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Abstract
In recent years there has been a flood of interest in the relationship between brain tumors and stem
cells. Some investigators have focused on the sensitivity of normal stem cells to transformation,
others have described phenotypic or functional similarities between tumor cells and stem cells,
and still others have suggested that tumors contain a subpopulation of “cancer stem cells” that is
crucial for tumor maintenance or propagation. While all these concepts are interesting and provide
insight into the origins and properties of brain tumors, the use of similar terms to describe them
has led to confusion. The goal of this review is to sort out some of that confusion and highlight
what we know and what we have yet to learn.

Introduction
Tumors of the central nervous system are among the most lethal types of cancer. These
tumors can present with glial or neuronal phenotypes, or can contain a mixture of cell types.
Tumors consisting largely of cells resembling glia are referred to as gliomas (often
subdivided into astrocytomas and oligodendrogliomas), whereas those in which neuronal
cells predominate are called neuroblastomas or primitive neuroectodermal tumors.

Although some progress has been made in the treatment of brain tumors, overall survival
and quality of life remain poor, especially for patients with the most aggressive forms of
these diseases. For example, glioblastoma multiforme, the most common malignant brain
tumor in adults, has a median survival time of 1 year.1 Conventional therapies can prolong
survival by a few months, but these are often associated with significant toxicity, and most
patients eventually relapse and die from their disease. Medulloblastoma, a primitive
neuroectodermal tumor of the cerebellum, is the most common malignant brain tumor in
children.2 With a combination of surgery, radiation, and chemotherapy, the majority of
medulloblastoma patients now survive for > 5 years. However, young children and those
who present with disseminated disease have much lower survival rates. Moreover, patients
treated for medulloblastoma often develop cognitive and endocrine deficits and have an
increased risk of secondary tumors later in life. Thus, more effective approaches to treating
brain tumors are desperately needed.

Such approaches are likely to come from a deeper understanding of the origins of these
diseases, and in particular, from identification of the cells that mediate tumor initiation and
propagation. Identifying the cell type from which a tumor arises (the cell of origin) allows
previous studies of that cell type – for example, a neural stem cell or a neuronal or glial
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progenitor – to be used as a basis for understanding the biology of the tumor. In addition, the
cell of origin provides an important baseline for genomic and proteomic analyses of tumor
cells, which are frequently used to define targets for diagnosis and therapy. In short,
understanding what is abnormal about a tumor cell depends on knowing which normal cell
to compare it to.

Identification of the cells that maintain the growth of an established tumor is equally
important. Such cells – often referred to as cancer stem cells, tumor-initiating cells, or tumor
propagating cells – may represent a small proportion of the tumor mass, but because they are
capable of extensive self-renewal they can sustain the long-term growth of a tumor.
Moreover, recent studies have suggested that these cells may promote angiogenesis and may
be resistant to radiation and chemotherapy.3–5 If so, conventional therapies may destroy the
bulk of the tumor but leave the cancer stem cells behind to regenerate it. If cancer stem cells
are critical mediators of tumor resistance and recurrence, identifying these cells and
understanding their vulnerabilities is essential for development of effective brain tumor
therapies.

While there is broad consensus regarding the importance of these cell types, the use of
similar terms to describe them has led to some confusion. For example, the term “tumor-
initiating cell” may refer to a normal cell that gives rise to a tumor following oncogenic
transformation (ie, the cell of origin), or it may refer to a tumor cell that can recreate a tumor
after transplantation into an immunocompromised mouse (ie, a tumor-propagating cell).
Likewise, the term “cancer stem cell” may be applied to a tumor cell that expresses stem cell
markers and exhibits multipotency (ie, a stemlike cancer cell), or it may be defined (as
described above) as a cell that has the ability to regenerate a tumor after transplantation. The
phenotypic similarity between cancer stem cells and normal stem cells has added to the
confusion, prompting some investigators to speculate that cancer stem cells arise from
transformation of normal stem cells. While there may be an important relationship between
normal stem cells, stemlike cancer cells, and cancer stem cells, in most cases this
relationship has not been addressed experimentally. To make progress in understanding and
targeting brain tumors, it is critical that we use a common terminology, and that the terms
we use clearly describe what we know about the cells we are studying. With this in mind, we
provide a brief review of stem cells, cells of origin, and cancer stem cells in tumors of the
central nervous system.

Stem Cells and Progenitors
Stem cells can be defined by their ability to self-renew as well as differentiate into all the
cell types of a given tissue (Figure 1A).6,7 In the nervous system, stem cells are believed to
give rise to neurons, astrocytes, and oligodendrocytes. During embryogenesis, such cells can
be found throughout the brain and spinal cord, most commonly in the ventricular zone. After
birth, multipotent stem cells can still be found in some regions, including the cerebellum and
hippocampus.8,9 In the adult brain, stem cells have been most widely studied in the
subventricular zone lining the lateral ventricles and in the dentate gyrus of the
hippocampus.3

In contrast to stem cells, progenitors are more restricted in potential, although they may still
possess significant proliferative capacity (Figure 1A). Lineage-restricted progenitors have
been identified for neurons, astrocytes, and oligodendrocytes.11–14 An example of a glial
progenitor is the oligodendrocyte/type 2 astrocyte progenitor. Although this cell was
originally named based on its ability to generate oligodendrocytes and astrocytes in vitro,
transplantation studies suggest that in vivo it may only give rise to oligodendrocytes.15

Oligodendrocyte/type 2 astrocyte progenitor cells express the markers A2B5, NG2, and
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platelet-derived growth factor receptor-alpha , proliferate in response to platelet-derived
growth factor, and differentiate in response to thyroid hormone and retinoic acid.4 An
example of a neuronal progenitor is the granule neuron precursor of the cerebellum. Granule
neuron precursors originate from multipotent stem cells in the cerebellar ventricular zone,
but before they commit to the granule lineage, they move away from the ventricular zone
and form a distinct germinal zone on the outside of the cerebellum (the external granule
layer).12 Granule neuron precursors in the external granule layer proliferate in response to
Sonic hedgehog,5 and then exit the cell cycle and migrate away from the surface of the
cerebellum to form mature granule neurons. The external granule layer is a transient
structure: by 2 weeks to 3 weeks after birth in mice6 (6 months to 8 months after birth in
humans7), all granule neuron precursors have differentiated into granule neurons. Thus,
unlike stem cells, oligodendrocyte/type 2 astrocyte progenitor cells and granule neuron
precursors only proliferate for a limited time, and only give rise to one cell type in vivo.

The distinction between stem cells and progenitors is often made based on expression of
markers. Perhaps the most commonly used marker for neural stem cells is the intermediate
filament protein Nestin, which is expressed in both embryonic ventricular zone and adult
subventricular zone.19,20 More recently described stem cell markers include the transcription
factor Sox28 and the cell surface glycoproteins CD133/Prominin122,23 and CD15/Lewis X.9

Although these markers are found on many stem cell populations, they can also be expressed
by some lineage-restricted progenitors. For example, Nestin is expressed by Bergmann glia
as well as granule neuron precursors in the cerebellum,12,25 CD133 has been observed in
ependymal cells as well as cells expressing markers of mature astrocytes, oligodendrocytes,
and neurons,8,26 and Sox2 has been shown to be expressed by restricted neuronal
progenitors.8 Likewise, markers that are associated with specific neuronal and glial lineages
can also be found on stem cells. For example, glial fibrillary acidic protein was for many
years considered a canonical marker of the astrocytic lineage, but it is now clear that a
subset of glial fibrillary acidic protein+ cells represent multipotent stem cells.27,28 Thus,
marker expression alone may be an imperfect indicator of stem cell status.

Another approach that has been used to identify stem cells is the neurosphere assay.10 In this
assay, cells are grown at clonal density on uncoated plastic (so that they cannot adhere) in
the presence of epidermal growth factor and basic fibroblast growth factor. Under these
conditions, individual stem cells are capable of proliferating and generating large clusters of
cells, termed neurospheres. However, there are several caveats to using the neurosphere
assay to identify stem cells. First, the ability to form neurospheres is not entirely stem cell
specific, as several populations of progenitors are capable of forming such spheres as well.10

Second, the majority of the cells within a neurosphere are differentiated progeny, making
identification of the stem cell population within a sphere troublesome.29,30 Finally, culturing
cells in basic fibroblast growth factor has been shown to confer multipotency on cells that,
in vivo, are not necessarily multipotent.31 Thus, cells capable of forming neurospheres in
vitro may not necessarily represent true stem cells in vivo. Ultimately, the multipotency of a
cell population can only be determined reliably by marking this population (using transgenic
or retroviral approaches) and showing that its progeny include both neurons and glia.32,33

Although lineage-restricted progenitors and stem cells differ in their capacity for
multilineage differentiation, these cells share many important characteristics. For example,
while progenitors may not have the ability to self-renew indefinitely, they often possess
some degree of self-renewal ability.13,34 Furthermore, genes and signaling pathways that are
associated with self-renewal in stem cells can also regulate the growth and differentiation of
progenitors.16,32,35,36 In light of these similarities, it is perhaps not surprising that both
progenitors and stem cells can be targets of transformation.
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Cell of Origin for Cancer
The cell of origin for cancer can be defined as the normal cell from which a tumor arises
(Figure 1B). In principle, this can be either a stem cell or a more restricted progenitor.
Historically, the cell of origin for human tumors has been inferred based on expression of
markers that are associated with particular cell types. For example, tumors that express
neurofilament or synaptophysin have been suggested to arise from neuronal progenitors,
those that express glial fibrillary acidic protein have been postulated to arise from astrocytic
precursors, and those that express Nestin have been suggested to arise from multipotent stem
cells.37–39 However, this approach is flawed for several reasons. First, as mentioned above,
many commonly used markers can be expressed on stem cells as well as progenitors.
Second, expression of markers may change during transformation, causing tumor cells to
resemble cells that are distinct from their cells of origin. Lastly, cells within a given tumor
may be heterogeneous with respect to expression of lineage markers. In such cases, inferring
the cell of origin becomes nearly impossible.

In light of these limitations, a number of investigators have turned to animal models as an
alternative way to examine the cell of origin for brain tumors. These models provide several
advantages over human studies. First, whereas human tumors vary significantly from patient
to patient, animal models usually represent a single subtype of brain tumor and are
genetically and phenotypically consistent from animal to animal. This allows robust
conclusions to be drawn about the origins of these tumors (although such conclusions may
not be generalizable to other tumor subtypes). Second, unlike tumor cells from patients, cells
from animal models can be analyzed alongside normal stem cells or progenitors, allowing
for direct comparisons between tumor cells and their putative cells of origin. Perhaps the
most significant advantage of animal models is the ability to introduce an oncogenic
mutation into a particular cell type and then test whether this results in a tumor. Using
standard transgenic or knockout technology or focal injection of retroviruses, oncogenes can
be overexpressed (or tumor suppressor genes knocked out) in almost any cell lineage at any
stage of development. The strength of this approach is that it allows investigators to test the
cell of origin prospectively and with appropriate experimental controls.

This strategy has been used to examine the cell of origin for various types of brain tumors.
For example, deletion of the neurofibromatosis 1 gene in cells expressing glial fibrillary
acidic protein results in malignant astrocytomas; the fact that early lesions in these animals
reside within the subventricular zone and express stem cell markers suggests that these
tumors arise from multipotent stem cells.11 Likewise, infection of Nestin+ or glial fibrillary
acidic protein+ cells in the neonatal forebrain with retroviruses encoding platelet-derived
growth factor leads to development of oligodendrogliomas or mixed oligoastrocytomas,41

suggesting that stem cells and progenitors can give rise to these tumors. Injection of platelet-
derived growth factorencoding retroviruses into the adult white matter also leads to
development of malignant glioma; since this approach predominantly targets NG2+/ glial
fibrillary acidic protein-negative glial progenitors, the authors conclude that these tumors
arise from oligodendrocyte progenitors.42 Lastly, our own studies indicate that activation of
the hedgehog pathway in granule neuron precursor or stem cells can lead to
medulloblastoma, implying that each of these cell types can serve as a cell of origin for this
tumor (Yang et al, unpublished observations).

Although retroviral or transgenic studies can provide insight into the cell of origin for brain
tumors, there is an important caveat to these approaches: tumors may result from
introduction of an oncogenic lesion into a particular cell, but this cell may undergo
differentiation or dedifferentiation into a phenotypically distinct cell type before becoming
fully transformed. For example, transduction of multipotent hematopoietic stem cells with
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leukemogenic retroviruses results in leukemia, but only after cells have committed to the
myeloid lineage.12 Conversely, infection of astrocytes with platelet-derived growth factor-
encoding or epidermal growth factorencoding retroviruses has been shown to result in
glioma, but only after these cells dedifferentiate into cells resembling glial progenitors or
stem cells.41,44 Indeed, the ability of certain oncogenes and tumor suppressors to alter the
differentiation state of a cell may be a crucial element of their ability to promote tumor
formation.

Given the difficulties involved in identifying the cell of origin, it is worth reiterating the
importance of such studies. Simply put, if we can determine which cell type gives rise to a
particular tumor, we can apply what we know about the biology of that cell type to
understand the behavior of the tumor. Additionally, identification of the cell of origin allows
direct comparisons to be made between tumor cells and their normal counterparts, using
genomic or proteomic approaches. Unlike comparisons between brain tumors and normal
adult brain tissue (which consists largely of nondividing neurons and glia), comparisons
between tumor cells and their respective cells of origin can provide insight into the genes
and proteins that are involved in tumor initiation and progression.13 Thus, studies directed at
identifying the cell of origin for brain tumors can lead to identification of novel markers for
early detection and critical targets for therapy.

Cancer Stem Cells
During the past 5 years, the term cancer stem cell has appeared in more than 500 papers,
with at least 50 of these focusing on brain tumors. However, the sense in which this term has
been used varies significantly among these publications. Although it is sometimes used to
refer to tumor cells that phenotypically resemble stem cells (Figure 2A), it is more
commonly used to describe cells within a tumor that are capable of maintaining the growth
of the tumor in vivo or after transplantation6,46,47 (Figure 2B). The concept of a cancer stem
cell was first given credence by investigators studying leukemia, who showed that a
subpopulation of cells from human acute myeloid leukemia was uniquely capable of
generating tumors after transplantation into immunodeficient mice.47,48 Since then, similar
populations of cells have been identified in a variety of solid tumors, including cancers of
the breast, brain, colon, prostate, skin, and pancreas.46,49–53

Some cancer stem cells share phenotypic characteristics with stem cells from corresponding
tissues. This is true of leukemia-initiating cells, which express the hematopoietic stem cell
marker CD34 and are also capable of tumor propagation after transplantation.47,48 Similarly,
cancer stem cells described in human medulloblastoma and glioma express CD133 and can
form neurospheres that differentiate into neurons, astrocytes, and oligodendrocytes in
culture. Transplantation of CD133+ cells (but not CD133-negative cells) results in tumors
that resemble the tumor from which they were derived, suggesting that these represent true
cancer stem cells.46,54

However, the similarity between cancer stem cells and tissue stem cells is not universal. For
example, leukemias can be propagated by cells that resemble committed granulocyte
macrophage progenitors,55 and cancer stem cells in multiple myeloma have been found to
resemble postgerminal center B cells.56 In the context of brain tumors, recent studies have
suggested that not all gliomas are propagated by stemlike CD133+ cells, and that some may
be propagated by CD133 negative cells.57,58 Thus, showing that tumors contain cells that
express stem cell markers does not necessarily prove that these represent cancer stem cells.
Such stemlike cells may have interesting or important properties, but they are not
necessarily critical for tumor maintenance or propagation.
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It is also worth mentioning that some investigators have identified “cancer stem cell”
populations in cell lines that have been grown in culture for many years.59–61 These cells
share some important characteristics with cancer stem cells isolated from primary tumors: in
many cases they express stem cell markers and have the ability to form neurospheres, and
have even been shown to selectively mediate tumor initiation after transplantation. While
studies of these cells may shed light on the biology of cancer stem cells, it is important to
keep in mind that these cells have undergone extensive selection in culture, and that the
genetic and epigenetic adaptations that have allowed these cells to maintain themselves in
culture may not be the same as the changes that allow primary tumor cells to do so in an
animal or in a patient. Thus, studies of cancer stem cells from cell lines must be interpreted
with caution until they have been validated using similar cells derived from primary tumors.

An important element of the cancer stem cell hypothesis is the notion that cancer stem cells
are resistant to conventional chemotherapy and radiation. This would provide an explanation
for tumor resistance and recurrence: if conventional therapies do not eradicate cancer stem
cells, these cells can simply self-renew and regenerate the tumor once therapy has been
withdrawn. In support of this notion, a number of studies have demonstrated that CD133+
cells from human gliomas are resistant to conventional radiation and chemotherapy.3,5

Moreover, research into therapies that can specifically target cancer stem cells has yielded
some promising candidates, including bone morphogenetic proteins,14 inhibitors of Notch
signaling,63 and inhibitors of angiogenesis (which may target cancer stem cells by disrupting
their “niche”).15 But just as not all cancer stem cells phenotypically resemble stem cells, it is
possible that not all cancer stem cells (as defined by their ability to propagate tumors) are
resistant to radiation or chemotherapy. Examining this property in various types of brain
tumors will be crucial to determining the importance of targeting cancer stem cells for
therapy.

Analogies Between Stem Cells and Cancer
In the end, the most interesting relationships between brain tumors and stem cells may be
functional ones. Cancer cells need to accomplish many of the same tasks as stem cells: just
as stem cells need to self-renew as well as generate all the cell types in a tissue, cancer stem
cells need to self-renew and generate all the cell types in a tumor. In doing so, they often use
similar strategies and similar signals. Signaling pathways such as the Shh and Wnt pathways
promote self-renewal and proliferation in normal neural precursors during development.16 It
is therefore not surprising that these pathways have been implicated in medulloblastoma and
glioma.61,66–68 Likewise, the Polycomb family transcriptional repressor BMI1 has been
shown to regulate self-renewal of normal stem cells and progenitors69 and has been
implicated in the pathogenesis of medulloblastoma and glioma.35,70 Lastly, the lipid
phosphatase PTEN has been shown to regulate growth of normal neural stem cells and
progenitors and is among the most common deletions in glioma.17 By studying the signals
that control growth and differentiation of normal stem cells and progenitors, we can gain
insight into how these processes become corrupted in cancer, and use this information to
develop novel ways to target tumor cells.
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Figure 1.
Normal cells that give rise to brain tumors. (A) Stem cells and progenitors. Stem cells are
normal cells that can self-renew and give rise to all the cell types within a tissue.
Progenitors, which arise from stem cells, can also proliferate but can only give rise to
restricted cell types. In the brain, lineage-restricted progenitors give rise to neurons,
astrocytes, and oligodendrocytes. (B) Cells of origin. The cell of origin for a tumor is the
normal cell type that can give rise to the tumor following a particular oncogenic mutation.
Both stem cells and progenitors can serve as cells of origin for brain tumors.
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Figure 2.
Tumor cells with unique characteristics. (A) Stemlike cancer cells. Some cells within brain
tumors resemble normal neural stem cells in terms of markers (such as CD133) or in terms
of functional properties (such as the ability to form neurospheres and differentiate into
neurons and glia). These stemlike cells may or may not be critical for the long-term growth
of the tumors from which they arise. (B) Cancer stem cells. A subpopulation of cells within
a tumor may have an extensive capacity for self-renewal and may be critical for tumor
propagation. This capacity is usually demonstrated by testing the ability of these cells to
give rise to secondary tumors after transplantation. Cancer stem cells need not be derived
from, or resemble, normal tissue stem cells.
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