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REVIEWS

Cancer stem cells in solid tumours:
accumulating evidence and
unresolved questions

Solid tumours account for the major cancer burden, and
epithelial cancers arising in tissues that include breast,
lung, colon, prostate and ovary constitute approximately
80% of all cancers. Tumours are generally character-
ized clinically at the gross level by histology and by
the expression of specific markers. Together with gene
expression profiling, this has enabled the definition of
distinct tumour subtypes. The cellular origins of most
solid tumours are largely unknown, but it has been
speculated that different subtypes reflect distinct cells of
origin at the time of tumour initiation. In addition to the
acquisition of genetic and epigenetic mutations, interac-
tions between tumour cells and their microenvironment
(stroma, inflammatory cells and recruited vasculature)
have a profound influence on the tumorigenic process.
Finally, metastasis and tumour dormancy characterize
many solid tumours but the nature of these complex
processes remains largely undefined.

In addition to different tumour subtypes, cells within
the tumour population itself often exhibit functional
heterogeneity, with cells exhibiting distinct proliferative
and differentiative capacities (referred to as tumour
heterogeneity)'. The cellular mechanisms underlying
tumour heterogeneity are the subject of intense research
in the cancer biology field. In historical and rather
extraordinary studies by Southam and Brunschwig?,
evidence was provided for heterogeneity within tumours
by autologous transplantation of malignant cells from
patients with different carcinomas into subcutaneous
tissue. Furthermore, pioneering studies of spontaneous
mouse leukaemias and lymphomas revealed that the
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Abstract | Solid tumours are an enormous cancer burden and a major therapeutic challenge.
The cancer stem cell (CSC) hypothesis provides an attractive cellular mechanism to account
for the therapeutic refractoriness and dormant behaviour exhibited by many of these
tumours. There is increasing evidence that diverse solid tumours are hierarchically organized
and sustained by a distinct subpopulation of CSCs. Direct evidence for the CSC hypothesis
has recently emerged from mouse models of epithelial tumorigenesis, although alternative
models of heterogeneity also seem to apply. The clinical relevance of CSCs remains a
fundamentalissue but preliminary findings indicate that specific targeting may be possible.

frequency of tumour-propagating cells ranged from
1% to the majority of cells**. Functional heterogeneity
among cancer cells derived from lung, ovary and brain
tumours was also evident in colony-forming assays
in vitro®. At least two models have been put forward
to account for heterogeneity and inherent differences
in tumour-regenerating capacity: the cancer stem cell
(CSC)*” and clonal evolution models®’.

This Review summarizes and evaluates the current
evidence for the existence of CSCs in solid tumours.
We compare the CSCs that have been prospectively
isolated from diverse solid tumours, with emphasis on
those studies that have used freshly isolated tumour
specimens for transplantation. The frequency of CSCs
in solid tumours appears to be substantially higher than
that in leukaemia but marked variation occurs between
tumours of the same type, emphasizing the require-
ment for more definitive markers and clonality studies.
This article also discusses the progress in delineating
pathways that regulate CSC function and evidence for
a distinct metastatic CSC population. Finally, we review
data on the sensitivity of CSC-enriched subsets to anti-
neoplastic agents and the central question of the clinical
relevance of the CSC — will CSCs have a major impact
on cancer patient management in the future?

Models for tumour propagation

CSCs refer to a subset of tumour cells that has the ability
to self-renew and generate the diverse cells that comprise
the tumour®”'". These cells have been termed cancer
stem cells to reflect their ‘stem-like’ properties and ability
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At a glance

* The cancer stem cell (CSC) hypothesis is an attractive model to account for the
functional heterogeneity that is commonly observed in solid tumours. It proposes a
hierarchical organization of cells within the tumour, in which a subpopulation of
stem-like cells is responsible for sustaining tumour growth.

* The first evidence for CSCs came from acute myeloid leukaemia. There is now
increasing evidence for CSCs in a variety of solid tumours (both mouse and human),
provided through transplantation studies using prospectively isolated tumour cells.

* The frequency of CSCs in solid tumours is highly variable, reflecting biological
variation as well as technical issues. Technical issues include the purity of solid tumour
cell fractionation, the requirement for more definitive markers and the challenges
associated with xenotransplantation. Ultimately it will be necessary to study CSCs and
potential heterogeneity within this population at a clonal level through ‘cell tagging’.
* Not all solid tumours will follow the CSC model of heterogeneity. Some may conform
to the clonal evolution model, in which a dominant population of proliferating cells
drives tumorigenesis.

* Metastatic CSCs may exist, with properties distinct from primary CSCs.

* The concept of CSCs has significant clinical implications: CSCs have been shown to
be more resistant to chemotherapy and radiotherapy.

* Recent reports, primarily for haematopoietic malignancies, suggest that CSCs can be
selectively targeted without ablating normal stem cell function.

to continually sustain tumorigenesis. CSCs share impor-
tant properties with normal tissue stem cells, including
self-renewal (by symmetric and asymmetric division)
and differentiation capacity, albeit aberrant. Multilineage
differentiation, however, is not a mandatory feature of a
CSC. One implication of the CSC model is that cancers
are hierarchically arranged with CSCs lying at the apex
of the hierarchy® (FIC. 1). The first evidence for the exist-
ence of CSCs came from acute myeloid leukaemia®’,
in which a rare subset comprising 0.01-1% of the total
population could induce leukaemia when transplanted
into immunodeficient mice.

The clonal evolution model postulates that mutant
tumour cells with a growth advantage are selected and
expanded, with cells in the dominant population having a
similar potential for regenerating tumour growth?® (FIG. 1).
The acquisition of genetic events underpins this model
but epigenetic differences and microenvironmental
changes are also likely to have important roles. The clonal
evolution model may, in some cases, involve a stochastic
component”. Both paradigms of tumour propagation are
likely to exist in human cancer but only the CSC model is
hierarchical. It is important to note that the two models
are not mutually exclusive, as CSCs themselves undergo
clonal evolution, as shown for leukaemia stem cells''.
Thus, a second, more dominant CSC may emerge if a
mutation confers more aggressive self-renewal or growth
properties (FIG. 1). It is relevant that serial transplantation
has been reported to result in the in vivo selection of cells
that generate more aggressive tumours'2.

CSCs are distinct from the cell of origin. The cell of
origin specifically refers to the cell type that receives the
first oncogenic hit(s). Moreover, CSCs do not necessarily
originate from the transformation of normal stem cells.
CSCs may arise from restricted progenitors or more differ-
entiated cells that have acquired self-renewing capacity.
One corollary of this model is that there will be mecha-
nistic parallels between the self-renewal programmes of

normal stem cells and CSCs (BOX 1). It has been presumed
in many cases that the cells in which cancer originates
are committed cells that have undergone some degree
of differentiation. In haematopoietic malignancies, the
MOZ-TIF2 (also known as MYST3-NCOA2) (REF. 13),
mixed lineage leukaemia (MLL)-AF9 (REFS 14,15) and
MLL-ENL' fusion products all seem to confer stem-like
properties on committed progenitor cells, leading to
the generation of CSCs. For example, there is evidence
that MLL-AF9 activates a self-renewal programme in
granulocyte-macrophage progenitors, transforming
them into leukaemia stem cells'*. However, in a recent
knock-in mouse model of MII1-Af9 only HSCs that
expressed high levels of the translocation product were
efficiently transformed, indicating the importance of
gene dosage in determining phenotype'. In patients with
chronic myeloid leukaemia (CML) blast crisis, a 3-catenin
mutation also appears to confer self-renewal properties on
the granulocyte-macrophage progenitor'®. In solid tissues,
however, definitive cell surface immunophenotypes have
not yet been defined for most stem cells and their progeny,
making it impossible to determine which cell types the
CSCs most closely resemble.

Prospective isolation of CSCs from solid tumours
The most convincing demonstration of CSC identity
comes from serial transplantation of cellular populations
into animal models, necessitating the development of
orthotopic transplantation assays. The CSC-containing
population should re-establish the phenotypic hetero-
geneity evident in the primary tumour and exhibit
self-renewing capability on serial passaging. There have
been significant technical issues compounding the isola-
tion of CSCs from epithelial and other solid tumours, in
part owing to the difficulty in dissociating these cancers.
Further, in the case of xenotransplantation, incomplete
immunosuppression or species-specific differences in
cytokines or growth factors probably present confounding
issues. Even in syngeneic models, implantation of tumour
cells into a normal niche does not precisely recapitulate
the tumour environment itself.

Nevertheless, mounting data over recent years have
indicated the existence of CSCs in multiple solid tumours.
A number of cell surface markers have proved useful
for the isolation of subsets enriched for CSCs, including
CD133 (also known as PROM1), CD44, CD24, epithelial
cell adhesion molecule (EpCAM, also known as epithe-
lial specific antigen (ESA) and TACSTD1), THY1 and
ATP-binding cassette B5 (ABCB5), as well as Hoechst,, .
exclusion by the side population cells (BOX 2). CSCs have
frequently been isolated using markers specific for normal
stem cells of the same organ. A summary of the key
features of CSC populations prospectively isolated from
solid tumours is given in TABLE 1. It is evident that common
cell surface markers, in particular CD133 and CD44, have
been used to fractionate CSCs in diverse solid tumours. It is
not yet known whether these represent surrogate markers
or have a role in regulating CSC function. Notably, none of
these markers are exclusively expressed by the solid tumour
CSC, highlighting the imperative to delineate more specific
markers or to use combinatorial markers.
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Figure 1| Two models for tumour heterogeneity and propagation. a | A normal cellular hierarchy comprising stem
cells (at the apex), which progressively generate common and more restricted progenitor cells, ultimately yielding all
the mature cell types that constitute a particular tissue. b | In the clonal evolution model all undifferentiated cells have
similar tumorigenic capacity. ¢ | In the cancer stem cell (CSC) model, only the CSC can generate a tumour, based on its
self-renewal properties and enormous proliferative potential. d | Both models of tumour maintenance may underlie
tumorigenesis. Initially, tumour growth will be driven by a specific CSC (CSC1). With tumour progression, another
distinct CSC (CSC2) may arise due to clonal evolution of CSC1. This may result from the acquisition of an additional
mutation or epigenetic modification. This more aggressive CSC2 becomes dominant and drives tumour formation.

The first solid malignancy from which CSCs were
identified and isolated was breast cancer. Al-Hajj et al."’
described a CD44°CD24~v cell population that was
significantly enriched for tumour-initiating capacity.
Subsequently, CD133 was found to mark CSCs in
different types of brain tumours including glioblastoma
multiforme, paediatric medulloblastoma and ependy-
momas®*. In addition, CD133 has been instrumental
in identifying CSCs in colorectal®®*” and pancreatic®
carcinomas. CD133 itself appears to be a marker of
normal neural stem cells in both human® and mouse*
and possibly pancreatic stem cells'.

Some overlap, albeit limited, is evident between the
cell surface phenotypes of CSCs described thus far by
different groups for the same tumour type. In pancre-
atic cancer, for example, although overlap was found
between the CD133* and CD44'CD24" populations, it
was highly variable: 10-40% of CD44*CD24" cells in
primary tumours were positive for CD133 expression®.
On the other hand, the EpCAM"CD44* CSC subset in
colorectal cancer® exhibits little overlap with CD133,
and generally constitutes a minor proportion of the
CD133* population. In breast carcinomas, high aldehyde

dehydrogenase 1 (ALDH1, also known as ALDH1A1)
activity was recently shown to identify the tumorigenic
fraction®. However, the ALDH1* population shows a
surprisingly small overlap with the previously described
CD44*CD247" phenotype (0.1-1.2%)". Nonetheless,
the combination of these cell surface markers with
Aldefluor yielded a highly enriched population, with
as few as 20 cells required to generate a tumour. One
source of variation in marker expression may be attrib-
utable to culturing of cells before cell sorting rather than
the use of fresh material.

Heterogeneity within CSC populations
Phenotypic heterogeneity within CSC subpopulations is
likely to exist. In gliomas, CD133 expression does not
always appear to mark the CSC*. Indeed, glioblastomas
could be propagated from CD133" cells, although these
cells were cultured as adherent spheres and cell lines
before transplantation and long-term self-renewal was
not measured. In this study, CD133- cells were similarly
tumorigenic to CD133* cells in nude mice, although
CD133" tumour cells appeared to have a distinct
molecular profile?.
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Box 1| Signalling pathways in cancer stem cells

The same pathways appear to orchestrate self-renewal and proliferation in diverse
stem cell compartments and to cause neoplasia when deregulated. The normal
self-renewal programs include the Wnt, Notch, Hedgehog and BMI1 pathways.
Alternatively, tumour suppressors that inhibit tumour proliferation or regulate
cellular responses to DNA damage, such as p53, PTEN, and INK4A and ARF (both
encoded by CDKN2A), may also block stem cell self-renewal**1%*. The precise
pathways activated in cancer stem cells (CSCs) in solid tumours have not been
elucidated, but PTEN and INK4A have been implicated in gliomas, and sonic
hedgehog (SHH) in basal cell carcinomas and gliomas (reviewed in REF. 106). BMI1
overexpression and mutations in SHH pathways may be involved in the genesis of
medulloblastoma, and SHH signalling can increase BMI1 expression in primitive
neural stem or progenitor cells'”’. Active repression of differentiation genes by
polycomb proteins such as BMI1 may be required for self-renewal of CSCs. Do CSCs
have a definitive signature of self-renewal genes that can transform a differentiated
cancer cellinto a CSC?

In intestinal stem cells, the canonical Wnt pathway regulates self-renewal and
maintains the stem cell niche in conjunction with bone morphogenetic protein
(BMP) and Notch signalling'®. Mutations that activate Wnt signalling lead to
hyperproliferation of crypt progenitors and generation of benign polyps®.

Wht signalling also regulates the migration and proliferation of stem cells and
progenitors through pathways involving ephrin family adhesion proteins'®.

On the other hand, transforming growth factor § and BMPs function as negative
regulators of stem cells, preventing their activation and proliferation. BMP4
appears to be expressed in the intestinal and bulge epidermal stem cell niches
and targeted deletion of the BMPR1A receptor results in expansion of stem cells
in the intestine and hair follicle with consequent tumour development!*®-12,
Thus, cross-talk between positive and negative regulatory signals can govern
stem cell function.

In skin tumours, conditional deletion of 3-catenin from either chemical- or
Ras-induced tumours resulted in complete regression of the tumours*, establishing
a crucial role for the Wnt—f-catenin pathway in maintenance of the CD34+*CSC
population. There appears to be a direct link between WNT1 signalling and the
DNA damage response in primary human breast epithelial cells!*®. In MMTV-Wnt1
mice, constitutive 3-catenin signalling results in mammary tumours and increased
progenitor cell numbers, and further appears to render these progenitor cells
radioresistant®’. An expansion of the mammary stem cell pool was also noted during
the pre-neoplastic phase in MMTV-Wnt1 transgenic mice, implicating these stem
cells as the putative target of transformation'**. Notably, activation of the
WNT1-B-catenin pathway can confer self-renewing properties on luminal
progenitor cells during oncogenesis*’. Wnt signalling has a parallel role in
haematopoietic malignancies, in which it was recently found to be essential for
the renewal of chronic myeloid leukaemia stem cells in vivo'*®.

The CSC phenotype may not necessarily be uniform
between cancer subtypes or even tumours of the same
subtype. In one breast cancer patient'® with a comedo
(generally more aggressive) type of adenocarcinoma,
the tumorigenic cell population was noted to be
CD44'CD24*EpCAM". In this tumour, there may have
been a distinct CSC or an alternative model of tumori-
genesis could apply. In addition, cell lines derived from
Brcal-deficient mouse mammary tumours were recently
shown to harbour heterogeneous cancer cell popula-
tions. Either CD44*CD24" or CD133" cells, dependent
on the Brcal-deficient tumour, could elicit tumours in
immunocompromised mice when injected in low cell
numbers (50-100) (REF. 34). Significantly, there was no
overlap between the CD44*CD24- and CD133* popula-
tions, suggesting that heterogeneity exists within the
putative CSC populations of Brcal tumours. It will be
important to validate these findings on potential CSC

Tumour xenograft

Owing to the limited amount of
tumour material it is necessary
to establish xenografts. This
involves limited passaging of
the tumour, preferably in an
orthotopic location, in
immunocompromised mice
such as NOD-SCID strains. The
validity of using xenografts has
been documented for many
different tumour types. The
engraftment rate can be
variable, dependent on the

tumour type. heterogeneity using freshly sorted cells.

Cancer stem cell frequency

The frequency of CSCs appears to be highly variable
between tumours of the same type but is substantially
higher than that for leukaemia stem cells®. For example,
the size of the ABCB5* fraction appears to vary between
1.6 and 20% of total tumour cells among melanomas®,
and the CD133* CSC population in colorectal carci-
nomas ranges between 1.8-24.5% (REF. 26). Recent
mathematical analyses have further indicated that CSCs
in advanced tumours may not occur as a small fraction®.
More refined markers combined with extensive in vivo
limiting dilution analysis are required to more accurately
determine the frequency of CSCs within solid tumours
and to prove enrichment?. This may eventually allow
correlation between CSC frequency, tumour grade and
clinical outcome. A recent study provides evidence that
CD133 expression in gliomas predicts poor patient
survival and the proportion of CD133* cells appears to
be an independent risk factor for tumour relapse®. It is
plausible that the clinically aggressive basal subtype of
breast tumour may also contain a higher proportion
of CSCs but this has not yet been evaluated. Given that the
basal subtype shares the hallmark features of mammary
stem cells (triple-negative for oestrogen receptor,
progesterone receptor and ERBB2), it is tempting to
speculate that a CSC arising from transformation of a
normal stem cell yields a more aggressive cancer than
one derived from a more committed progenitor cell. In
highly metastatic tumours for which melanoma serves
as a paradigm, the CSC population may have distinct
properties that are more reminiscent of a metastatic or
migratory CSC (see below).

Putative CSCs in prostate and lung cancer
Hoechst-excluding side population and CD44" cells
sorted from xenografted prostate tumours have been
reported to be enriched for tumour-initiating cells**,
but serial transplantation studies are yet to confirm
whether they represent bona fide CSCs. Other studies
have identified putative human prostate CSCs with
a CD44*02 integrin*B1 integrin®CD133* phenotype
based on extensive proliferative capacity in vitro*. In
small-cell and non-small-cell lung tumours*>, CD133-
expressing tumour cells (0.32-22% of the total tumour
population) were recently identified in four different
tumour subtypes. These cells grew indefinitely as
spheres and were tumorigenic®>. Furthermore, high
numbers of CD133*EpCAM?* cells (10*) isolated from
fresh lung tumour specimens were capable of generating
tumour xenografts upon subcutaneous injection, but their
self-renewal capacity was not clear.

CSCs in mouse models

CSCs do not necessarily constitute a minor component
of the tumour. Evidence accumulating from mouse
models has indicated that the frequency of CSCs can
vary dramatically. Although haematopoietic malignan-
cies are not the focus of this article, such mouse models
warrant some discussion in the context of CSC frequen-
cies. CSCs may be relatively infrequent in some mouse
models of tumorigenesis. In murine leukaemia models
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originating from the MOZ-TIF2 translocation', a blast
crisis model of CML* or Pten-deficient mice*, rare
cells have leukaemia-forming capacity. However, recent
studies by Kelly et al. have shown that >10% of cells in
three mouse models of leukaemia or lymphoma have
tumour-regenerating capacity, suggesting that these are
maintained by a dominant cell population®. Indeed,
the recipients of 3 out of 8 single-cell transfers from an
Eu-Mpyc tumour developed lymphoma. Furthermore,
at least 25% of granulocyte-myeloid progenitors or
myeloid-lineage cells harbouring the MII-Af9 oncogene
could initiate leukaemogenesis in recipient mice'*'>. In
all of these models, no functionally distinct subpopula-
tion has been identified to date. These tumours may
be sustained by a high frequency of CSC-like cells or,
alternatively, they may conform to the clonal evolution
model of tumorigenesis. Indeed, if every cell in these
tumours proves to be a tumour-propagating cell, then
neither model of heterogeneity applies.

In the context of mammary tumours, CSC
subsets have been described in two different models
of mammary tumorigenesis using distinct marker
combinations. The use of syngeneic models excludes
any bias associated with xenotransplantation systems.
In MMTV-Wntl mammary tumours, a THY1*CD24*
cancer cell population (1-4% of tumour cells) was found
to be highly enriched for tumorigenic activity relative to
the non-THY1'CD24" population*. One in every
200 cells from this basal population generated tumours
phenotypically similar to the original tumour upon

REVIEWS

injection near the upper mammary fat pads, and these
could be serially passaged in mice. These studies further
suggested that the Wnt-p-catenin signalling pathway
has an important role in governing the self-renewal
of cancer cells in these tumours. Using a different set of
markers (B1 integrin, CD24 and CD61 (33 integrin)), we
have also identified a CSC population in MMTV-Wnt1
mammary tumours that confers 20-fold enrichment in
tumour-initiating capacity®. In a model of the breast
tumorigenesis that mimics breast cancer that develops
in Li-Fraumeni patients, the Trp53-null mammary
tumour model, a subpopulation of cells at the tip of the
B1 integrin®'CD24" fraction was shown to be enriched
for CSCs*. However, CSCs may not characterize all
mouse models of mammary tumorigenesis. In the well-
established MMTV-Erbb2 strain, no CSC subset could be
identified using multiple different cell surface markers.
These luminal tumours exhibit substantial homogeneity
and a frequency of 1 in 100 tumorigenic cells in the total
epithelial population, suggesting a clonal evolution or
stochastic model of tumorigenesis®.

Striking evidence for the existence of CSCs in mouse
models has come from the study of cutaneous tumours.
In mouse skin, bulge stem cells specifically express CD34
and have been demonstrated to maintain follicular
homeostasis. Remarkably, CD34" cells sorted from
cutaneous tumours arising from DMBA-TPA-mediated
carcinogenesis were shown to be 100-fold more potent
in initiating tumours than unsorted tumour cells: 1,000
CD34" cells induced tumours in syngeneic transplants,

Box 2 | Markers of cancer stem cells in solid tumours from patients

ABCGS5

Member of the ATP binding cassette family, involved in transport of sterol and other lipids. ABCG2 (also known as breast
cancer resistance protein) is a multi-drug transporter (see Hoechst SP below). ABCG5 confers doxorubicin resistance.

ALDH1

The ubiquitous aldehyde dehydrogenase (ALDH) family of enzymes catalyse the oxidation of aliphatic and aromatic
aldehydes to carboxylic acids. ALDH1 has a role in the conversion of retinol to retinoic acid, which is important for

proliferation, differentiation and survival.
CD24 (HSA)

A heavily glycosylated glycosylphosphatidylinositol-anchored adhesion molecule, which has a co-stimulatory role in
B and T cells. The only known ligand for P-selectin. Although CD24 is not a specific marker of cancer stem cells, low

levels can characterize breast tumour-initiating cells.
CD44 (PGP1)

An adhesion molecule with multiple isoforms that has pleiotropic roles in signalling, migration and homing. The
standard form CD44H exhibits a high affinity for hyaluronate; CD44V confers metastatic properties.

CD90 (THY1)

A glycosylphosphatidylinositol-anchored membrane glycoprotein involved in signal transduction that has a potential
role in stem cell differentiation. It may mediate the adhesion of thymocytes to the thymic stroma.

CD133 (prominin 1)

Five-transmembrane domain glycoprotein with a potential role in the organization of plasma membrane topology.
Expressed on CD34* stem and progenitor cells in fetal liver, endothelial precursors, fetal neural stem cells and

developing epithelium, CD133 has been detected by its glycosylated epitope in the majority of studies. Thus, AC133
may be a more reliable cancer stem cell marker!®.

EpCAM (epithelial cell adhesion molecule; ESA, TROP1)
Homophillic Ca*-independent cell adhesion molecule expressed on the basolateral surfaces of most epithelial cells.

Hoechst SP
Side population (SP) phenotype due to the Hoechst, ... efflux pump present on the plasma membrane in diverse cell
types. Activity conferred by the ABC transporter ABCG2. Inhibited by verapamil.
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Table 1 | Prospective isolation of human cancer stem cells from freshly dissociated solid tumours

Tumour type

Breast
Breast
Breast

Brain

Brain

Colon
Colon
Colon

Head and neck

Pancreas
Pancreas
Lung
Liver
Melanoma

Mesenchymal

CSC marker Tumour cells Minimal number of cells
expressing CSC expressing CSC markers
marker, % for tumour formation

CD44+/CD24 v 11-35 200

CD44/CD24 ND 2 %103

ALDH1* 3-10 500

CD133*(GBM) 19-29 100

CD133*(MB) 6-21 100

CD133* 2-3 500

CD133* 1.8-25 200

CD133* 0.7-6 3x10°

EpCAMM/CD44* 0.03-38 200

CD44+ 0.1-42 5x10°

CD44+/CD24*/ESA* 0.2-0.8 100

CD133* 1-3 500

CD133* 0.32-22 10*

CDoo* 0.03-6 5x 103

ABCB5* 1.6-20 10°

Side population 0.07-10 100

(Hoechst dye)

Injected in Transplantation  Strain Refs
Matrigel site

+ Mammary fatpad ~ NOD-SCID 19
- Mammary fatpad ~ NOD-SCID 77
+* Mammary fatpad =~ NOD-SCID 33
- Brain NOD-SCID 20
- Brain NOD-SCID 20
= Brain nu/nu 24
+ Kidney capsule NOD-SCID 26
- Subcutaneous SCID 27
+ Subcutaneous NOD-SCID 32
+ Subcutaneous Rag2/y'-DKO, 117

NOD-SCID

+ Pancreas NOD-SCID 65
- Pancreas NMRI-nu/nu 28
- Subcutaneous SCID 42
= Liver SCID/Beige 53
- Subcutaneous NOD-SCID 35
- Subcutaneous NOD-SCID 118

*Also injected with fibroblasts. ALDH, aldehyde dehydrogenase; CSC, cancer stem cell; EpCAM, epithelial cell adhesion molecule; ESA, epithelial specific antigen;
GBM, glioblastoma multiforme; MB, medulloblastoma, ND, not determined; NOD-SCID, non-obese diabetic-severe combined immunodeficient; Rag2/y7-DKO,
Rag 2 common cytokine receptor y-chain double knockout.

whereas 2.5 x 10* CD34" cells could not*. This ortho-
topic transplantation system also included primary
keratinocytes and dermal fibroblasts to allow whole-
skin reconstitution. The tumours exhibited the same
hierarchical organization as the parent tumours and the
CD34" subset had self-renewing capacity, fulfilling the
definition of a true CSC.

The high frequency of transplantable tumour-
propagating cells (>10%) in certain mouse models of
haematopoietic malignancy may reflect the more homoge-
neous nature of these lymphomas and leukaemias. These
generally arise with much shorter tumour latency than
solid tumours, presumably contributing to less heteroge-
neity within their cancer cell population. Nevertheless,
the absolute frequency of CSCs is likely to vary markedly
between different solid tumours and, in some cases, a
different model of tumorigenesis may apply. Although the
cell hierarchies are likely to be similar between mouse and
human, mouse models may not always be representative
of spontaneously occurring human malignancies, such as
those models where the oncogenic event has occurred in
a cell type that differs from that in human disease. The
choice of genetically engineered mouse model and
the cell type in which the promoter or enhancer driving the
transgene is active will undoubtedly have major influence
on the frequency of transplantable cells.

Are there metastatic cancer stem cells?

Metastasis is the predominant cause of lethality in
cancer patients. However, not every cell in a tumour
has the ability to metastasize to other organs. Metastatic

potential depends on multiple factors that determine
overall tumour cell growth, survival, angiogenesis and
invasion. For epithelial malignancies, the epithelial-
mesenchymal transition (EMT) is considered to be a
crucial event in the metastatic process, which involves
disruption of epithelial cell homeostasis and the
acquisition of a migratory mesenchymal phenotype™.
In many epithelial tumours, an EMT or loss of differ-
entiation is frequently evident at the invading edge of
the tumour and is likely to mediate cellular detachment
and eventual metastasis®®. The EMT appears to be
controlled by canonical pathways such as the Wnt and
transforming growth factor § pathways, both of which
can be aberrantly activated during neoplasia. A recent
report suggests that there may be a direct link between
the EMT and acquisition of stem cell properties®'. Cells
undergoing an EMT could conceivably be the precur-
sors to metastatic cancer cells, perhaps even metastatic
CSCs. CSCs may also have a role in the creation of a
particular niche for metastasis. It is notable that primary
tumour cells can indeed generate a pre-metastatic
niche by recruiting haematopoietic progenitor cells to
tumour-specific niches®.

Can metastases directly arise from CSCs? Recent
data have supported the concept of a metastatic
CSC. Hermann et al. defined a distinct subset of
CD133"CXCR4* cells (CXCR4 is the receptor for
the chemokine CXCL12 (also known as SDF1)) that
localized to the invasive edge of pancreatic carcinomas
and exhibited significantly stronger migratory activity
in vitro than CD133*CXCR4" cells despite both subsets
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showing similar tumour development?®. Significantly,
only CD133*CXCR4" cells demonstrated in vivo
metastatic activity to the liver. Although the study was
performed using a pancreatic cancer cell line, the concept
that there are functionally distinct subsets of cells that
impart either tumour-propagating or metastatic activity
seems compelling. Moreover, pharmacological depletion
of CD133*CXCR4" cells by inhibition of the CXCR4
receptor profoundly reduced the metastatic potential of
pancreatic tumours without altering their tumorigenic
potential. Primary pancreatic tumours comprised a
higher fraction of CXCR4" cells that displayed increased
migratory activity in vitro and, furthermore, correlated
with metastatic disease in these patients. These findings
have important therapeutic implications, as the design of
drugs that target the metastatic CSC would be envisaged
to have a profound effect on patient survival. In hepato-
cellular cancer, CSCs that might directly contribute to
metastasis (circulating THY1* CSC-like cells) have been
detected in patients with liver cancer and could generate
tumours in immunocompromised mice™.

In breast cancer patients, CD44*CD247v cells are
readily detectable in metastatic pleural effusions",
although there is often a substantial percentage of
non-tumour cells present in malignant pleural fluid**
and this aspect has yet to be addressed in prospective
studies. Furthermore, a 186-gene invasiveness signature
generated from CD44*CD247¥ cells indicates the
propensity of a tumour to metastasize®. By contrast,
an increased number of CD24* cells has been reported
in distant metastases in breast cancer patients despite
the CD44" basal cell signature predicting decreased
patient survival and a higher risk of distant metastases
in lymph node-negative patients with invasive breast
cancer®. Although there are few data on cellular
mechanisms mediating the metastasis of breast cancer
cells, it is possible that CD44*CD24 ¥ breast cancer cells
initially metastasize and then change their phenotype
following limited differentiation at their new site. In
general, the CD44" and CD24" cell populations within
the same tumour were found to be genetically identical,
although one pleural effusion presented an exception.
In metastatic colon cancer, CD133 does not seem
to specifically mark the CSC subset, as both CD133*
and CD133" cells generated tumours and CD133" cells
formed more aggressive tumours®. Collectively, these
findings could reflect the generation of a distinct
metastatic CSC within the tumour or the evolution of
a second CSC with a different immunophenotype
from the first CSC (FIC. 2).

Issues associated with transplantation

Difficulties imposed by the nature of the xenograft model.
The efficiency of xenotransplantation, in the majority of
cases, is considerably lower than that for syngeneic trans-
plants. This is partly due to species-specific differences
in the affinity (or recognition) of cytokine and growth
factor receptors for their cognate ligands. A recent study
by Kelly et al.** has raised the possibility that rare CSCs
may be inadvertently selected during xenotransplanta-
tion, whereas the majority of cells are incapable of
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Figure 2 | Evolution of a metastatic cancer stem cell
(CSC). As a tumour progresses, genetic and epigenetic
mechanisms may result in the emergence of a self-
renewing metastatic CSC (mCSC) that expresses
different cell surface markers from the CSC that is driving
tumorigenesis. This mCSC, through a series of invasive
processes that characterize metastasis, enters the blood
stream and seeds a secondary tumour in a distinct organ.

surviving in their foreign environment owing to the lack
of appropriate supporting factors. However, there are
some murine growth factors that are important stimuli
for stem and progenitor cells in multiple organs and can
interact well with their equivalent human receptors,
such as epidermal growth factor (EGF) and fibroblast
growth factor 2 (FGF2)***. Although there are limita-
tions associated with xenografting, it seems likely that
cells within many tumour types may receive sufficient
signals from their host milieu. Sufficient time must be
allowed for tumour development to occur following
xenotransplantation and this is an important parameter
when interpreting data.

NATURE REVIEWS | CANCER

VOLUME 8 [ OCTOBER 2008 | 761

© 2008 Macmillan Publishers Limited. All rights reserved



http://www.uniprot.org/uniprot/P01133
http://www.uniprot.org/uniprot/P09038

REVIEWS

Non-adherent sphere
Both normal and cancerous
cells from numerous organs
can be expanded as
non-adherent sphere-like
cellular aggregates in
serum-free media containing
EGF and FGF2.

The importance of both species- and tissue-specific
influences is highlighted by the studies of Kuperwasser
et al.®*. This work involved ‘humanization’ of the mouse
mammary fat pad through the pre-injection of human
breast fibroblasts into cleared mouse mammary fat
pads to recapitulate the predominance of these cells in
human breast tissue relative to the mouse mammary
gland. Although outgrowths were generated in the
humanized fat pads, the repopulating frequency by
normal breast stem cells remains relatively low and
highlights the challenge of recapitulating the human
microenvironment in the mouse®>®. Similar arguments
also apply to the tumour cell niche. Mixing experiments
using same-patient cancer-associated fibroblasts with
breast tumour epithelial cells may reconstitute the
niche more effectively. The use of CD133* endothelial
cell precursors or mesenchymal stem cells may offer
further improvement. Other tumour cells are also
likely to cooperate with CSCs in tumour progression.
Moreover, the systemic environment is clearly important
but this is not necessarily apparent at first. For example,
oestrogen has been found to profoundly affect the
growth of oestrogen receptor-negative breast cancers®'.
Circulating oestrogens led to recruitment of bone
marrow-derived stromal cells and promoted the growth
of tumours in virgin mice. However, recapitulation of the
human systemic environment in a mouse model poses a
significant challenge.

Residual immune effector cells. Another factor that
can significantly influence the efficiency of human cell
engraftment is the presence of residual immune effec-
tor cells in recipient mice. For example, non-obese dia-
betic-severe combined immunodeficient (NOD-SCID)
mice show better engraftment than SCID mice owing
to a polymorphism in the NOD Sirpa allele. This poly-
morphism confers support for human haematopoiesis
in NOD-SCID mice by mediating enhanced binding to
the human CD47 ligand on human haematopoietic stem
cells®?, and indicates an essential role for mouse mac-
rophages as mediators of engraftment of these human
stem cells. NOD-SCID mice, however, retain some natu-
ral killer cell activity. This variable has now been elimi-
nated through the generation of NOD-SCID-IL2Ry™"
(interleukin 2 receptor y) mice, which lack mature
lymphocytes and natural killer cells and are long-lived
compared with other immunodeficient strains®. In these
mice, human peripheral blood stem cells engraft at high
frequency®. Although engraftment is improved by
implantation into immunocompromised mice, it is also
clear that immune cells have a role in the progression of
many tumours. Ultimately, it will be imperative to use
human bone marrow to reconstitute the haematopoietic
and immune repertoire in mice to improve the efficacy
of xenotransplantation.

The site of transplantation influences tumour-initiating
frequency. Context is an important factor in determining
the tumorigenic frequency and striking differences have
been observed when tumour cells were transplanted into
different microenvironments. Glioblastoma-derived

cells exhibit take efficiencies of 50% when implanted
subcutaneously and 100% when orthotopically
implanted into the cranium®. Conversely, substantially
increased numbers of tumour cells were required for
tumorigenesis when injected into the pancreas as
opposed to a subcutaneous site, which is not the normal
niche for pancreatic cancer cells®. This finding suggests
that an altered vascular environment can influence the
activity of tumour cells, but it is nevertheless important
to use an orthotopic transplantation assay to recapitulate
the tumour environment as closely as possible. For the
colon CSC, an orthotopic transplantation assay has not
yet been described, but a marked difference was noted
in the tumour-initiating frequency dependent on the
site of injection. Under the kidney capsule, the take
rate approaches 100%, whereas it is only about 30% if
the tumour cells are injected subcutaneously (J. Dick,
personal communication). This difference may reflect
the highly vascular sub-renal environment. The site
of transplantation could also account for the different
numbers of cells from the colon CSC-enriched popula-
tion required to induce a tumour in separate studies.
Ricci-Vitiani et al.”’reported that at least 3,000 cells were
required to induce a tumour following subcutaneous
injection, and O’Brien et al.*® found that 100-200 cells
implanted under the renal capsule were sufficient.

Matrigel has been commonly used in xenotrans-
plantation assays, as evident in TABLE 1. As a reconsti-
tuted basement membrane, it has primarily been used
by epithelial biologists to study invasion by tumour
cells, and an altered extracellular matrix can indeed
promote tumour development®. Matrigel was found to
dramatically facilitate tumorigenesis of human breast®
and squamous cell carcinoma cells®® in mice and even
supported tumour development by cell lines that did
not grow under standard conditions®. Human teratoma
formation in the mouse was also markedly influenced by
the presence of Matrigel, such that tumorigenic efficiency
following subcutaneous injection was increased from 25%
to 100% (REF. 69). It seems that the use of Matrigel for all
tumour types is arguably not always physiological, as it
may provide tumour cells with additional proliferative or
survival signals that they may not encounter in their usual
microenvironment. Despite the potentially more permis-
sive environments provided by some implantation sites
or Matrigel, it is relevant that only the CSC and not the
negative cell fraction from primary tumours induced
the formation of tumours in recipient mice (TABLE 1).

Non-adherent sphere assays for CSCs

Although serial orthotopic transplantation studies are
the gold standard for both normal cells and CSCs, they
require substantial time (FIG. 3). Non-adherent sphere
assays are increasingly being used to evaluate stem
cell activity in normal tissue as well as putative CSCs.
However, in the majority of these serum-free ‘sphere’
cultures, there is little definitive information as to which
cells are being propagated. The defining characteristics
of these different spheres and their relationship with
normal stem cells have been unclear, causing over-
interpretation of results in many cases. This is largely
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Figure 3 | Ex vivo and in vivo assays for tumour cells. a | The non-adherent sphere
assay predicts that a cancer stem cell (CSC) can be serially passaged for many cycles
and that it generates a tumour sphere resembling the primary sphere in each case.
b | Tumour cells may be passaged directly on plastic or embedded in Matrigel, a
substitute for the basement membrane. Each colony-forming assay represents a
read-out for progenitor cell activity. Stem cells and progenitors cannot be
distinguished in these assays. ¢ [The gold-standard for evaluating the presence of
CSCs is orthotopic transplantation of sorted human subpopulations into an
immunocompromised mouse.

because extensive self-renewal (a cardinal feature of stem
cells and CSCs) has been difficult to define in the context
of a sphere assay”*".

The neurosphere has been widely used to study
neurogenesis and represents the best-studied sphere
assay, both in terms of clonality and multipotent differ-
entiation. There is clear evidence that neurospheres can
be derived from stem as well as progenitor cells and that
neurosphere frequency approximates progenitor cell
activity more closely than stem cell activity”®”!. Extensive
self-renewal demonstrated over more than five passages
provides an indicator of neural stem cell activity but it is
not useful for quantifying stem cell frequency. Moreover,
some assays have been performed with large numbers
of cells and therefore not under clonal conditions. An
alternative colony-forming cell assay in a collagen matrix
may provide a better read-out of neural stem cells based
on differential proliferative potential™. Although neural
stem cells have largely been identified on the basis of
their ability to self-renew and form multilineage colonies
in vitro, the same cells may exhibit significantly different
properties in vivo™.

In the context of sphere assays for tumour
cells, a number of groups have found that glioblas-
tomas efficiently form tumour spheres in a clonogenic
manner®**»*7*, CD133* cells in brain tumours have a
greater tendency to form neurospheres than CD133~
cells and, moreover, the most aggressive clinical samples
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of medulloblastoma demonstrated the highest secondary
sphere-forming capacity?***'?. Using this sphere assay,
Hedgehog-Gli signalling has been implicated in
regulating the self-renewal and tumorigenesis of CD133*
CSCs in gliomas and could be partially inhibited by
cyclopamine, an inhibitor of the Hedgehog pathway’.
Further, a chemical genetics screen for inhibitors of
neurosphere proliferation has revealed small molecules
that potently inhibit cultures enriched for CSCs™.
Unexpectedly, temozolomide was recently shown to
preferentially eliminate CSCs in human glioblastoma
cells cultured in vitro as spheres and to substantially
reduce tumorigenicity in vivo, suggesting that it could be
effective in eradicating CSCs in conjunction with other
therapies”. Remarkably, CD133* CSCs isolated from
colon cancers could be maintained in vitro as undif-
ferentiated tumour spheres for more than 1 year and
these retained tumour-initiating capacity”. Although
it remains to be determined whether non-adherent
spheres selectively enrich for CSCs, this assay may
provide a useful and predictive model of the therapeutic
response of CSC-containing tumours to a specific drug
or compound before testing in vivo.

Repeated passaging of cell lines for many genera-
tions frequently leads to change of characteristics and
the acquisition of genetic aberrations, resulting in the
selection of atypical clones. The distinction between
tumorigenic and non-tumorigenic cell populations can
therefore become blurred. Moreover, cell surface markers
on tumorigenic cells in established cell lines may differ
from CSCs in primary tumours. Thus, observations
made in cancer cell lines must be extended to primary
tumours in order to validate their significance.

A malignant variant of the human breast cancer
cell line SK-BR3 was generated upon serial passaging
of cells in NOD-SCID mice treated with the chemo-
therapeutic agent epirubicin, using the mammosphere
assay developed by Wicha and colleagues”™. The drug-
resistant cell line was 100-fold more tumorigenic than
the parental SK-BR3 line, exhibited a >100-fold increase
in the proportion of CD44*CD24 Lin~ cells and could
be continually grown as mammospheres in vitro. Serial
transplantation of primary cancer xenografts in mice,
either treated or untreated with chemotherapy, will be
required to exclude the possibility that a dominant clone
has been selected from this established cell line. It is
noteworthy that for some breast cancer cell lines sphere-
selected cells were no more tumorigenic in vivo than cells
grown on plastic, and that cells from malignant pleural
effusions (from breast cancer patients) did not give rise
to tumours after more than 10 months following fat-pad
implantation, despite generating spheres in culture
(B. Vonderhaar, personal communication).

Therapeutic implications of CSCs

From a clinical perspective, the CSC concept has
significant implications, as these cells need to be
eradicated in order to provide long-term disease-free
survival. Quiescent CSCs are thought to be more
resistant to chemotherapy and targeted therapy. A
recent study” supports the concept that certain CSCs
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may enter a quiescent state, given that the majority
of human leukaemia stem cells in xenotransplanted
mice were found in the GO phase of the cell cycle and
were resistant to chemotherapy. Furthermore, recent
targeting of the PML tumour suppressor eradicated the
quiescent leukaemia-initiating cells in CML¥. In some
cases, quiescent tumour stem cells may correspond to
dormant cancer cells. Inactivation of the MYC oncogene
in a hepatocellular carcinoma model revealed that these
tumours can exist in a state of dormancy, possibly
identifying the dormant cells as liver CSCs®'. Most CSCs,
however, appear to evade cytotoxic therapies or irradia-
tion through active mechanisms. In other cases, clinical
evidence indicates that the emergence of drug-resistant
clones is through the acquisition of mutations and clonal
evolution, such as the BCR-ABL mutations that arise in
imatinib-resistant CML.

Although the true clinical relevance of the CSC is yet
to be revealed, there are tantalizing reports that the CSC
can be selectively targeted without ablating normal stem
cells. There are several examples of sensitizers within
haematopoietic malignancies. Jordan and colleagues
identified the naturally occurring small molecule
parthenolide as an agent that selectively targets human
leukaemia stem cells and not normal stem or progenitor
cells®>. Rapamycin, which targets mTOR (also known
as FRAPI), led to eradication of leukaemia-initiating
cells arising due to Pten deletion in mice and further
restored normal HSC function, which was impaired
through disruption of Pten*!. CD44 may also be a thera-
peutic target for CSCs that express this molecule in
solid cancers, as normal haematopoietic stem cells do
not appear to rely on this adhesion molecule for their
function to the same extent as leukaemia stem cells®>5*.
Indeed, altering CD44 function led to a marked delay
in the progression of leukaemia in mouse models
and provides a paradigm for targeting CSC niches.
Nevertheless, it will be paramount to carefully establish
whether such monoclonal antibodies also attack normal
stem cells in the cancer patient.

Overall, stem cell maintenance pathways may
provide suitable targets to sensitize CSCs to therapy, but
only if normal somatic stem cells are unaffected. The
stem cell niche itself may confer protection to normal
cells against a CSC-targeted therapy but there is little
definitive information on this at present. In other cases,
the genetic programmes governing self-renewal may
be differentially active in normal and malignant stem
cells. Of relevance here, B-catenin signalling was shown
to be essential for sustaining skin CSCs but not normal
follicular bulge epidermal stem cells. This mechanistic
distinction could lead to specific targeting of CSCs in
squamous cell carcinoma®.

In one strategy directed at eradicating CSCs in
glioblastomas, Piccirillo et al.”> showed that bone
morphogenetic proteins (BMPs) could induce differ-
entiation of CD133* cells predominantly to astrocyte-
like cells, markedly attenuating their tumour-forming
ability. BMP exposure depleted the CD133" cell fraction
in vitro, leading to a more differentiated phenotype.
Transplantation of CD133* tumour cells previously

cultured with BMP or implanted with beads soaked
in BMP (either co-transplantation or post-orthotopic
injection) reduced tumour growth and increased the
survival of xenografted animals. Significantly though,
some CSCs escaped differentiation by BMP, resulting
in the death of some mice at 3 months after transplan-
tation. A continuous dose of BMPs therefore seems
to be required to ensure differentiation of the entire
CSC pool. Deregulation of BMP signalling in gliomas
through epigenetic silencing may lead to inhibition of
differentiation of tumour-initiating cells, conveying
pro-proliferative signals®.

There is increasing interest in the possibility of
exploiting the putative CSC niche for drug targeting.
CSCs may dictate expansion of the normal niche as
they proliferate (FIG. 4). This may eventually lead to an
altered niche as the cells become independent of normal
regulatory signals and produce extrinsic factors that
deregulate niche-forming cells. Even though there is
substantial evidence for an instructive role of the tumour
microenvironment, the existence and architecture of the
CSC niche remain elusive. Nevertheless, aberrant stem
cell niches may result in disease, as exemplified by an
altered haematopoietic stem cell niche leading to the
development of myeloproliferative disease®®. Moreover,
glioblastoma and medulloblastoma CSCs appear to
be maintained by signals from an aberrant vascular
niche that mimics the normal stem cell niche. Parallel
findings by Calabrese et al.*” and Bao et al.*' showed
that freshly isolated CD133* CSC-enriched cells but
not CD133" glioblastoma cells formed highly vascular
tumours in the brains of immunocompromised mice.
Treatment of CD133* cells with bevacizumab, a vascular
endothelial growth factor-neutralizing monoclonal
antibody, markedly inhibited their ability to initiate
tumours in vivo and depleted both blood vessels and
self-renewing CD133" cells from tumour xenografts.
These studies suggest that glioblastoma CSCs have
potent angiogenic activity. Thus, anti-angiogenic therapy
in conjunction with cytotoxic chemotherapy may prove
effective in targeting CSCs in glioblastomas®.

Studies on whether CSCs in solid tumours are
more chemoresistant or radioresistant than the bulk
population are most advanced for brain cancer.
Bao et al.** demonstrated that CD133* cells in fresh
glioblastoma specimens or glioma xenografts irradi-
ated in vivo were more resistant to ionizing irradiation
than CD133" cells. Thus, an expansion in the CD133*
subset was found following irradiation both in vitro
and in vivo. Notably, they observed that CD133* cells
preferentially activated the DNA damage checkpoint
response more effectively than CD133- cells in
human glioma xenografts and primary glioblastoma
specimens. Therefore, this CSC population appears
to have evolved a more efficient DNA damage repair
system than the bulk of the tumour, conferring resist-
ance to radiation treatment. Most recently, inhibition
of the PI3K pathway was found to sensitize putative
CSCs in the perivascular niche of medulloblastoma to
radiation-induced apoptosis®. Brain CSCs may also be
augmented by hypoxia. Hypoxia has been shown to have
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Figure 4 | Reciprocal interactions between the cancer stem cell (CSC) and its
microenvironment or niche. a | Normal niche containing a stem cell (SC), progenitor
cell (P) and supporting cells. b | A series of genetic and epigenetic changes occurin a
stem cell (or committed progenitor cell), leading to the generation of a CSC. This leads
to expansion of cells within the niche. ¢ | Genetic and epigenetic changes occurring in
a cell within the niche (green) results in the inappropriate production of a growth
factor (GF), for example, which eventually leads to the generation of a CSC. d [The
niche adapts to the presence of CSCs, with cells changing their properties (blue)
and/or the recruitment of cells that would not normally be present. In (b), (c) and (d),
the architecture of the niche has been altered through the genesis of a CSC.

an important role in defining sensitivity to radiation®,
perhaps through promoting CSC maintenance.
Radioresistance has also been implicated in putative
breast CSC populations®*2.

Recent attempts to enrich for breast tumour-forming
cells have taken advantage of the apparent therapeutic
resistance of CSCs”. In chemotherapy-treated patients,
~74% of tumour cells had the CD44*CD24/lov
phenotype compared with 9% of cells from untreated
patients”. Enrichment of these putative CSCs was also
evident on analysis of paired specimens from seven
patients taken before chemotherapy and then following
neoadjuvant chemotherapy. In a larger study, clinical
evidence for a subpopulation of chemotherapy-resistant
breast CSCs was obtained, lending support to the CSC
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hypothesis®™. In the context of mouse tumours, CSCs in
Brcal- and p53-mediated mouse mammary tumours
may contribute to cisplatin resistance®. For pancre-
atic carcinoma, treatment of mice carrying tumour
xenografts with gemcitabine, a drug frequently used to
treat patients with pancreatic cancer, also revealed that
the CD133* CSC population is more resistant®. Recent
serial transplantation studies have revealed that CSCs in
colorectal cancers are substantially enriched following
chemotherapy and have increased ALDH1 activity that
mediates resistance to cyclophosphamide®. Using a
different mechanism, some colon CSCs appear to resist
cell death through the production of IL4 and antagonism
of signalling along the IL4-IL4Ra axis sensitizes these
cells to chemotherapeutic drugs”.

The mechanisms underlying drug resistance are poorly
understood but various stem cells often express higher
levels of drug-resistance proteins such as ATP-binding
cassette half-transporter proteins (ABCG2 and ABCG5)
and multidrug resistance protein 1 (MDR1) transporters,
and augmented levels of these in CSCs may contribute to
the refractoriness of metastatic cancer to chemotherapy®.
Interestingly, expression of the drug transporter and
chemoresistance mediator ABCB5 (REF. 35) correlated
with clinical melanoma progression, and specific targeting
of the ABCB5* subset with a monoclonal antibody
significantly inhibited tumour growth®.

Conclusions

Although there is substantial evidence for the existence
of CSCs in both mouse and human carcinomas, many
unresolved issues are apparent. CSC fractions in solid
tumours remain highly impure populations and the
reported frequencies for the same tumour types have
varied enormously between different groups, reflecting
impurity as well as technical differences. Nonetheless,
the CSC frequency is anticipated to differ between
individual tumours of the same subtype and to be poten-
tially higher in more aggressive tumours. In any event,
more definitive markers are required, as many antigens
including CD133 are widely expressed outside of the
putative CSC population. It is curious that CD133 marks
so many different types of CSCs, as well as normal stem
cells, perhaps implying a fundamental role in sustaining
the stem cell phenotype. Recent findings using a mouse
knock-in model have indicated that CD133 is expressed
widely in the colon” but questions remain as to whether
CD133 promoter activity correlates with CD133 surface
expression and whether expression of the glycosylated
form (AC133 epitope) is restricted to CSCs.

There is relatively poor overlap between the different
markers reported for CSCs within a given tumour type,
such as those in breast and pancreatic tumours. The
lack of concordance most probably reflects impure
populations. Additional markers may come from gene
expression analyses, proteomics or the high-throughput
generation of monoclonal antibodies against cell surface
antigens. Even though none of the markers defined so
far is unique to the CSC, this task may prove impos-
sible for certain tumours. Nevertheless, a combination
of refined markers should greatly improve purity, as so
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elegantly exemplified for the haematopoietic stem cell.
Differences between normal stem cells and CSCs may
reveal novel antigenic and molecular targets for therapy.
There are indeed phenotypical differences reported
between leukaemia stem cells and haematopoietic stem
cells, such as THY1 and IL3Ra expression®'%.

It will be important to evaluate the stability of the
CSC immunophenotype over time. In addition, one has
to be cognisant that proteolytic enzymes may poten-
tially destroy or modulate the expression of cell surface
markers. Recent findings of Shmelkov et al. highlight the
importance of careful preparation of single cell suspen-
sions”. Relevantly, CSC markers often mimic those
expressed on the normal cell counterpart, suggesting that
proteolytic digestion of solid tumours does not neces-
sarily alter surface immunophenotype. If some markers
prove to be transiently expressed or subject to stochastic
activation, then relying on prospective isolation of CSCs
will not be a valid approach. Intriguingly, clonal heteroge-
neity (based on cell surface markers) in a haematopoietic
progenitor cell line could be re-established from multiple
subclones'”, although specific subclones had distinct but
fluctuating transcriptomes. If applicable to certain solid
tumours, then these would be viewed as following the
clonal evolution paradigm of heterogeneity.

Ultimately, it is essential to demonstrate that solid
tumours can be formed from a single transplanted CSC,
analogous to the lentiviral tagging of acute myeloid
leukaemia cells' or the single cell transplants carried
out with teratocarcinoma cells'®. Clonal assays are also
necessary to determine whether CSCs are heterogeneous
and exhibit difference degrees of ‘stemness®. Detailed
genetic analyses of tumour cell populations (preferably

at the single-cell level) in patients at different stages of
disease, before and after treatment, and during relapse
or therapeutic resistance will provide further validation
of the hierarchical model and distinguish those tumours
that follow the clonal evolution rather than the CSC
paradigm.

An integrated, multifaceted approach with the
development of suitable ex vivo and in vivo models
should lead to further characterization of the CSC.
High-resolution imaging technology together with
stromal markers will improve our understanding of
the cellular niche for different CSCs and will facilitate
refinement of the transplantation models to more
accurately recapitulate the niche of tumorigenic cells.
From a clinical perspective, it will be equally impor-
tant to decipher mechanisms of chemoresistance and
radioresistance that operate in CSCs. The generation
of mouse models that develop heterogeneous tumours
that closely mimic human malignancies and early
generation xenograft tumours from patients will provide
powerful tools for evaluating the therapeutic sensitivity
of CSCs. There is an additional need for tracking
residual CSCs following treatment in order to monitor
the efficacy of potential anti-CSC-targeted therapies.
With advanced in vivo imaging technology, it might be
possible to visualize tumour cells and their progression.
During tumorigenesis, characteristics of the CSC may
change and a distinct CSC could eventually emerge,
thus presenting a ‘moving target’ In practice, combina-
torial treatments involving both cytotoxic and targeted
therapies will probably be required to ablate all cancer
cells, particularly if there is a ‘moving target’ or if both
models of heterogeneity apply.

Heppner, G. H. & Miller, B. E. Tumor heterogeneity:
biological implications and therapeutic consequences.
Cancer Metastasis Rev. 2, 5-23 (1983).

Southam, C. M. & Brunschwig, A. Quantitative studies
of autotransplantation of human cancer. Cancer 14,
971-978 (1961).

Furth, J. & Kahn, M. C. The transmission of leukemia
in mice with a single cell. Am J. Cancer 31, 276-282
(1937).

Hewitt, H. B. Studies of the dissemination and
quantitative transplantation of a lymphocytic leukaemia
of CBA mice. Br. J. Cancer 12, 378-401 (1958).
Hamburger, A. W. & Salmon, S. E. Primary bioassay of
human tumor stem cells. Science 197, 461-463 (1977).
Bonnet, D. & Dick, J. E. Human acute myeloid
leukemia is organized as a hierarchy that originates
from a primitive hematopoietic cell. Nature Med. 3,
730-737 (1997).

Reya, T., Morrison, S. J., Clarke, M. F. & Weissman,

I. L. Stem cells, cancer, and cancer stem cells. Nature
414, 105-111 (2001).

Nowell, P. C. The clonal evolution of tumor cell
populations. Science 194, 23-28 (1976).

A seminal paper describing the clonal evolution of
tumour cell populations involving stepwise selection
of cells through the acquisition of genetic changes.
Campbell, L. L. & Polyak, K. Breast tumor
heterogeneity: cancer stem cells or clonal evolution?
Cell Cycle 6, 2332-2338 (2007).

Lapidot, T. et al. A cell initiating human acute myeloid
leukaemia after transplantation into SCID mice.
Nature 367, 645-648 (1994).

Barabe, F., Kennedy, J. A., Hope, K. J. & Dick, J. E.
Modeling the initiation and progression of human
acute leukemia in mice. Science 316, 600-604
(2007).

This study reveals that leukaemia stem cells have
the potential to evolve with time from a primitive cell

type to one containing rearranged immunoglobulin 21.

H genes. One implication of this work is that CSCs
themselves may be subject to clonal evolution.

12. Clark, E. A,, Golub, T. R., Lander, E. S. & Hynes, R. O. 22.

Genomic analysis of metastasis reveals an essential
role for RhoC. Nature 406, 532-535 (2000).
13, Huntly, B. J. et al. MOZ-TIF2, but not BCR-ABL,

confers properties of leukemic stem cells to committed 23.

murine hematopoietic progenitors. Cancer Cell 6,
587-596 (2004).

14. Krivtsoy, A. V. et al. Transformation from committed 24.

progenitor to leukaemia stem cell initiated by
MLL-AF9. Nature 442, 818-822 (2006).

15. Somervaille, T. C. & Cleary, M. L. Identification and 25.

characterization of leukemia stem cells in murine
MLL-AF9 acute myeloid leukemia. Cancer Cell 10,
257-268 (2006).

16.  Cozzio, A. et al. Similar MLL-associated leukemias
arising from self-renewing stem cells and short-lived
myeloid progenitors. Genes Dev. 17, 3029-3035
(2003).

17. Chen, W. et al. Malignant transformation initiated by
MII-AF9: gene dosage and critical target cells. Cancer

Cell 13, 432440 (2008). 26.

18. Jamieson, C. H. et al. Granulocyte-macrophage
progenitors as candidate leukemic stem cells in blast-
crisis CML. N. Engl. J. Med. 351, 657-667 (2004).

19. Al-Hajj, M., Wicha, M. S., Benito-Hernandez, A., 27.

Morrison, S. J. & Clarke, M. F. Prospective
identification of tumorigenic breast cancer cells.

Proc. Natl Acad. Sci. USA 100, 3983-3988 (2003). 28.

This paper provides the first description of the
prospective purification of tumour-initiating cells
from a solid malignancy, breast cancer.

20. Singh, S. K. et al. Identification of human brain tumour
initiating cells. Nature 432, 396401 (2004).
The first demonstration of CSCs in brain tumours
through the use of CD133 for prospective isolation.

Bao, S. et al. Stem cell-like glioma cells promote
tumor angiogenesis through vascular endothelial
growth factor. Cancer Res. 66, 7843—-7848 (2006).
Beier, D. et al. CD133* and CD 133~ glioblastoma-
derived cancer stem cells show differential growth
characteristics and molecular profiles. Cancer Res. 67,
4010-4015 (2007).

Taylor, M. D. et al. Radial glia cells are candidate stem
cells of ependymoma. Cancer Cell 8, 323-335
(2005).

Bao, S. et al. Glioma stem cells promote
radioresistance by preferential activation of the DNA
damage response. Nature 444, 756—760 (2006).
Piccirillo, S. G. et al. Bone morphogenetic proteins
inhibit the tumorigenic potential of human brain
tumour-initiating cells. Nature 444, 761-765
(2006).

These studies reveal that CSCs in gliomas appear
to have different properties from the bulk of the
population. Reference 24 shows that they are more
radioresistant and reference 25 demonstrates that
they are responsive to BMP-induced
differentiation.

O’Brien, C. A, Pollett, A., Gallinger, S. & Dick, J. E.

A human colon cancer cell capable of initiating tumour
growth in immunodeficient mice. Nature 445, 106—110
(2007).

Ricci-Vitiani, L. et al. Identification and expansion of
human colon-cancer-initiating cells. Nature 445,
111-115 (2007).

Hermann, P. C. et al. Distinct populations of cancer
stem cells determine tumor growth and metastatic
activity in human pancreatic cancer. Cell Stem Cell 1,
313-323 (2007).

These findings support the concept of a distinct
metastatic CSC with important implications for
designing drugs that specifically target the
metastatic CSC.

766 | OCTOBER 2008 [ VOLUME 8

© 2008 Macmillan Publishers Limited. All rights reserved

www.nature.com/reviews/cancer


http://www.uniprot.org/uniprot/P26951

29.

30

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Uchida, N. et al. Direct isolation of human central
nervous system stem cells. Proc. Nat! Acad. Sci. USA
97, 14720-14725 (2000).

Lee, A. et al. Isolation of neural stem cells from the
postnatal cerebellum. Nature Neurosci. 8, 723-729
(2005).

Oshima, Y. et al. Isolation of mouse pancreatic
ductal progenitor cells expressing CD133 and c-Met
by flow cytometric cell sorting. Gastroenterology
132, 720-732 (2007).

Dalerba, P. et al. Phenotypic characterization of
human colorectal cancer stem cells. Proc. Natl Acad.
Sci. USA 104, 10158-10163 (2007).

Ginestier, C. et al. ALDH1 is a marker of normal and
malignant human mammary stem cells and a
predictor of poor clinical outcome. Cell Stem Cell 1,
555-567 (2007).

Wright, M. H. et al. Brcal breast tumors contain
distinct CD44+/CD24- and CD 133" cells with cancer
stem cell characteristics. Breast Cancer Res. 10, R10
(2008).

Schatton, T. et al. Identification of cells initiating
human melanomas. Nature 451, 345-349 (2008).
This study reveals that expression of the CSC
marker and drug transporter protein ABCB5 in
melanoma correlates with clinical progression.
Kern, S. E. & Shibata, D. The fuzzy math of solid
tumor stem cells: a perspective. Cancer Res. 67,
8985-8988 (2007).

Bonnefoix, T., Bonnefoix, P., Verdiel, P. & Sotto, J. J.
Fitting limiting dilution experiments with generalized
linear models results in a test of the single-hit Poisson
assumption. J. Immunol. Methods 194, 113-119
(1996).

Zeppernick, F. et al. Stem cell marker CD133 affects
clinical outcome in glioma patients. Clin. Cancer Res.
14,123-129 (2008).

Patrawala, L. et al. Highly purified CD44 * prostate
cancer cells from xenograft human tumors are
enriched in tumorigenic and metastatic progenitor
cells. Oncogene 25, 1696—1708 (2006).

Patrawala, L. et al. Side population is enriched in
tumorigenic, stem-like cancer cells, whereas ABCG2 *
and ABCG2- cancer cells are similarly tumorigenic.
Cancer Res. 65, 6207-6219 (2005).

Collins, A. T., Berry, P. A., Hyde, C., Stower, M. J. &
Maitland, N. J. Prospective identification of
tumorigenic prostate cancer stem cells. Cancer Res.
65, 10946—-10951 (2005).

Eramo, A. et al. Identification and expansion of the
tumorigenic lung cancer stem cell population. Cell
Death Differ. 15, 504-514 (2008).

Neering, S. J. et al. Leukemia stem cells in a
genetically defined murine model of blast-crisis CML.
Blood 110, 2578-2585 (2007).

Yilmaz, O. H. et al. Pten dependence distinguishes
haematopoietic stem cells from leukaemia-initiating
cells. Nature 441, 475-482 (2006).

Kelly, P. N., Dakic, A., Adams, J. M., Nutt, S. L. &
Strasser, A. Tumor growth need not be driven by rare
cancer stem cells. Science 317, 337 (2007).

This paper has challenged the CSC hypothesis,
following the observation that three mouse models
of leukaemia and lymphoma are maintained by a
dominant cell population. The authors posit that
xenotransplantation may select for tumour cells
capable of surviving in a foreign environment.
Cho, R. W. et al. Isolation and molecular
characterization of cancer stem cells in MMTV-Whnt-1
murine breast tumors. Stem Cells 26, 364371
(2008).

Vaillant, F,, Asselin-Labat, M. L., Shackleton, M.,
Lindeman, G. J. and Visvader, J. E. The mammary
progenitor marker CD61/B3 integrin identifies cancer
stem cells in mouse models of mammary
tumorigenesis. Cancer Res. (in the press).

Zhang, M. et al. Identification of tumor-initiating cells
in a p53 null mouse model of breast cancer. Cancer
Res. 68, 4674—4682 (2008).

Malanchi, I. et al. Cutaneous cancer stem cell
maintenance is dependent on B-catenin signalling.
Nature 452, 650-653 (2008).

References 46—49 provide definitive evidence for
the existence of CSCs in syngeneic mouse models of
n y and skin tumori; They further
suggest that normal stem and progenitor markers
have utility in the identification and isolation of
CSCs.

Thiery, J. P. Epithelial-mesenchymal transitions in
tumour progression. Nature Rev. Cancer 2, 442—454
(2002).

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

Mani, S. A. et al. Mesenchyme Forkhead 1 (FOXC2)
plays a key role in metastasis and is associated with
aggressive basal-like breast cancers. Proc. Natl Acad.
Sci. USA 104, 10069-10074 (2007).

Kaplan, R. N. et al. VEGFR1-positive haematopoietic
bone marrow progenitors initiate the pre-metastatic
niche. Nature 438, 820-827 (2005).

Yang, Z. F. et al. Significance of CD90* cancer stem
cells in human liver cancer. Cancer Cell 13, 153—166
(2008).

Light, R. W,, Erozan, Y. S. & Ball, W. C. Jr. Cells in
pleural fluid. Their value in differential diagnosis. Arch.
Intern. Med. 132, 854-860 (1973).

Liu, R. et al. The prognostic role of a gene signature
from tumorigenic breast-cancer cells. N. Engl. J. Med.
356, 217-226 (2007).

Shipitsin, M. et al. Molecular definition of breast tumor
heterogeneity. Cancer Cell 11, 259-273 (2007).
Shmelkov, S. V. et al. CD133 expression is not
restricted to stem cells, and both CD133 and CD133
metastatic colon cancer cells initiate tumors. J. Clin.
Invest. 118, 2111-2120 (2008).

Carpenter, G. & Cohen, S. Epidermal growth factor.
Annu. Rev. Biochem. 48, 193-216 (1979).

Rifkin, D. B. & Moscatelli, D. Recent developments in
the cell biology of basic fibroblast growth factor. J. Cell
Biol. 109, 1-6 (1989).

Kuperwasser, C. et al. Reconstruction of functionally
normal and malignant human breast tissues in mice.
Proc. Natl Acad. Sci. USA 101, 4966—4971 (2004).
This study represents an important step in
establishing humanized mouse models for solid
tumours, demonstrating that a species-specific
stromal niche is important for the growth of human
epithelial cells.

Gupta, P. B. et al. Systemic stromal effects of estrogen
promote the growth of estrogen receptor-negative
cancers. Cancer Res. 67, 2062-2071 (2007).
Takenaka, K. et al. Polymorphism in Sirpa modulates
engraftment of human hematopoietic stem cells.
Nature Immunol. 8, 1313-1323 (2007).

Shultz, L. D. et al. Human lymphoid and myeloid cell
development in NOD/LtSz-scid IL2Ry™" mice engrafted
with mobilized human hemopoietic stem cells.

J. Immunol. 174, 6477-6489 (2005).

Galli, R. et al. Isolation and characterization of
tumorigenic, stem-like neural precursors from human
glioblastoma. Cancer Res. 64, 7011-7021 (2004).
Li, C. et al. Identification of pancreatic cancer stem
cells. Cancer Res. 67, 1030—-1037 (2007).

Bissell, M. J. & Labarge, M. A. Context, tissue
plasticity, and cancer: are tumor stem cells also
regulated by the microenvironment? Cancer Cell 7,
17-23 (2005).

Mehta, R. R., Graves, J. M., Hart, G. D., Shilkaitis, A.
& Das Gupta, T. K. Growth and metastasis of human
breast carcinomas with Matrigel in athymic mice.
Breast Cancer Res. Treat. 25, 65-71 (1993).
Henson, B. et al. An orthotopic floor-of-mouth model
for locoregional growth and spread of human
squamous cell carcinoma. J. Oral Pathol. Med. 36,
363-370 (2007).

Prokhorova, T. A. et al. Teratoma formation by human
embryonic stem cells is site-dependent and enhanced
by the presence of Matrigel. Stem Cells Dev. 7 Apr
2008 (doi:10.1089/s¢d.2007.0266).

Marshall, G. P. 2nd, Reynolds, B. A. & Laywell, E. D.
Using the neurosphere assay to quantify neural stem
cells in vivo. Curr. Pharm. Biotechnol. 8, 141-145
(2007).

Reynolds, B. A. & Rietze, R. L. Neural stem cells and
neurospheres — re-evaluating the relationship. Nature
Meth. 2,333-336 (2005).

The sphere assay, originally developed for neural
cells, has formed an important basis for the
development of an in vitro assay to study both
normal stem and progenitor cells and
tumour-initiating cells in a variety of solid tumours
including brain (reference 73) and breast
(reference 78).

Kondo, T. & Raff, M. Oligodendrocyte precursor cells
reprogrammed to become multipotential CNS stem
cells. Science 289, 1754—1757 (2000).

Hemmati, H. D. et al. Cancerous stem cells can arise
from pediatric brain tumors. Proc. Natl Acad. Sci. USA
100, 15178-15183 (2003).

Clement, V., Sanchez, P., de Tribolet, N., Radovanovic,
|. & Ruiz i Altaba, A. HEDGEHOG-GLI1 signaling
regulates human glioma growth, cancer stem cell self-
renewal, and tumorigenicity. Curr. Biol. 17, 165-172
(2007).

75.

76.

77.

78.

79.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92

93.

94.

95.

96.

97.

REVIEWS

Diamandis, P. et al. Chemical genetics reveals a
complex functional ground state of neural stem cells.
Nature Chem. Biol. 3, 268-273 (2007).

Beier, D. et al. Temozolomide preferentially depletes
cancer stem cells in glioblastoma. Cancer Res. 68,
5706-5715 (2008).

Yu, F. et al. let-7 regulates self renewal and
tumorigenicity of breast cancer cells. Cell 131,
1109-1123 (2007).

Dontu, G. et al. In vitro propagation and
transcriptional profiling of human mammary stem/
progenitor cells. Genes Dev. 17, 1253—1270 (2003).
Ishikawa, F. et al. Chemotherapy-resistant human AML
stem cells home to and engraft within the bone-
marrow endosteal region. Nature Biotechnol. 25,
1315-1321 (2007).

Ito, K. et al. PML targeting eradicates quiescent
leukaemia-initiating cells. Nature 453, 1072-1078
(2008).

Shachaf, C. M. et al. MYC inactivation uncovers
pluripotent differentiation and tumour dormancy in
hepatocellular cancer. Nature 431, 1112—1117 (2004).
Guzman, M. L. et al. The sesquiterpene lactone
parthenolide induces apoptosis of human acute
myelogenous leukemia stem and progenitor cells.
Blood 105, 41634169 (2005).

Jin, L., Hope, K. J., Zhai, Q., Smadja-Joffe, F. &
Dick, J. E. Targeting of CD44 eradicates human
acute myeloid leukemic stem cells. Nature Med. 12,
1167-1174 (2006).

Krause, D. S., Lazarides, K., von Andrian, U. H. &
Van Etten, R. A. Requirement for CD44 in homing and
engraftment of BCLR—ABL-expressing leukemic stem
cells. Nature Med. 12, 1175-1180 (2006).

Lee, J. et al. Epigenetic-mediated dysfunction of the
bone morphogenetic protein pathway inhibits
differentiation of glioblastoma-initiating cells. Cancer
Cell 13, 69-80 (2008).

Walkley, C. R. et al. A microenvironment-induced
myeloproliferative syndrome caused by retinoic acid
receptor y deficiency. Cell 129, 1097-1110 (2007).
Calabrese, C. et al. A perivascular niche for brain
tumor stem cells. Cancer Cell 11, 69-82 (2007).
This study and reference 21 suggest that CSCs in
tumours are maintained by an aberrant vascular
niche and that glioblastoma CSCs have potent
angiogenic activity.

Folkins, C. et al. Anticancer therapies combining
antiangiogenic and tumor cell cytotoxic effects reduce
the tumor stem-like cell fraction in glioma xenograft
tumors. Cancer Res. 67, 3560-3564 (2007).
Hambardzumyan, D. et al. PI3K pathway regulates
survival of cancer stem cells residing in the
perivascular niche following radiation in
medulloblastoma in vivo. Genes Dev. 22, 436—448
(2008).

Blazek, E. R., Foutch, J. L. & Maki, G. Daoy
medulloblastoma cells that express CD133 are
radioresistant relative to CD133- cells, and the
CD133+ sector is enlarged by hypoxia. Int. J. Radiat.
Oncol. Biol. Phys. 67, 1-5 (2007).

Phillips, T. M., McBride, W. H. & Pajonk, F. The
response of CD247/CD44* breast cancer-initiating
cells to radiation. J. Natl Cancer Inst. 98, 1777-1785
(2006).

Woodward, W. A. et al. WNT/B-catenin mediates
radiation resistance of mouse mammary progenitor
cells. Proc. Natl Acad. Sci. USA 104, 618-623
(2007).

Al-Hajj, M. Cancer stem cells and oncology
therapeutics. Curr. Opin. Oncol. 19, 61-64 (2007).
Li, X. et al. Intrinsic resistance of tumorigenic breast
cancer cells to chemotherapy. J. Nat/ Cancer Inst.
100, 672-679 (2008).

References 77 and 94 provide evidence for a
subpopulation of chemotherapy-resistant
cancer-initiating cells in breast cancer patients.
Shafee, N. et al. Cancer stem cells contribute to
cisplatin resistance in Brcal/p53-mediated mouse
mammary tumors. Cancer Res. 68, 3243-3250
(2008).

Dylla, S. J. et al. Colorectal cancer stem cells are
enriched in xenogeneic tumors following
chemotherapy. PLoS ONE 3, €2428 (2008).

Todaro, M. et al. Colon cancer stem cells dictate tumor
growth and resist cell death by production of
interleukin-4. Cell Stem Cell 1, 389—-402 (2007).
Johnstone, R. W., Cretney, E. & Smyth, M. J.
P-glycoprotein protects leukemia cells against
caspase-dependent, but not caspase-independent, cell
death. Blood 93, 1075—-1085 (1999).

NATURE REVIEWS | CANCER

© 2008 Macmillan Publishers Limited. All rights reserved

VOLUME 8 | OCTOBER 2008 | 767



REVIEWS

99.

100.

102.

103.

104.

105.

106.

107.

108.

Blair, A., Hogge, D. E., Ailles, L. E., Lansdorp, P. M. &
Sutherland, H. J. Lack of expression of Thy-1 (CD90)
on acute myeloid leukemia cells with long-term
proliferative ability in vitro and in vivo. Blood 89,
3104-3112 (1997).

Jordan, C. T. et al. The interleukin-3 receptor alpha
chain is a unique marker for human acute myelogenous
leukemia stem cells. Leukemia 14, 1777-1784
(2000).

. Chang, H. H., Hemberg, M., Barahona, M., Ingber,

D. E. & Huang, S. Transcriptome-wide noise controls
lineage choice in mammalian progenitor cells. Nature
453, 544-547 (2008).

Hope, K. J., Jin, L. & Dick, J. E. Acute myeloid
leukemia originates from a hierarchy of leukemic stem
cell classes that differ in self-renewal capacity. Nature
Immunol. 5, 738-743 (2004).

Kleinsmith, L. J. & Pierce, G. B., Jr. Multipotentiality of
single embryonal carcinoma cells. Cancer Res. 24,
1544-1551 (1964).

Lowe, S. W. & Sherr, C. J. Tumor suppression by Ink4a-
Arf: progress and puzzles. Curr. Opin. Genet. Dev. 13,
77-83 (2003).

Molofsky, A. V., He, S., Bydon, M., Morrison, S. J. &
Pardal, R. Bmi-1 promotes neural stem cell self-renewal
and neural development but not mouse growth and
survival by repressing the p16"<42 and p19**
senescence pathways. Genes Dev. 19, 1432—1437
(2005).

Pardal, R., Molofsky, A. V., He, S. & Morrison,

S.J. Stem cell self-renewal and cancer cell
proliferation are regulated by common networks that
balance the activation of proto-oncogenes and tumor
suppressors. Cold Spring Harb. Symp. Quant. Biol. 70,
177-185 (2005).

Leung, C. et al. Bmil is essential for cerebellar
development and is overexpressed in human
medulloblastomas. Nature 428, 337-341

(2004).

Reya, T. & Clevers, H. Wnt signalling in stem cells and
cancer. Nature 434, 843-850 (2005).

109.

110.

111,

112,

13

114,

116.

11

-

118.

©

120.

He, X. C., Zhang, J. & Li, L. Cellular and molecular
regulation of hematopoietic and intestinal stem cell
behavior. Ann. N. Y. Acad. Sci. 1049, 28-38
(2005).

Haramis, A. P. et al. De novo crypt formation and
juvenile polyposis on BMP inhibition in mouse
intestine. Science 303, 1684—1686 (2004).

He, X. C. et al. BMP signaling inhibits intestinal stem
cell self-renewal through suppression of Wnt—p-catenin
signaling. Nature Genet. 36, 1117-1121 (2004).
Ming Kwan, K., Li, A. G., Wang, X. J., Wurst, W. &
Behringer, R. R. Essential roles of BMPR-IA signaling
in differentiation and growth of hair follicles and in
skin tumorigenesis. Genesis 39, 10-25 (2004).
Ayyanan, A. et al. Increased Wnt signaling triggers
oncogenic conversion of human breast epithelial cells
by a Notch-dependent mechanism. Proc. Natl Acad.
Sci. USA 103, 3799-3804 (2006).

Shackleton, M. et al. Generation of a functional
mammary gland from a single stem cell. Nature 439,
84-88 (2006).

. Zhao, C. et al. Loss of B-catenin impairs the renewal of

normal and CML stem cells in vivo. Cancer Cell 12,
528-541 (2007).

Mizrak, D., Brittan, M. & Alison, M. R. CD133:
molecule of the moment. J. Pathol. 214, 3-9
(2008).

. Prince, M. E. et al. Identification of a subpopulation of

cells with cancer stem cell properties in head and neck
squamous cell carcinoma. Proc. Natl Acad. Sci. USA
104, 973-978 (2007).

Wu, C. et al. Side population cells isolated from
mesenchymal neoplasms have tumor initiating
potential. Cancer Res. 67, 8216-8222 (2007).

. Clarke, M. F. et al. Cancer stem cells — perspectives

on current status and future directions: AACR
Workshop on cancer stem cells. Cancer Res. 66,
9339-9344 (2006).

Singh, S. K. et al. |dentification of a cancer stem cell in
human brain tumors. Cancer Res. 63, 5821-5828
(2003).

Acknowledgements

We sincerely apologize to those authors whose papers we
could not cite owing to space constraints. We are grateful to
J. Adams for discussions and P. Maltezos for expert help with
the figures. This work was supported by the Victorian Breast
Cancer Research Consortium and the National Health and
Medical Research Council (Australia). We also acknowledge
support from the National Breast Cancer Foundation
(Australia), the Susan G. Komen Breast Cancer Foundation,
the US Department of Defense, the Australian Stem Cell
Centre and the Australian Cancer Research Foundation.

DATABASES

Entrez Gene:
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene
Brcal | CDKN2A | Pten

National Cancer Institute: http://www.cancer.gov/

breast cancer | colon cancer | ependymomas | glioblastoma
multiforme | glioma | lung cancer | medulloblastoma |
melanoma | ovarian cancer | pancreatic carcinoma |
prostate cancer | teratoma

National Cancer Institute Drug Dictionary:
http://www.cancer.gov/drugdictiona

bevacizumab | cisplatin | cyclophosphamide | doxorubicin |
epirubicin | gemcitabine | rapamycin | temozolomide |
verapamil

UniProtKB: http://www.uniprot.org

a2 integrin | B1 integrin | B-catenin | ABCB5 | ABCG2 | ABCGS |

FURTHER INFORMATION
J. E. Visvader’s homepage:

http://www.wehi.edu.au/jane_visvader
G. ). Lindeman’s homepage:
http://www.wehi.edu.au/geoff_lindeman

ALL LINKS ARE ACTIVE IN THE ONLINE PDF

768 | OCTOBER 2008 [ VOLUME 8

© 2008 Macmillan Publishers Limited. All rights reserved

www.nature.com/reviews/cancer


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=gene
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=12189,672
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=1029
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=gene&Cmd=ShowDetailView&TermToSearch=19211
http://www.cancer.gov/
http://www.cancer.gov/cancertopics/types/breast
http://www.cancer.gov/cancertopics/types/colon-and-rectal
http://www.cancer.gov/Templates/db_alpha.aspx?CdrID=46432
http://www.cancer.gov/Templates/db_alpha.aspx?CdrID=45699
http://www.cancer.gov/Templates/db_alpha.aspx?CdrID=45699
http://www.cancer.gov/Templates/db_alpha.aspx?CdrID=45700
http://www.cancer.gov/cancertopics/types/lung
http://www.cancer.gov/Templates/db_alpha.aspx?CdrID=45780
http://www.cancer.gov/cancertopics/types/melanoma
http://www.cancer.gov/cancertopics/types/ovarian
http://www.cancer.gov/cancertopics/types/pancreatic
http://www.cancer.gov/cancertopics/types/prostate
http://www.cancer.gov/Templates/db_alpha.aspx?CdrID=44248
http://www.cancer.gov/drugdictionary/
http://www.cancer.gov/Templates/drugdictionary.aspx?CdrID=43234
http://www.cancer.gov/Templates/drugdictionary.aspx?CdrID=39515
http://www.cancer.gov/Templates/drugdictionary.aspx?CdrID=39748
http://www.cancer.gov/Templates/drugdictionary.aspx?CdrID=38860
http://www.cancer.gov/Templates/drugdictionary.aspx?CdrID=39232
http://www.cancer.gov/Templates/drugdictionary.aspx?CdrID=41213
http://www.cancer.gov/Templates/drugdictionary.aspx?CdrID=42555
http://www.cancer.gov/Templates/drugdictionary.aspx?CdrID=41671
http://www.cancer.gov/Templates/drugdictionary.aspx?CdrID=39730
http://www.uniprot.org
http://www.uniprot.org/uniprot/P17301
http://www.uniprot.org/uniprot/P05556
http://www.uniprot.org/uniprot/P35222
http://www.uniprot.org/uniprot/Q2M3G0
http://www.uniprot.org/uniprot/Q9UNQ0
http://www.uniprot.org/uniprot/Q9H222
http://www.uniprot.org/uniprot/P42568
http://www.uniprot.org/uniprot/P00352
http://www.uniprot.org/uniprot/P35226
http://www.uniprot.org/uniprot/P12644
http://www.uniprot.org/uniprot/P36894
http://www.uniprot.org/uniprot/P25063
http://www.uniprot.org/uniprot/P28906
http://www.uniprot.org/uniprot/P16070
http://www.uniprot.org/uniprot/Q08722
http://www.uniprot.org/uniprot/P61073
http://www.uniprot.org/uniprot/P01133
http://www.uniprot.org/uniprot/Q03111
http://www.uniprot.org/uniprot/P04626
http://www.uniprot.org/uniprot/P09038
http://www.uniprot.org/uniprot/P42345
http://www.uniprot.org/uniprot/P26951
http://www.uniprot.org/uniprot/P05112
http://www.uniprot.org/uniprot/P24394
http://www.uniprot.org/uniprot/P08183
http://www.uniprot.org/uniprot/Q03164
http://www.uniprot.org/uniprot/P01106
http://www.uniprot.org/uniprot/Q92794
http://www.uniprot.org/uniprot/Q15596
http://www.uniprot.org/uniprot/P02340
http://www.uniprot.org/uniprot/P29590
http://www.uniprot.org/uniprot/O43490
http://www.uniprot.org/uniprot/P48061
http://www.uniprot.org/uniprot/Q15465
http://www.uniprot.org/uniprot/P16422
http://www.uniprot.org/uniprot/P04216
http://www.uniprot.org/uniprot/P04628
http://www.wehi.edu.au/jane_visvader
http://www.wehi.edu.au/geoff_lindeman



