometry based on their surface antigen
expression profiles, and transduced by retrovirus expressing various oncogenic signals.
Infected cells are transplanted to determine the susceptibilities of individual cell lineages
toward transformation. GM progenitors: granulocyte–macrophage progenitors. (b)
Oncogenic signaling is introduced into specific cell lineages in vivo and in situ by lineage-
specific promoters (i), or by dual regulation of lineage-specific promoters and the tamoxifen
responding CreERT2 (ii), or by various virus infection models (iii). LSL: loxP-flanked
transcriptional stop signal. RCAS: replication-competent ASLV long terminal repeat with a
Splice acceptor.
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Figure 2.
A simplified cartoon image illustrating glandular structures of adult murine prostate.
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Figure 3.
Studies using a dissociated prostate cell regeneration method demonstrate that basal cells
possess stem cell activity and are an efficient target for transformation. (a) The prostate
regeneration assay. Basal cells are FACS sorted from dissociated human or rodent prostate
epithelial cells based on their surface antigen expression profiles. Isolated basal cells are
combined with urogenital sinus mesenchymal cells (UGSM) and transplanted under kidney
capsules of immunodeficient male hosts. They are capable of forming glandular structures
that are reminiscent of normal adult prostates and contain all three prostate epithelial
lineages. Other cell lineages do not possess such capacities. (b) When FACS-sorted basal
cells are infected with lentivirus expressing a constitutively activated AKT, they can form
glandular structures containing prostatic intraepithelial neoplasia (PIN lesions). Other
lineages do not generate outgrowths under this condition.
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Figure 4.
CARN cells represent a distinct stem cell population that can act as the cells of origin for
prostate cancer. (a) CARN cells are luminal cells that express Nkx3.1 in castrated mice.
They can generate both basal cells and luminal cells in response to androgen stimulation. (b)
Pten deletion in CARN cells in castrated mice leads to tumor formation upon androgen
replacement.
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Figure 5.
Adult murine prostate basal cells and luminal cells are independently self-sustained lineages
that both can serve as the cells of origin for prostate cancer. (a) Schematic illustration of the
strategies to fluorescently label prostate basal and luminal cells separately. CK14-CreER
and CK8-CreERT2 mice are bred with an mTmG fluorescence reporter line. The mTmG
reporter mice express red fluorescence protein (RFP) that can be replaced by green
fluorescence protein (GFP) upon Cre-LoxP-mediated homologous recombination. Upon
tamoxifen induction, GFP is specifically and permanently expressed in the CK14- or CK8-
expressing cells and their progenies. (b) Lineage tracing shows that basal cells and luminal
cells are independently self-sustained. (c) Both basal cells and luminal cells can serve as
cells of origin for prostate cancer in the context of Pten deletion. However, disease initiated
from basal cells had a prolonged latency and required the trans-differentiation of basal cells
to luminal cells.
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Figure 6.
A model for the prostate lineage hierarchy and the cellular origin for prostate cancer. (a)
Prostate epithelial lineage hierarchy. During development, prostate stem cells that express
both CK5 and CK8 undergo lineage commitment to generate both basal and luminal cells.
Some basal cells retain the stem cell capacity for multi-lineage differentiation at the post-
natal developmental stage. In adulthood, prostate basal and luminal cell lineages are mainly
self-sustaining. (b) Cellular origin for prostate cancer. Both prostate basal and luminal cells
may serve as the cellular origins for primary as well as metastatic prostate cancer. Basal–
luminal differentiation may have a critical role in the initiation and progression of prostate
cancer with a basal cell origin.
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