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The cancer stem cell hypothesis: a work

in progress
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There is a growing body of evidence that supports the idea that malignant tumors are initiated and maintained
by a population of tumor cells that share similar biologic properties to normal adult stem cells. This model, the
cancer stem cell (CSC) hypothesis, is based on the observation that tumors, like adult tissues, arise from cells
that exhibit the ability to self-renew as well as give rise to differentiated tissue cells. Although the concept of the
CSC is not entirely new, advances made over the past two decades in our understanding of normal stem cell
biology in conjunction with the recent application of these concepts to experimentally define CSCs have
resulted in the identification of CSCs in several human malignancies.
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Adult stem cells as a paradigm for cancer
stem cells (CSCs)

Normal adult stem cells are tissue-specific cells that
exhibit unique biologic properties, including the
ability to self-renew and to differentiate into all cell
types of the tissue of origin. Functionally, cells that
self-renew can undergo an unlimited number of cell
divisions, and with each division, they produce at
least one daughter cell that maintains this indefinite
capacity for cell division. When adult stem cells
divide, they can also produce progenitor cells that
have finite division capacity, ultimately differentiat-
ing into the mature cell types that constitute specific
tissues. Based on these properties, adult stem cells
form a pool of long-lived cells that provide a
continuous supply of differentiated cells to their
tissue compartments, which is particularly impor-
tant for homeostatic control in adult tissues that
undergo continuous cellular turnover, such as
epithelium and blood.

That adult stem cells give rise to cancer is an
attractive hypothesis, given that the classic multi-
step model of carcinogenesis requires a long-lived
cell in which multiple genetic hits can occur.” In
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fact, investigators had long ago postulated that
cancers arise from cells with stem cell properties
or directly from tissue-specific stem cells.? Another
possibility is that the progenitors of stem cells that
normally undergo limited numbers of cell divisions
aberrantly acquire the capacity to self-renew, subse-
quently becoming the long-lived target that acquires
additional genetic lesions.?

Regardless of the cell of origin, whether a normal
adult stem cell or progenitor, the CSC is defined by
its stem cell-like properties. Like normal adult stem
cells, CSCs can divide indefinitely, giving rise to
both more CSCs and progeny that ultimately
differentiate into the different cell types in a tumor.
By maintaining at least some of the properties of
their tissue of origin, CSCs give rise to tumors that
phenotypically resemble their origin, either by
morphology or by expression of tissue-specific
genes. However, what distinguishes cancerous tis-
sue from normal tissue is the loss of homeostatic
mechanisms that maintain normal cell numbers,
and much of this regulation normally occurs at the
stem cell level.

In addition to providing an elegant model for
carcinogenesis, the CSC hypothesis raises several
important experimental and clinical implications.
First, if a population of biologically unique CSCs
exists, then tumor cells lacking stem cell properties
will not be able to initiate self-propagating tumors,
regardless of their differentiation status or prolif-
erative capacity. This corollary is an important
consideration in experimental strategies to define
CSCs, which will be discussed below. Furthermore,
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the CSC raises the clinical implication that curative
therapy will require complete elimination of the
CSC population. Patients who show an initial
response to treatment may ultimately relapse if even
a small number of CSCs survive. On the other hand,
targeted therapies that eliminate the CSC population
offer the potential for cure. Given this promise, it is
not surprising that the CSC hypothesis has attracted
so much attention in recent years.

Identification of CSCs in the
hematopoietic system

Much of our knowledge of CSC biology has come
from experiments in normal and malignant hemato-
poiesis that led to the identification of the hemato-
poietic stem cell (HSC) and its malignant
counterpart, the leukemia stem cell (LSC). Critical
change occurred in the late 1980s and early 1990s,
when the distinct cell surface marker profile that
would allow for prospective isolation of normal
HSCs by fluorescence-activated cell sorting (FACS)
became known.* These advances led to the isolation
of HSCs as well as multipotent and oligopotent
progenitors that generate all mature blood cells
(Figure 1a).

Before these discoveries, LSCs could only be
hypothesized, but with the knowledge of the cell
surface phenotypes for hematopoietic stem and
progenitor cells, investigators now had the ability
to isolate similar subpopulations from acute mye-
loid leukemia (AML). John Dick and co-workers
provided the first evidence for LSCs by using FACS
to prospectively isolate cells from human AML that
were able to initiate leukemia in transplanted
mice.>® An important aspect of these studies was
the use of nonobese diabetic, severe-combined
immunodeficient (NOD/SCID) mice, which had
been shown previously to support engraftment of
normal human hematopoietic cells. Evaluating only
CD34" AMLs, they showed that the CD34"CD38"
fraction was highly enriched for leukemia-initiating
activity in transplanted recipients, while both the
CD34*CD38" and CD34  fractions did not initiate
leukemia. In addition, an engrafted leukemia could
be serially transplanted into secondary recipients,
providing functional evidence for self-renewal.
This experimental approach—xenotransplantation
followed by serial transplantation—is now widely
accepted as an essential criterion in defining CSCs.

Interestingly, the CD34*CD38~ cell surface phe-
notype of LSCs is shared by immature hemato-
poietic precursors including HSCs, which raises the
possibility that LSCs arise from HSCs (Figure 1b).
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Figure 1 Normal hematopoietic stem and progenitor cells (a). The HSC is a unique hematopoietic cell by virtue of its ability to self-renew
as well as generate all cells of the hematopoietic system. HSCs generate the multitude of hematopoietic cells by giving rise to MPPs and
progressively lineage-restricted progenitors that have limited capacity to divide. Leukemia stem and progenitor cells (b). Similar to the
HSC, the LSC has the unique ability to self-renew. LSCs give rise to clonogenic leukemic progenitors that differentiate into leukemic
blasts and more differentiated progeny. Although the cell of origin of the LSC has not been elucidated, investigators hypothesize that
LSCs arise from immature hematopoietic progenitors or possibly the HSC. The arrows are drawn to indicate candidate progenitor cells in

which transformation occurs.
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This theory provides an attractive model for leuke-
mogenesis since the long lifespan of the HSC allows
for multiple genetic hits to occur. Additionally,
based on their physiologic capacity for self-renewal,
HSCs would require fewer genetic hits to become
LSCs than other hematopoietic cells, which must
aberrantly acquire self-renewal capacity. However,
in similar studies using FACS to purify NOD/SCID-
engrafting activity, Blair and co-workers showed
that LSCs do not express either Thy-1 or c-kit, both
of which are surface markers present on human
HSCs.”"® One possible explanation for these findings
may be that transformation events result in the loss
of Thy-1 and c-kit. Alternatively, final transforma-
tion may not occur in HSCs, but some other
immature hematopoietic cell such as a progenitor
cell that has aberrantly acquired the ability to self-
renew.

Regardless of the nature of the LSC, there is
evidence that at least some genetic hits occur in
HSCs. For example, the balanced reciprocal translo-
cation t(8;21) is one of the most common recurrent
cytogenetic anomalies in AML, resulting in the
AML1-ETO fusion transcript that is present not
only in leukemic blasts but also in normal hemato-
poietic cells and HSCs from patients in remission.®
HSCs isolated from these remission patients show
normal function in vitro, maturing into normal
myeloid and erythroid colonies. Taken together,
these data suggest that while HSCs can acquire
genetic alterations such as t(8;21), such events are
necessary, but not sufficient for transformation.
Whether final transformation occurs in a subset of
HSCs with t(8;21) or more committed progenitors
remains to be resolved.

Solid tumor CSCs

While the body of work on LSCs is the most mature
with respect to CSCs, investigators have recently
used similar techniques to identify stem cells from
solid tumors. The first such report was from Al-Hajj
et al,'® who prospectively isolated tumorigenic cells
from human breast carcinoma by using FACS to
purify populations able to form tumors in immuno-
deficient mice. Human breast carcinomas were
fractionated based on their expression of CD44 and
CD24, two markers shown to be heterogeneously
expressed among tumor cells. Fractionated samples
were implanted into the mammary pads of NOD/
SCID mice, and only the CD44*CD24~ fraction
contained tumor-initiating activity, whereas 100-
fold more cells from the CD44*CD24* or CD44"
fractions did not form tumors. Engrafted tumors
exhibited similar morphologic and immunopheno-
typic heterogeneity to the original specimen, con-
taining CD44 *CD24 " cells as well as CD44*CD24 *
and CD44" cells. Finally, engrafted tumors could be
serially transplanted, providing rigorous proof for
self-renewal.
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Although the work of Al-Hajj et al provides strong
evidence for a breast CSC, the relationship between
normal and malignant breast stem cells remains
unclear (Figure 2a and b). Recently, two groups
isolated candidate mouse mammary stem cells.
Shackleton et al'* showed that cells able to recon-
stitute multiple breast lineages, termed mammary-
repopulating units (MRUs), are found within the
CD29"CD24* fraction. Similarly, Stingl et al'?
found that MRUs have a CD49f*CD24 *Sca-1""
immunophenotype. Although CD24 was not ob-
served on human breast CSCs, it is unknown
whether CD24 defines the human, in addition to
the murine mammary stem cell. Also, further
studies are needed to determine if CD44 is present
on normal mammary stem cells and whether CD29,
CD49f and Sca-1 define breast CSCs. Nevertheless,
CD44 is expressed on the basal layer of a variety of
epithelia, consistent with breast cancer originating
from a less differentiated precursor.

Since the work of Al-Hajj et al, investigation of
solid tumor stem cells has gained momentum,
particularly in the area of brain tumors. Using in
vitro culture conditions similar to those used for
growth of normal neural stem cells as neurospheres,
two groups independently isolated an immature,
stem-cell-like population from human pediatric
brain tumors. Hemmati et al*® and Singh et al both
showed that neurosphere-forming cells express
CD133,™ a cell surface marker previously shown to
be expressed on normal human neural stem cells.*
Singh et al*® later provided more definitive proof for
a stem cell population, using antibody-coated
magnetic beads to enrich for populations of cells
that could form tumors in the brains of NOD/SCID
mice. Tumorigenic cells were contained entirely
within the CD133* fraction, and transplanted
CD133" cells gave rise to tumors with both
CD133" and CD133~ cells, recapitulating the
original tumor cell heterogeneity. Finally, CD133*
cells could be serially transplanted, providing
definite proof of self-renewal.

Caveats

While candidate CSCs have been identified for
several tumor types using xenotransplantation mod-
els to demonstrate the presence of a self-renewing
population, several concerns remain regarding this
experimental strategy. Critics point out that xeno-
transplantation assays may introduce a selection
bias, as engraftment may depend on other properties
of cancer cells, including homing, evasion of host
immune response and proliferative capacity. In
addition, these xenograft experiments may not
adequately model the interaction between tumor
cells and the tumor microenvironment that occurs
in humans, as highly purified, FACS-isolated tumor
cells are used for transplantation. While such
criticisms are not easily ignored, xenotransplanta-
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tion is currently considered the most physiologi-
cally relevant model for human malignancies. Once
additional insights into the biology of candidate
CSCs become apparent with further characterization
of their gene and protein expression profiles and
validation that these molecules play a role in tumor
behavior and clinical responses, it will become clear
whether engrafting activity is an accurate reflection
of stem cell activity.

Clinical implications of CSCs

Despite the recent surge of interest in CSCs, the
clinical significance of this population remains
unclear. One prediction of the CSC model is that
clinical behavior should be largely dependent on the
CSC population, either in quantitative terms such as
the relative or absolute number of CSCs, or qualita-
tive aspects related to biologic features of CSCs. To
date, there is little data addressing this question,
although a recent study suggests that in AML, a
higher percentage of blasts with the CD34+*CD38"~
LSC phenotype is correlated with poorer overall
survival.’ Clearly, more studies are needed to
determine the prognostic significance of CSCs, and
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Figure 2 Proposed models for normal (a) and malignant (b) breast stem cells. Normal and malignant breast stem cells self-renew as well
as give rise to progenitors with limited potential for cell division. Normal breast stem and progenitor cells are multipotent, giving rise to
ductal epithelial, acinar epithelial and myoepthelial cells. In contrast, cancer stem and progenitor cells only generate carcinoma
(epithelial) cells. Currently, the relationship between breast carcinoma stem cells and normal breast stem and progenitor cells remains
speculative, and the arrows indicate possible cells in which transformation is postulated to occur.

these data will be important in demonstrating that
this experimentally defined population is relevant
in humans.

In addition to prognosis, the CSC hypothesis has
profound implications for cancer treatment strate-
gies. With growing evidence that cancers arise from
stem cells, both researchers and clinical investiga-
tors will increasingly focus their efforts on CSCs
rather than studying whole tumors. The potential for
CSC-specific therapy is currently an active area of
investigation, and a recent study using a mouse
AML model suggests that LSCs may be selectively
targeted without adverse effects on normal HSCs."®
Interestingly, normal HSCs express high levels of
drug efflux transporters, and defining whether these
transporters are present in leukemic or other CSCs
will be a critical step in understanding the mechan-
isms of tumor drug resistance. Clearly, targeting
CSCs offers the potential for improvements in
therapy, and future studies are likely to include
the identification of CSC-specific surface markers
for antibody therapy, elucidation of CSC-specific
pathways that can be pharmacologically targeted
and evaluation of agents that promote the differ-
entiation of CSCs into progenitors that do not self-
renew.



While the CSC hypothesis has exciting clinical
implications, its widespread acceptance and appli-
cation to the practice of medicine has yet to occur.
We anticipate that in the upcoming years, CSCs will
be identified in additional tumor types, and knowl-
edge of the detailed biology and clinical significance
of this experimentally defined population will
provide further support for the CSC hypothesis.
Ultimately, focusing research efforts on the CSC may
drive important advances in our understanding of
cancer biology and developing potential cures for
these devastating diseases.
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