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Abstract
Recent studies of prostate cancer and other tumor types have revealed significant support as well
as unexpected complexities for the application of concepts from normal stem cell biology to
cancer. In particular, the cell of origin and cancer stem cell models have been proposed to explain
the heterogeneity of tumors during the initiation, propagation, and evolution of cancer. Thus, the
basis of intertumor heterogeneity has emerged from studies investigating whether stem cells and/
or non-stem cells can serve as cells of origin for cancer and give rise to tumor subtypes that vary
in disease outcome. Furthermore, analyses of putative cancer stem cells have revealed the
genetically diverse nature of cancers and expanded our understanding of intratumor heterogeneity
and clonal evolution. Overall, the principles that have emerged from these stem cell studies
highlight the challenges to be surmounted to develop effective treatment strategies for cancer.
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Introduction
The conceptual basis of the application of stem cell biology to cancer research arises from
the fundamental observation of tumor heterogeneity. Two types of tumor heterogeneity lie at
the heart of current challenges in identification of effective cancer biomarkers, prediction of
treatment response, and design of targeted therapies. Intertumor heterogeneity can be
observed between tumors of the same tissue type arising in different patients, which can
vary in their prognosis and/or therapeutic response. In addition, there is the intratumor
heterogeneity that can be observed within a single patient tumor, which has long been noted
in terms of histopathological features, and more recently at the molecular level. Central
concepts of stem cell biology can be invoked to explain the basis of both types of tumor
heterogeneity, and thereby yield experimentally testable hypotheses with clinical relevance.

Although stem cell biologists who work on regenerative medicine frequently utilize similar
concepts and methodologies to those who study cancer, these two groups of researchers
have fundamentally divergent objectives. Thus, the principal objectives of many stem cell
biologists include the development of methods for the identification, isolation, and
propagation of adult tissue stem cells as an approach for disease treatment, or for the
differentiation of pluripotent cells to desired cell types for applications in regenerative
medicine. In contrast, cancer biologists pursue stem cell research to establish approaches for
improved cancer prognosis and to generate targeted therapies through the eradication of
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cancer stem cells. However, despite great interest in the field, it remains to be determined
whether the application of stem cell concepts can provide clinically useful insights into
cancer biology.

Here, we review several recent papers that illustrate basic principles as well as complexities
of understanding the relationship of stem cells to cancer biology. We will focus on analyses
of prostate cancer, but also refer to studies of other cancers to highlight essential points.

The cell of origin and intertumoral heterogeneity
The cell of origin of a cancer is defined as the normal cell type from which a tumor arises
following oncogenic transformation [1]. Given their inherent ability to self-renew, adult
stem cells are believed to represent excellent targets for oncogenic transformation. However,
in many cases cancer can also arise from cell types that are not stem cells, which thereby
acquire the property of self-renewal upon transformation. The cell of origin model further
proposes that distinct cell types of origin within a given tissue can give rise to corresponding
tumor subtypes, which have different treatment responses and/or patient outcomes (Figure
1). Thus, the transformation of different cell types of origin within a given tissue may be an
important source of intertumor heterogeneity. Notably, this model may have clinical
significance, since it may be possible to design therapies targeted to key signaling pathways
or master regulators of the cell type of origin that are retained in the corresponding tumor
subtype.

Methods to identify the cell of origin
Cells of origin can be identified experimentally in mouse models using two distinct
approaches. One methodology involves lineage-tracing in genetically-engineered mice,
using a Cre driver that is expressed specifically within the desired cell type of the tissue of
interest. (In many cases, this approach utilizes a tamoxifen-inducible Cre recombinase that
allows for temporal specificity of activity.) In combination with a suitable Cre reporter allele
that typically leads to expression of a fluorescent protein after recombination, the
consequences of tumor suppressor deletion and/or oncogene activation on the transforming
potential of a desired cell type can be examined. Should a tumor form, histopathological and
molecular analyses can be performed to evaluate the similarities or differences of the mouse
tumor to tumor subtypes from human patients.

A second approach to analyze cell types of origin examines whether mouse or human cells
can act as cells of origin by flow-sorting of enzymatically dissociated cells, followed by
genetic manipulation using infection by lentiviral vectors to induce oncogenic
transformation. The resulting cells can then be transplanted into immunodeficient mice,
either as an orthotopic graft or in the context of ectopic tissue locations and/or in
combination with a heterologous supporting cell type. This method requires reliable cell-
surface markers for isolating a purified cell population, as well as a suitable in vivo graft
model to test for tumor formation. An additional caveat is that viral infection may result in
non-physiological levels of oncogene expression, influencing the ability of a targeted cell to
become a cell of origin. However, this methodology has the advantage of being amenable
for human cells and does not require genetically-engineered mice.

An important complicating factor in experimental analyses of the cell of origin is the
distinction between a cell of mutation, where the oncogenic event takes place, versus an
actual cell of origin. For example, a genetic manipulation could create an oncogenic
alteration in a stem cell (cell of mutation), but phenotypic transformation might not take
place until the stem cell differentiated into a specific downstream progeny cell type (cell of
origin). This distinction is significant because many studies in the literature have concluded
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that stem cells represent a cell of origin for a given cancer, but have not excluded the
possibility that the stem cells were only the cell of mutation. Furthermore, this distinction
may also have clinical implications if the properties of a tumor subtype are dictated at least
in part by the actual cell of origin.

A recent study has used an elegant genetic lineage-marking system termed MADM (mosaic
analysis with double markers) to resolve the cell of mutation versus the cell of origin for
malignant glioma [2]. This system has the advantage of combining Cre-mediated
recombination with fluorescent labeling of sister cells in which one sister is homozygous
mutant for a tumor suppressor gene and expresses one fluorescent protein (e.g., GFP), while
the other sister is wild-type and expresses a different fluorescent protein (e.g., RFP). This
system was used with a neural stem cell (NSC) specific Cre driver to simultaneously mutate
p53 and Nf1 as well as label NSCs under conditions where relatively few cells were
targeted, allowing analyses at single-cell resolution. To determine the actual cell origin,
these authors measured the ratio of mutant green and wild-type red cells in neurons,
astrocytes, oligodendrocytes, and oligodendrocyte precursor cells (OPCs) in brains at pre-
malignant stages. These analyses revealed that mutant green OPCs, but not NSCs, were
over-represented, suggesting that OPCs were the cell of origin for glioma. This finding was
then confirmed by conditional deletion of p53 and Nf1 using a Cre driver expressed
specifically in OPCs and not in NSCs. Thus, these results appear to differ from findings of
previous studies that have suggested that NSCs are the cell of origin for glioma [3–5], and
highlight the necessity of detailed genetic analyses in evaluating the cell of origin model for
specific cancers.

Both luminal cells and basal epithelial cells are cells of origin for prostate cancer
In the case of the prostate, there are two major epithelial cell types, corresponding to a
columnar layer of secretory luminal cells and an underlying layer of basal cells. Normal
prostate maintenance is dependent on androgens, and as a consequence, androgen
deprivation leads to tissue regression due to apoptosis of most of the luminal cells. However,
upon androgen restoration, the mouse prostate can regenerate, and can also undergo multiple
cycles of regeneration in response to further androgen deprivation/restoration, indicating the
existence of a stem cell population(s) in the regressed prostate.

With respect to prostate cancer, there has been considerable interest in identifying whether
luminal or basal epithelial cells can serve as cells of origin, and whether these cells of origin
correspond to stem cells. A luminal cell of origin would be consistent with the exclusively
luminal phenotype of prostate adenocarcinoma, whereas a basal cell of origin would imply
that transformed basal cells acquire luminal features during tumor progression. In particular,
lineage-tracing studies have identified castration-resistant Nkx3.1-expressing cells (CARNs)
as a rare luminal stem cell population that can display bipotentiality and self-renewal, and
can also serve as a cell of origin for prostate cancer in vivo [6]. Furthermore, CARNs can
also generate prostate ducts in single-cell tissue reconstitution assays [6], which can
determine the potential of isolated populations of prostate epithelial cells to form prostate
tissue or serve as a cell of origin for cancer. In such transplantation assays, prostate
epithelial cells are combined with rodent embryonic urogenital sinus mesenchyme (UGM)
cells and implanted under the kidney capsule of immunodeficient male mice, followed by
analysis after two to three months of growth [7].

Moreover, basal cells can also serve as a cell of origin for prostate cancer, as has been
demonstrated by lentiviral infection and/or tissue reconstitution assays using purified basal
cells isolated from mouse and human prostate [8–10]. Similarly, lineage-tracing studies
using luminal-specific and basal-specific inducible Cre drivers for deletion of the Pten tumor
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suppressor have shown that both luminal and basal epithelial compartments contain cells of
origin for prostate cancer [11].

At present, however, it is unclear whether these cells of origin correspond to stem cells or
more downstream progenitors. Notably, lineage-tracing studies using specific tamoxifen-
inducible Cre drivers have suggested that both luminal and basal compartments are largely
or wholly sustained by unipotent progenitors [11,12]. These lineage-tracing studies have
been conducted using luminal-specific Cre drivers including PSA-CreERT2 and K8-
CreERT2, as well as the basal-specific K14-CreER transgenic mice [11–13]. However, it is
important to note that such lineage-tracing experiments are dependent on the promoters and
mouse lines used, and that certain promoters could conceivably be biased towards labeling
specific subsets of cells that may not be representative of the entire basal or luminal
population. Although it is conceivable that tamoxifen itself could alter the results,
particularly since prolonged administration of the synthetic estrogen diethylstilbestrol leads
to squamous metaplasia [14], it appears unlikely that the relatively short duration of
tamoxifen treatment used in lineage-tracing studies would exert a substantial effect.

If luminal and/or basal stem cells constitute a rare population in the prostate epithelium, then
the cells of origin identified in both lineage-tracing and tissue reconstitution assays are likely
to correspond to non-stem cells. While it is often presumed that non-stem cells of origin
correspond to downstream progenitors in the lineage hierarchy, there is little experimental
evidence to address whether terminally differentiated cells might also act as cells of origin in
the appropriate assay. Thus, the relationship between differentiation status and ability to
serve as cell of origin is not fully understood. More generally, the identification of cell types
of origin may be dependent on the specific oncogene/tumor suppressor gene being activated/
inactivated. For example, it may be the case that Pten deletion can transform both luminal
and basal epithelial cells, consistent with its central role in human prostate cancer, but other
tumor suppressors could conceivably display more limited activities in transforming either
luminal or basal cells.

A related question is whether prostate tumors arising from luminal or basal cells of origin
can give rise to distinct tumor subtypes. While deletion of Pten in luminal or basal cells give
rise to prostate lesions with indistinguishable histological phenotypes, the resulting tumors
might nonetheless have distinct molecular properties that could be associated with differing
patient outcomes and/or treatment responses. In the case of human prostate cancer, a
significant minority of patients diagnosed with intermediate grade tumors will have
aggressive tumors that have unfavorable outcomes, yet these tumors appear to be
histologically and molecularly indistinguishable from the majority of tumors with an
indolent phenotype [15]. Therefore, it is likely that human prostate cancer can be stratified
into distinct subtypes, although the specific molecular features of these subtypes have yet to
be identified, despite substantial efforts to do so [16]. Moreover, it remains to be determined
whether these putative subtypes would arise from oncogenic transformation of distinct cell
types of origin, as predicted by the cell of origin model.

Why does the cell of origin matter?
Although the clinical significance of the cell of origin model is currently unknown for
prostate cancer, the relevance of this model has been demonstrated by studies of the
mammary lineage hierarchy and cell types of origin for breast cancer. There is considerable
evidence that major subtypes of breast cancer that differ in the histopathological features,
molecular profiles, treatment response, and patient outcome arise through transformation of
distinct cell types within the mammary epithelial lineage hierarchy [17]. Interestingly, there
is not a simple relationship between the phenotype of the cell of origin and the
histopathological features of the resulting tumor. For example, BRCA1 mutant breast
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cancers display an estrogen receptor (ER) negative “basal-like” phenotype, and therefore
have previously been thought to originate from mammary epithelial stem cells, which have a
basal phenotype. However, deletion of Brca1 in a p53+/− genetic background using a basal-
specific cytokeratin 14-Cre driver resulted in tumors that did not resemble human breast
cancers [18]. In contrast, deletion of Brca1 in a p53+/− background using a Blg-Cre driver
expressed predominantly in luminal cells gave rise to tumors that phenocopied human
BRCA1 mutant breast cancers, suggesting that these tumors arose from luminal progenitors.
These in vivo results in mouse models are also consistent with data from colony-forming
assays and bioinformatic analyses of epithelial subsets isolated from human BRCA1
mutation carrier and control breast tissue [19]. Overall, these findings demonstrate that the
cell of origin can determine the histopathological features of tumors, but not always as
expected, and also suggest that mammary stem cells are not a frequent cell of origin for
human breast cancers. Notably, however, a recent lineage-tracing study has demonstrated
that the multipotency and developmental potential of the mammary stem cell identified in
transplantation assays may be context dependent [20]. Thus, a re-evaluation of previous
studies on the mammary epithelial lineage hierarchy and cell of origin may be necessary.

Cancer stem cells and tumor-initiating cells
Over the past decade, the relationship between stem cell concepts and cancer biology has
been dominated by the cancer stem cell model (Figure 2A). This model proposes that cells
within a tumor are generated through a lineage hierarchy, similar to a normal tissue, and are
sustained by a population of self-renewing stem cells [21,22]. Furthermore, such cancer
stem cells may also differentiate to produce phenotypically distinct cell types with more
limited proliferative potential. The cancer stem cell model is attractive because of its
potential therapeutic implications, since cancer stem cells might not be affected by
conventional therapies, and thus could contribute to cancer recurrence and long-term
propagation. Nonetheless, the cancer stem cell model has remained highly controversial
because of difficulties in identifying robust cancer stem cell markers as well as development
of reliable assays [23].

Experimental approaches to identify putative cancer stem cells typically utilize flow
cytometry to isolate candidate cell populations from either human or mouse tumors. The
resulting cell populations can be grafted into immunodeficient mice to assess whether they
can form tumors that recapitulate the phenotype of the parental tumor. If such candidate
tumor-initiating cells can be identified, limiting dilution assays can then evaluate their
frequency of cancer stem cells, while serial transplantation can be performed to assess long-
term proliferative potential. Using this general approach, populations of tumorigenic cells
have been identified from a wide range of human cancers [23]. However, the most
convincing evidence for cancer stem cells and hierarchical organization of tumors comes
from studies of hematological malignancies, whereas the published evidence for their
existence in solid tumors has been more controversial [24–26]. Recently, new evidence from
lineage-tracing studies in mouse models has provided direct evidence for a lineage hierarchy
in intact solid tumors [27–29]. These in vivo studies have shown that stem cell-like tumor
cells that can give rise to more differentiated cell types with varying proliferative potentials
exist in intestinal adenomas, skin papillomas, and squamous cell carcinomas, as well as in
gliomas [27–29]. It remains to be determined whether similar cancer stem cells can be
identified in other tumor types.

It is worth noting that basic terminology is often poorly defined in the cancer stem cell
literature. Unfortunately, the use of the nomenclature “tumor-initiating cell” has led to some
confusion in the field, as this term has also been applied to the cell of origin, resulting in a
lack of distinction between a cancer cell and a normal cell. To avoid such linguistic
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confusion, some investigators favor alternative terms such as cancer-repopulating cell,
which may also represent a more accurate description of the grafting assay. In addition,
although putative cancer stem cells are sometimes assumed to resemble their cell type of
origin, there is little basis for a phenotypic resemblance if the tumor is generated from a non-
stem cell origin. Similarly, hierarchical organization of a tumor does not necessarily imply
that it arose from a normal stem cell.

It is now evident that there are numerous methodological and interpretative pitfalls
associated with conventional tumor-initiation assays. For example, rigorous controls are
necessary to establish the properties of the putative non-cancer stem cell population isolated
by flow cytometry. It is crucial to demonstrate that the inability of this population to form
tumors is not simply due to the presence of dead/dying cells, or growth disadvantages
resulting from specific assay conditions. It is also essential to demonstrate that the cell
surface markers used to isolate the putative cancer stem cell population are robust, and can
be used in a highly reproducible fashion.

In several notable instances, the expression patterns of cell surface markers that have been
considered to be “universal” stem cell and/or tumor-initiating cell markers have been
misleading. For example, studies of the CD133 marker have shown its widespread
expression in a wide range of differentiated epithelial cell types in adult mice as well as in
primary colon cancers: most CD133− cells correspond to stromal or inflammatory cells,
whereas metastatic colon cancers consist of both CD133+ and CD133− epithelial cell
populations that do not differ in tumor-initiating capability [30]. Furthermore, markers such
as CD133 and CD271 do not appear to identify stable melanoma cell populations that differ
in tumor-initiation frequency, supporting the interpretation that malignant melanomas lack
hierarchical organization and do not follow a cancer stem cell model [31,32].

Moreover, systematic methodological improvements can also greatly improve the efficiency
of the tumor-initiation assay. Thus, technical modifications to the grafting methodology as
well as the use of severely immunodeficient mice as graft recipients can increase the
detection frequency of tumor-initiating cells in malignant melanoma to approximately 30%
[31,32]. On the other hand, it is also evident that the same methods do not lead to the
identification of a high frequency of tumor-initiating cells for many other tumor types [33].
Thus, the overall frequency of tumor-initiating cells appears to be determined by the tumor
type, but is also influenced by assay conditions that need to be optimized for each tumor
type.

Identification of cancer stem cells and tumor-initiating cells in the prostate
Efforts have been made to identify tumor-initiating cells and markers of tumor-initiating
cells in human and mouse prostate cancers using prostate cancer cell lines, xenograft lines,
and primary prostate cancer tissues. Several types of transplantation assays have been used,
including orthotopic grafting of cells into the prostate, as well as grafting of cells to ectopic
locations. For example, a higher frequency of tumor formation has been achieved by
grafting of the LAPC9 xenograft line subcutaneously rather than orthotopically to the dorsal
prostate [34], while in contrast, the CWR22 xenograft line forms tumors more readily after
grafting to orthotopic rather than subcutaneous sites [35]. One advantage of ectopic grafting
is that endogenous prostate epithelial cells will not compete with the prostate cancer cells
being grafted. Moreover, subcutaneous grafts also allow for easy visualization of the
resulting tumors. However, the major caveat of ectopic grafting is that cancer cells are
removed from their endogenous microenvironment, which may have positive or negative
effects on their tumorigenic properties. For instance, non-transformed BPH-1 prostate cells
can be stimulated by cancer associated fibroblasts to induce prostate tumor formation in
grafts [10,36].
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Several studies have suggested that established tumor xenografts display tumor-initiating
frequencies that are significantly higher than for the primary tumors from the same tissue,
perhaps consistent with the fact that most xenograft lines have been selected for growth
under cell culture conditions. Indeed, in the case of prostate cancer, tumor-initiating cells
enriched by flow-sorting for CD44+ α2β1+ cells can be identified from xenografts much
more readily than from primary tumors [34]. However, recent work has developed a new
method that greatly improves the survival and growth of tumor-initiating populations from
primary prostate tumors, by co-grafting of neonatal mouse urogenital mesenchyme along
with human primary prostate cancer tissues [37]. Interestingly, this methodology failed to
demonstrate a difference in tumor-initiating frequency between α2β1-integrin high and low
populations from primary prostate tumors [37], which is notable since α2β1-integrin high
cells were previously reported as being enriched for prostate epithelial stem cells in primary
human prostate tissue [38].

To date, it has been a challenge to identify cell surface markers for isolating tumor-initiating
populations from primary human prostate cancers. However, recent analysis of a mouse
model has identified tumor-initiating properties of a Lin−Sca-1+CD49fhi cell population
from Pb-Cre4; Ptenflox/flox mice [39]. In this study, sorted prostate epithelial cells were
recombined with urogenital sinus mesenchyme, followed by subcutaneous grafting [39].
However, one caveat is that the long-term proliferative potential of Lin−Sca-1+CD49fhi cells
in vivo is unknown, as serial transplantation assays were not performed.

Clonal evolution and intratumor heterogeneity
A major factor contributing to tumor heterogeneity is clonal evolution, in which cancers are
believed to evolve by acquiring genetic mutations that provide a selective advantage [40].
As tumors undergo competition for space and nutrient resources, either during cancer
growth or in response to treatment, different populations of cancer cells can dramatically
expand or contract in their proportion within a given tumor. In principle, clonal evolution
could be driven by competition between genetically and/or epigenetically distinct cancer
stem cell types that each generate a hierarchically organized population (clone) of cancer
cells, thereby generating intratumor heterogeneity (Figure 2B).

The clonal evolution model suggests that cancers are composed of a complex mixture of cell
populations that generate phenotypic diversity and can respond to treatment with outgrowth
of resistant clones. For example, acute lymphoblastic leukemia (ALL) typically consists of
genetically diverse clones with leukemia-initiating function that evolve in a complex
branching fashion [41]. When samples from Philadelphia chromosome ALL patients were
grafted into immunodeficient mice, some grafts caused disease in recipient mice before 15
weeks, whereas others did not. To study the evolution of tumor diversity, the resulting grafts
were regrafted, followed by DNA copy number analyses to trace the evolution of subclones
in secondary grafts. Although the clone identified at patient diagnosis could be detected in
many aggressive secondary grafts, new copy number alterations as well specific genetic
differences explaining functional heterogeneity were identified in other grafts [41]. In a
similar approach, the evolution of distinct clones in ETV6-RUNX1 fusion positive ALL
patients could be traced using fluorescence in situ hybridization to detect common genomic
copy number alterations [42]. In both studies, the presence of multiple tumor subclones with
different gene deletions suggested that tumors with leukemia-initiating function were
continuing to evolve in a multi-clonal branching manner. These findings highlight the
difficulty in achieving an effective therapeutic response by targeting of specific cancer cell
populations, since tumors do not correspond to a static entity. Instead, intratumor
heterogeneity results in the ability of tumors to respond to selective pressures following
treatment with the emergence of clones that display therapeutic resistance.
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In support of this view, other studies have identified distinct tumor-initiating cell
populations in prostate cancers that differ in their treatment response. For prostate cancer,
androgen-deprivation therapy remains the mainstay of treatment strategies, yet many
prostate cancers ultimately develop castration-resistance and disease relapse. Notably, a
recent study using prostate cancer cell lines and xenografts has identified castration-resistant
tumor-initiating cells that express low levels of prostate-specific antigen (PSA), which is a
marker of differentiated luminal cells, as well as a castration-sensitive tumor-initiating
population that expresses high PSA [43]. In particular, following infection with a lentiviral
vector containing a PSA promoter driving GFP expression, human LAPC xenograft lines
could be sorted into distinct GFP-bright PSA+ and GFP-dim PSA−/lo populations. Following
orthotopic grafting into immunodeficient male hosts, both PSA−/lo and PSA+ cell
populations displayed tumor-initiating capability, although the PSA+ population generated
more and larger tumors. In contrast, following serial grafting, PSA−/lo derived xenografts
grew faster after the third passage, and could be passaged for more serial generations,
whereas PSA+ derived grafts displayed diminishing potential. These findings suggest an
important experimental distinction between tumor-initiation and long-term tumor-
propagation that may not be readily observed in the absence of extensive serial passaging.
Moreover, these findings also imply that tumor-initiation and tumor-propagation capabilities
are not absolutely correlated.

Additional complexity in tumor-initiating populations has been identified by lineage-tracing
strategies to follow the self-renewal of individual human primary colon cancer cells in serial
transplantation assays in mice [44]. Following growth of tumor spheres derived from
primary colon cancers, dissociated cells were infected with lentiviral vectors that integrated
at unique sites, followed by renal grafting in immunodeficient mice. Serial passaging of the
resulting tumors identified distinct clones that could not be readily propagated in secondary
grafts, perhaps derived from “tumor transient-amplifying cells”, as well as a smaller number
of clones containing tumor-propagating cells (termed “long-term tumor-initiating cells”) that
could form tumors in serial grafts. These tumor-propagating cells were also more likely to
generate metastases relative to the tumor transient-amplifying cells. Most interestingly, this
marking system could identify “delayed contributing tumor-initiating cells” that
quantitatively contributed to secondary or tertiary grafts, but were undetectable in the
primary graft, consistent with activation of a previously dormant tumor-initiating population
[44].

Although there is increasing evidence of genetic differences that contribute to intratumor
heterogeneity, the extent to which epigenetic mechanisms are involved remains unclear.
However, indirect evidence for epigenetic regulation has been provided by work suggesting
plasticity of putative cancer stem cells [45]. In cultured SUM human breast cancer cell lines
derived from primary tumors, basal, luminal, and “stem-like” populations were defined by
flow-sorting using the cell-surface markers CD24, CD44 and EpCAM. Following isolation
of each subpopulation and their expansion in culture, the relative proportions of the basal,
luminal, and stem-like populations was restored to equilibrium over time. Similarly, after
orthotopic implantation of sorted populations into mammary glands of immunodeficient
mice, all three populations were able to seed tumors. Mathematical modeling provided
quantitative assessments of the ability of non-stem cells to become cancer stem-like cells,
indicating that interconversion readily occurs between cell states. Whether these findings
apply to prostate cancer or other solid tumors remains unknown. However, these findings
provide additional evidence for complex population dynamics underlying intratumor
heterogeneity, and further suggest that simultaneous combinatorial therapies targeting
multiple cell types will be required to prevent cancer relapse.
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Conclusions
The application of concepts from stem cell research to cancer biology has provided
important insights into the basis for tumor heterogeneity. In particular, the cell of origin of a
cancer may affect treatment response and patient outcome, as recent work has shown that
the cell of origin can influence the resulting tumor subtype and thereby give rise to
intertumor heterogeneity. Therefore, careful analysis of the cell type of origin (versus the
cell of mutation) may improve cancer prognosis and assist the development of targeted
therapies. For example, in prostate cancer, identification of cell types of origin, which may
be inherently castration-resistant, may lead to therapies targeted to such cells and thereby
improve the treatment of castration-resistant lethal disease.

With respect to intratumor heterogeneity, there is now significant evidence that at least some
cancers are hierarchically organized and follow a cancer stem cell model. However,
although much effort has been devoted to identifying putative cancer stem cell populations,
the cancer stem cell model remains controversial and requires further validation. Finally,
recent studies have demonstrated the extraordinary genetic complexity that underlies
intratumor heterogeneity, indicating that evolutionary selection pressures act upon multiple
co-existing populations of tumor cells, perhaps generated by distinct tumor-initiating
populations. This process of clonal evolution suggests that combinatorial approaches
targeting distinct tumor cell populations will be necessary for successful cancer treatment.
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Figure 1.
Cell of origin and relationship to tumor subtypes. The lineage hierarchy of a normal tissue is
schematically depicted with a stem cell at the top of the hierarchy giving rise to a
multipotent progenitor, downstream transit-amplifying cells, and differentiated cell types.
The stem cell is capable of self-renewal, and its properties are regulated by a neighboring
niche. Oncogenic transformation of different cell types of origin such as a stem cell (red
arrow) or downstream progenitors (dashed arrows) can give rise to distinct tumor subtypes.

Shibata and Shen Page 12

Bioessays. Author manuscript; available in PMC 2014 March 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
The cancer stem cell model and clonal evolution. A: The traditional cancer stem cell model
postulates that a tumor-initiating cell (TIC) gives rise to distinct tumor cell types through a
lineage hierarchy. Within the tumor, only the TIC and not its progeny can generate
successful tumor grafts in a tumor-initiating assay (red arrows). The resulting grafts
recapitulate the hierarchical organization and phenotype of the parental tumor. B: In a clonal
evolution model, a tumor may contain multiple distinct tumor-initiating cells that in turn
generate clonal diversity and resulting intratumor heterogeneity. These different tumor-
initiating cells may differ in their tumor-propagating capabilities in serial grafting assays.
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