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Cancer stem cells (CSCs) are a subpopulation of tumor cells that selectively possess tumor initiation and self-renewal
capacity and the ability to give rise to bulk populations of nontumorigenic cancer cell progeny through differentia-
tion. As we discuss here, they have been prospectively identified in several human malignancies, and their relative
abundance in clinical cancer specimens has been correlated with malignant disease progression in human patients.
Furthermore, recent findings suggest that clinical cancer progression driven by CSCs may contribute to the failure of
existing therapies to consistently eradicate malignant tumors. Therefore, CSC-directed therapeutic approaches might
represent translationally relevant strategies to improve clinical cancer therapy, in particular for those malignancies
that are currently refractory to conventional anticancer agents directed predominantly at tumor bulk populations.

Cancer stem cells: definition and

experimental identification

Physiological tissues are hierarchically organized, that is, they
are composed of cell populations with diverse self-renewal and
proliferative capacities. Relatively rare, uncommitted, quiescent
tissue-specific stem cells are found at the apices of these cellular
hierarchies and are defined by 2 distinct properties: the capacity
for prolonged self-renewal and the potential to give rise to more
mature, transiently amplifying cell progenies that in turn give rise
to specialized cells of particular tissues through differentiation
(1). In addition, such stem cells possess the capacity to proliferate
extensively (1), for example, in response to injury and during devel-
opment (2). Bidirectional interactions between these stem cells and
the cellular constituents of their individual niches involve distinct
developmental signaling networks, soluble mediators, and/or cell-
matrix processes. These interactions are essential for the establish-
ment of a stem cell-permissive microenvironment and provide a
crucial regulatory balance between self-renewal and differentiation
and between quiescence and proliferation (3).

Some malignant tumors can also be composed of morphologi-
cally and phenotypically heterogeneous cell populations (4, 5)
with varying self-renewal capacities, degrees of differentiation,
and clonogenic and tumorigenic potentials (6-10). Moreover,
many of the signaling cascades and interactions with stromal
elements that orchestrate physiological stem cell behavior, and
consequently normal development, have also been found to play
important roles in the initiation and progression of tumors (11).
Taken together, these observations have led to the development of
the cancer stem cell (CSC) theory, which posits that neoplasms,
like physiologic tissues, can be hierarchically organized, and that
CSCs, which are found at the apex of this cellular hierarchy and
seem to comprise only a subpopulation of tumor cells, are essen-
tial for its propagation (1). According to a consensus definition
(12), a CSCis a cell within a tumor that possesses the capacity to
self-renew and to generate the heterogeneous lineages of cancer
cells that comprise the tumor. Therefore, CSCs can only be defined
experimentally by their ability to recapitulate the generation of a
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continuously growing tumor (12). Consensus also exists that the
gold standard assay that fulfills these criteria is serial transplanta-
tion in animal models, which, although imperfect, is regarded as
the best functional assay for the 2 critical criteria of the consensus
CSC definition (12). Clearly, as discussed previously (13), tumori-
genicity in human-to-mouse xenotransplantation models, and as
a result calculated CSC frequency estimates, might vary with the
applied experimental conditions, such as the tissue site of xeno-
transplantation and the presence or absence of immune effector
mechanisms in recipient immunodeficient mice. The dependence
of tumorigenic potential on the immune status of the tumor host
has been confirmed in human malignant melanoma xenograft
models (14). However, this study did not directly address CSC-
specific functions such as self-renewal and differentiation capac-
ity in marker-tracked serial xenotransplantation experiments (14).
Microenvironmental factors can also markedly influence cancer
cell tumorigenicity in xenotransplantation models (15), as shown
for human melanoma, in which exogenously added ECM factors
normally produced by tumor cells markedly enhanced tumorigenic
potential (14), and for human breast cancer, in which cografted
cancer-derived fibroblasts substantially enhanced tumor growth
in immunodeficient nude mice due to increased production of
stromal-derived factor-1 and resultant paracrine stimulation of
breast cancer CXCR4 (16).

The diversity and complexity of currently available experimental
tumor xenotransplantation models, and the distinct results that
have been generated in each particular assay, suggest that there
might not exist a single ideal or best-suited model for the study
of CSCs, but rather that cumulative knowledge generated in the
aggregate of existing and potential future models will yield increas-
ingly important and definitive insights into CSC biology.

Although CSCs have been thought to comprise a relatively rare
subpopulation of tumor cells in several malignancies, relative rar-
ity is not a defining criterion according to the consensus CSC defi-
nition (12) and is not necessarily a defining feature in all cancers
in which CSCs have been identified (13-15, 17, 18). In addition,
it is noteworthy that the CSC concept does not make any specific
assumptions about the multipotent transdifferentiation plasticity
of the CSC subset (12, 18) or about the cell from which the cancer
arose (12), that is, it does not address whether the cancer arose
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Figure 1

CSCs, carcinogenesis, tumorigenesis, and tumor resistance. (A) Tumors can arise from somatic cells through genetic mutations of cancer-critical
genes. In addition, dysregulation of microenvironmental factors can contribute to the carcinogenic process. Such events might predominantly
affect long-lived somatic stem cells, which can represent the cancer cell of origin, for example in mouse models of colorectal cancer (48). How-
ever, the CSC definition does not imply a specific relationship between CSCs and physiological stem cells. Findings in other disease models sup-
port progenitors or terminally differentiated somatic cell types as the source of malignant transformation. (B) CSCs are posited to be exclusively
capable of driving tumorigenesis through 3 defining features: (i) their ability for long-term self-renewal, (i) their capacity to differentiate into tumor
bulk populations devoid of CSC characteristics, and (iii) their unlimited potential for proliferation and tumorigenic growth. Furthermore, CSCs in
certain malignancies possess the capacity to drive tumor angiogenic responses and/or to engage in vasculogenic mimicry, potential means of
promoting tumor growth. In addition, immunoevasive features of CSCs might contribute to tumorigenesis and ultimately to tumor progression. (C)
CSCs can exhibit increased resistance to chemotherapeutic agents and/or ionizing radiation. CSCs might also possess a preferential capacity
to withstand immune-mediated rejection. If CSCs indeed represent the pool of resistant cells in human cancer patients, they likely also drive
neoplastic progression, tumor recurrence, and metastasis. Although this hypothesis requires further validation, clinical tumor progression has

already been correlated with CSC frequency in human melanoma patients.

from a stem cell, a committed progenitor, or even a terminally dif-
ferentiated cell (12, 19-22) (Figure 1).

Tumorigenic populations fulfilling the definition of CSCs have
been identified in a number of human cancers, including leuke-
mias (23-28), bladder cancer (29), breast cancer (30), CNS cancers
(31), colon carcinoma (32-34), head and neck cancer (35), ovarian
cancer (36), pancreatic cancer (37, 38), malignant melanoma (13),
liver cancer (39), and Ewing sarcoma (40). It is currently not known
whether all cancers contain subpopulations of CSCs. The molecu-
lar phenotypes that have been used for CSC identification purpos-
es in the aforementioned human malignancies are summarized in
Table 1. It should be noted that in some instances, these findings
have given rise to controversy with regard to the markers or marker
combinations used and their relevance to clinical disease in the
respective malignancies. For example, with regard to breast can-
cer, one study that examined 136 clinical breast cancer specimens
found that the prevalence of CD44'CD24" tumor cells showed no
correlation with clinical outcome and survival (41), potentially
questioning the translational relevance of the finding of Al-Hajj
et al. that this phenotype identifies cells with tumorigenic poten-
tial in human breast cancer samples (30). Nevertheless, the study
did indicate that the prevalence of CD44*CD24 tumor cells might
favor metastatic disease (41). A separate study that also ques-
tioned the translational relevance of the findings of Al-Hajj et al.
described molecular and phenotypic analyses of CD24* and CD44*
breast cancer cells and found no correlation between CD24 and/or
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CD44 expression in primary invasive breast carcinomas with any
specific tumor characteristics (42). This study also suggested that
genetic differences between CD24* and CD44" cells within a given
tumor indicate independent clonal evolution as a cause of tumor
heterogeneity. However, we believe that findings of clonal evolu-
tion do not necessarily contradict the existence of CSCs in a given
malignancy (15, 43), including in breast cancer (30). With regard
to CD133 as a marker of brain cancer CSCs (31), Beier et al. found
that CD133" glioma cells also contain subpopulations capable of
initiating tumors, termed CD133" glioma CSCs (44). However, the
self-renewal potential of CD133~ CSCs could not be rigorously
examined in this study in serial xenotransplantation experiments
due to a lack of surface markers that would have allowed specific
purification of CD133~ CSCs from the larger pool of all CD133~
glioma cells. In addition, a separate study indicated the possibility
of interconversion of CD133- and CD133" glioma cell phenotypes
(45), but it did not demonstrate that CD133- glioma cells repre-
sent CSCs according to the consensus definition (12). With regard
to colon cancer, one study (46) raised questions regarding CD133
(33, 34) as a universal marker of colon CSCs, based on findings
that CD133 can be widely expressed by human primary colon
cancer epithelial cells and that CD133 expression did not identify
the entire population of epithelial and tumor-initiating cells in
human metastatic colon cancer (46). In this study, both CD133*
and CD133" metastatic tumor subpopulations were capable of
long-term tumorigenesis in a NOD/SCID serial xenotransplanta-
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Table 1
GSCs in human malignancies

Malignancy Molecular phenotype Reference
AML CD34+CD38- 23
Bladder Lin-CD44+CK5+CK20- 29
Breast CD44+CD24-oLin-EPCAM* 30
CNS CD133+ 31
Colon CD133+ 33
Colon CD133+ 34
Colon EPCAMNCD44+Lin-(CD166+) 32
Ewing CD133+ 40
Head and neck CD44+Lin- 35
Liver CD90+ 39
Melanoma ABCB5* 13
Ovarian CD44+CD117+ 36
Pancreatic CD44+CD24+EPCAM* 38
Pancreatic CD133+ 37

CKB5, cytokeratin 5.

tion model. These results indicate that CD133 may not uniformly
identify colon CSCs in all tcumor types and patients.

In addition to cell sorting-based CSC identification efforts,
marker-specific genetic lineage tracking of subpopulations of can-
cer cells in competitive tumor development models has recently
been used to further establish in vivo evidence for the existence
of tumor hierarchies driven by molecularly defined CSCs (13).
This approach has provided the additional advantage of detect-
ing potential interactions between CSCs and bulk tumor cell
populations that may occur in clinical cancers and was designed
and used by our laboratory to identify CSCs in human malignant
melanoma (13). Based on the demonstrated utility and feasibility
of the genetic lineage tracking approach for CSC identification in
human malignant melanoma and the success of similar cell fate
tracking techniques as part of CSC identification strategies in
human breast and brain cancer (47) as well as in models of colon
carcinoma tumorigenesis (48, 49), we believe that in vivo genetic
lineage tracking should be routinely included in the experimen-
tal repertoire to assay and validate CSC identity and function
in human malignancies. Moreover, we believe it to be extremely
important in light of the potential limitations of CSC assays that
rely exclusively on sorted, untracked cancer cell subpopulations, as
arecent study has shown that expression of 1 putative CSC marker
changes as various malignant subpopulations cycle (50). In vivo
genetic lineage tracking assays provide the additional advantage of
facilitating potential niche interactions between CSCs and tumor
bulk populations that may be operative in naturally occurring
cancers but may typically evade detection when purified, isolated
subpopulations of cells are studied (13).

The ability to prospectively identify CSCs has permitted
researchers to begin characterizing specific molecular and cellular
phenotypes and mechanisms preferentially associated with CSCs
that may contribute to tumor initiation, growth, and progres-
sion, in addition to those associated with their defining features
of unlimited self-renewal and proliferative capacities (Figure 1).
As we discuss in this Review, among the recently uncovered CSC
characteristics likely to influence tumor initiation, growth, and
progression are functions associated with angiogenesis and vas-
culogenic mimicry as well as tumor immune evasion. These CSC
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interactions with the microenvironment and antitumor immune
response of the tumor host might be susceptible to therapeutic
intervention and therefore represent emerging foci of investiga-
tional interest and translational significance. Furthermore, we dis-
cuss direct CSC targeting approaches, for which therapeutic proof
of principle has recently been established (13).

CSC functions in tumorigenesis
CSC-associated angiogenesis and vasculogenic mimicry. In 1971, Judah
Folkman advanced the hypothesis of cancer angiogenesis, the
notion that tumors are critically dependent upon tumor-related
blood vessel growth and development (51). Initially controversial,
this concept is now broadly accepted for its biologic and therapeu-
tic significance. The precise pathways by which cancers stimulate
angiogenesis (i.e., formation of new vessels from preexisting ves-
sels; refs. 52, 53) in the peritumoral stroma, and the mechanisms
responsible for the angiogenic response to tumor cells, have since
been subjects of intense study, and a specific role for CSCs in angio-
genesis has been identified recently (54). Furthermore, although
it is thought that the tumor vasculature is mostly composed of
nonmalignant endothelial cell populations originating from host
angiogenesis (52, 53), there is evidence that tumor cells with high
degrees of differentiation plasticity might contribute to the tumor
vasculature via a process termed vasculogenic mimicry (55), which
seems to mimic vasculogenesis (i.e., de novo vessel formation that
occurs independently of angiogenesis through the de novo produc-
tion of endothelial cells). In the case of human melanoma, CSCs
have been found to be responsible for vasculogenic mimicry (13).
With regard to angiogenesis, CSCs can reciprocally modulate
their microenvironment through either the secretion of paracrine
factors or direct cell-cell contact. For example, in human brain
cancer, CD133*Nestin® CSCs in medulloblastomas, ependymo-
mas, oligodendrogliomas, and glioblastomas have been found to
reside within a perivascular niche, where they interact closely with
endothelial cells (56). Moreover, cografting endothelial cells in
orthotopic human medulloblastoma tumor xenografts, induced
— in a dose-dependent fashion — expansion of the self-renewing
CSC fraction and accelerated cancer initiation and growth (56).
In another study (54), a specific mechanistic relationship between
CSCs and angiogenesis was established in glioma, in which
glioma-initiating cells, enriched from clinical specimens using
the cell surface marker CD133, were shown to specifically pro-
mote tumor angiogenesis, and thereby tumor xenograft growth,
through the secretion of higher levels of VEGF compared with
bulk tumor populations. Importantly, VEGF-specific neutraliz-
ing mAD treatment suppressed the growth of the CD133* human
glioma cell-derived xenografts (54), which indicates that this CSC
function may represent a potential therapeutic target. In addi-
tion, Calabrese et al. have demonstrated that depletion of vascular
endothelial cells, which were found to be capable of enhancing the
in vivo self-renewal capacity of CD133* brain CSCs through inhibi-
tion of either ERBB2 or VEGF signaling, reduced CSC abundance
and substantially inhibited tumor xenograft growth (56). Further
studies revealed that glioma CSCs responded differently to angio-
genesis-promoting hypoxia, with distinct HIF response patterns,
than did non-stem tumor cells and normal neural progenitors
(57). Specifically, HIF2a and multiple HIF-regulated genes were
preferentially expressed in glioma CSCs. In addition, the integrity
of the HIF response was functionally required for glioma CSC self-
renewal, proliferation, and survival in vitro and tumor initiation
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potential in vivo. Importantly, HIF2a expression was also found to
correlate with poor survival in human patients with a glioma (57),
which indicates that HIF2ae might represent a promising target for
antiglioblastoma therapies.

With regard to vasculogenic mimicry, Mary Hendrix and cowork-
ers described in 1999 a phenomenon whereby human melano-
mas developed patterned networks of basement membrane that
stained with periodic acid-Schiff and perfusable channels lined by
tumor cells that expressed some, but not all, endothelial protein
and genomic markers (58). They used the term vasculogenic mim-
icry to emphasize that the channels that formed were not lined by
true endothelial cells, as is the case in vasculogenesis. It remains
unknown whether vasculogenic mimicry represents a mechanism
of tumor perfusion whereby aggressive and metabolically active
tumors obtain the nutrients requisite for critical stages of growth
and evolution and whether it is related to, or independent of,
angiogenesis. However, it has been established that vasculogenic
mimicry characterized by expression of tyrosine kinase with Ig-like
and EGF-like domains 1 (TIE-1) and CD144 relates to melanoma
aggressiveness (59) and that vasculogenic mimicry networks that
also express laminin represent, in the case of human melanomas, a
biomarker associated with increased clinical mortality (60). Indeed,
vasculogenic mimicry has been proposed to provide a potential
target for therapeutic intervention (59). In addition to detection
in uveal, cutaneous, and mucous membrane melanomas, vasculo-
genic mimicry has also been identified in inflammatory and ductal
breast carcinomas, ovarian carcinomas, prostate carcinomas, and
soft tissue sarcomas, including synovial sarcoma, rhabdomyosar-
coma, osteosarcoma, and pheochromocytoma (61).

Interestingly, addition of inhibitors of angiogenesis to mela-
noma cell cultures in vitro has been shown not to affect the tubu-
lar network formation typically associated with vasculogenic
mimicry, whereas angiogenesis by HUVECs was abrogated under
similar conditions (62). These findings suggest that vasculogen-
ic mimicry might represent an important survival mechanism
that could explain the failure of currently available inhibitors of
angiogenesis to fully effect tumor eradication (63). Importantly,
in the case of melanoma, tumor cell-driven vasculogenic mimicry
has been linked to bone morphogenetic proteins (BMPs; ref. 64),
secreted morphogen members of the TGF-f} superfamily that play
critical roles in early embryonic vascular development (65). Indeed,
Rothhammer et al. showed that impaired BMP activity resulted
in reduced tumor growth in vivo in murine models of melanoma
(64). In addition, others have shown that BMP4 signaling via bone
morphogenetic protein receptor, type IA (BMPR1A) could regu-
late the size of the CSC population in human glioblastomas (66).
However, the possibility that CSCs are selectively responsible for
vasculogenic mimicry had not been considered until recently.

We recently found that human melanoma cells expressing ABC,
subfamily B (MDR/TAP), member 5 (ABCBS) represent a subpopula-
tion of cells enriched for CSCs (13). Furthermore, our results demon-
strated that in both clinical patient tumors and experimental tumors
in serial xenotransplantation experiments, ABCBS* CSCs preferen-
tially expressed the vasculogenic markers TIE-1 and CD144 as well as
BMPRI1A (13). These findings suggested that the CSC compartment
within a tumor could be responsible for vasculogenic mimicry and
that this function of CSCs might represent one role by which CSCs
can drive tumor formation, growth, and progression (67).

Further investigation of the relationship between CSCs and
tumor angiogenesis and vasculogenic mimicry, and dissection
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of the cellular and molecular mechanisms involved, could pro-
vide opportunities for the development of novel CSC-targeted
antiangiogenic therapies with advantages over currently avail-
able conventional antiangiogenic therapies. Indeed, despite great
promise, conventional VEGF-targeted therapies have shown
an unexpectedly limited survival benefit in the clinic (68), and
this had led to additional studies aimed at further dissecting
the effects of VEGF inhibition on primary tumor growth and
tumor metastatic potential. In this regard, Ebos et al. found in
a mouse model of breast cancer that, despite inhibitory effects
of the VEGFR tyrosine kinase inhibitor sunitinib on established
primary tumor growth, administration of sunitinib prior to or
shortly after tumor cell inoculation resulted in accelerated tumor
metastasis and decreased survival (69). Similar effects of VEGF
inhibition have been reported in a model of pancreatic cancer,
in which prolonged treatment of tumor-bearing mice with anti-
angiogenic drugs resulted in increased local tumor cell invasion
and enhanced distant metastasis (70). Although the exact mecha-
nisms underlying these findings remain to be elucidated, recent
studies have identified important differences between inhibition
of myeloid cell-derived VEGF compared with tumor-derived
VEGF on tumor growth (71, 72). Specifically, targeting of myeloid
cell-derived VEGF signaling leads to decreased phosphoryla-
tion of VEGFR2 and accelerated tumor progression as a result
of tumor vasculature normalization (71), whereas targeting of
both myeloid cell- and tumor-derived VEGF leads to collapse of
tumor growth (72). Because CSCs can represent the major source
of tumor-derived VEGF (54), specific targeting of CSCs or CSC-
derived VEGF production might represent a more promising form
of antiangiogenic therapy compared with current modalities.
Immune evasion and modulation. In addition to tumor-promot-
ing roles in angiogenesis and vasculogenic mimicry, CSCs might
preferentially initiate and sustain neoplastic growth and disease
progression through immunoevasive and immunomodulatory
functions. This possibility is supported by findings that suggest
negative correlations between the immune competence of the
tumor host and rates of tumor formation. For example, mark-
edly increased cancer risks have been described in immunocom-
promised human patients (73). Similarly, in experimental model
systems, immunocompromised animals such as SCID and Rag/~
mice, which each lack T and B cells, exhibit substantially increased
rates of spontaneous malignancies (74). Furthermore, fewer tumor
cells are required to initiate tumor growth in profoundly immu-
nocompromised xenograft recipients (14, 23) than in less severely
immunocompromised hosts (13, 75). Specifically, inocula of at
least 2 x 105 CD34*CD38- human acute myeloid leukemia (AML)
cells were required to initiate leukemic disease in SCID mice (75),
whereas only 5 x 103 cells were needed to cause leukemia in more
severely immunocompromised NOD/SCID hosts (23). In addi-
tion, CD34*CD38- AML cells could be serially passaged to form
secondary neoplasms in NOD/SCID mice (23), but not in the
less severely immunocompromised SCID hosts (75), pointing to
interdependence of CSC phenotype and function and recipient
immune status in this malignancy. However, patient-dependent
differences in AML CSC frequencies alone might account for the
observed differences in these studies, because no direct compari-
son of AML xenografts from the same individuals to NOD/SCID
and SCID recipients was performed in these studies (23, 75). In
contrast, tumorigenicity clearly depends on host immunocompe-
tence in human malignant melanoma (13, 14). CSC frequencies
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in human to NOD/SCID mouse xenotransplantation experiments
have been estimated to be approximately 1 in 10° tumor cells when
tumor formation was assessed 8 weeks after xenotransplantation
(13, 14). On the other hand, higher frequencies of cells capable of
tumor initiation have been observed in side-by-side comparative
studies in more severely immunocompromised xenograft recipi-
ents, NOD/SCID mice lacking the common cytokine receptor
y-chain (yc; also known as IL-2Ry; ref. 14). These results demon-
strate heterogeneity among cancer cells with regard to evasion
of the host antitumor immune response and show that IL-2Ry-
dependent host immune effector responses eliminate some, but
not all, melanoma cells capable of tumor initiation (13, 14), there-
by indicating the existence of an immunoevasive subpopulation
of CSCs (17). Moreover, these results indicate that CSC interac-
tions with host immunity might contribute to the variability of
experimentally determined CSC frequencies in human to mouse
xenotransplantation models with varying degrees of host immu-
nocompetence (13-15, 17, 18), and that CSC immunomodulatory
functions might lead to overestimation of CSC frequencies when
clinically highly immunogenic cancers, such as human malignant
melanoma (67, 76), are studied in profoundly immunocompro-
mised experimental hosts, such as II2rg7~ NOD/SCID mice (17,
18). The possibility that non-CSC populations, which do not nor-
mally initiate tumors, might cause experimental tumor growth in
such models is suggested by clinical findings of detectable circulat-
ing tumor cell populations that frequently do not initiate tumors
in human melanoma patients with relatively intact immunity (77).
This is consistent with the view that it is possible — depending on
how different the tumor environment is within patients compared
with mouse models — that different cancer cells form tumors in
mouse models than in human patients (14). Furthermore, it is
possible that, despite observations of a high percentage of mela-
noma cells with the potential to proliferate extensively and form
new tumors in particular models, an even greater, or a much small-
er, fraction of melanoma cells actually contributes to disease pro-
gression in patients (14). Thus, while it is conceivable that model
systems could be designed that allow most cancer cells to form an
experimental tumor, it is likely that those models that account for,
but do not mask, CSC-specific functions related to host microen-
vironmental and immune interactions might be more relevant to
the study of clinically and translationally important CSC popula-
tions. Such models might consist, for example, of chimeric murine
xenograft recipients: mice that are orthotopically xenografted with
human cancer cells into syngeneic human tissue of cancer origin,
already xenografted from the same patient, in the presence of an
adoptively transferred hematopoietic system originating from the
same donor thatis capable of syngeneic antitumor immunity. This
might be feasible, particularly in the case of human melanomas,
for which chimeric orthotopic xenotransplantation models have
previously been established (78).

The findings of higher rates of cancer development in immuno-
compromised patients and animal models imply that host immu-
nosurveillance might serve to eliminate malignant cells at early
stages of tumorigenesis, potentially explaining the relatively low
frequency of tumor development in healthy individuals (79). The
mechanisms by which CSCs might attenuate antitumor immune
responses (17, 80, 81) are currently unknown, but could include
immunoregulatory mechanisms known to be operative in physi-
ologic stem cells (17, 82-85), for example, contact-dependent
mechanisms requiring engagement of the inhibitory molecule pro-
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grammed cell death-1 and secretion or induction of soluble immu-
nomodulatory factors that are required for immunosuppression,
such as TGF-B1 and IL-10. Initial evidence for an immunoevasive
phenotype of CSCs has been provided by recent findings in human
malignant melanoma (17). This study showed that among A375
human melanoma cells, which, despite clonal origin, are hetero-
geneous for ABCBS expression, the ABCBS* CSC subpopulation
selectively lacks the immunogenic melanoma-associated antigen
recognized by T cells (MART-1; ref. 17). Thus, ABCB5* CSCs can
possess a phenotype of relative immune privilege that suggests
resistance to MART-1-directed immunotherapeutic treatment
strategies. Accordingly, the possibility of CSC-driven tumor escape
from immune-mediated rejection has important implications for
current cancer immunotherapy and might represent a resistance
mechanism susceptible to therapeutic intervention.

Translational relevance of CSCs as targets for therapy
Conventional anticancer approaches are directed predominantly
at bulk tumor populations. Such strategies often have limited
efficacy because of intrinsic or acquired drug resistance and/or
resistance to ionizing radiation (86). Mechanisms of therapeutic
resistance include increased recognition and repair of DNA dam-
aged by the drug or ionizing radiation, altered cell cycle check-
point control, impaired functioning of apoptotic pathways, and
reduced drug accumulation as a result of increased expression of
ABC transporters that efflux drug (86, 87). Evidence has emerged
that CSCs represent a subpopulation of cells within cancers thatis
characterized by increased resistance to chemo- and radiotherapy,
indicating that conventional anticancer approaches might fre-
quently fail to eradicate the cell subset that initiates and perpetu-
ates tumorigenesis (Figure 1). For example, CSC chemoresistance
has been reported in human leukemias (27, 80, 88-92), in malig-
nant melanoma (13, 93), and in brain (94), breast (95, 96), pancre-
atic (37), and colorectal (97) cancers. Furthermore, CSC radioresis-
tance has been identified in brain (98) and breast (99, 100) cancers.
If CSCs are indeed the major culprits of tumor development and
responsible for therapeutic resistance and malignant progression
in human patients, treatment approaches that target CSCs could
potentially increase the efficacy of currently available treatment
regimens and reduce the risk of tumor relapse and metastasis.
Proof of principle for the potential therapeutic efficacy of CSC
targeting requires evaluation of the in vivo tumor-inhibitory effects
of therapies directed at CSCs molecularly defined by a prospective
marker not expressed by nontumorigenic bulk cancer populations
(13). Such approaches are warranted because antitumor effects of
therapies directed at both CSCs and bulk cancer populations can-
not be ascribed with certainty to an effect on either cell population
alone. Accordingly, provision of this proof of principle is currently
not experimentally feasible in circumstances in which candidate
CSC populations have been identified through marker combina-
tions that include positivity for molecules also expressed by most
of the tumor cells and negativity for molecules expressed by bulk
cancer populations, for example, positivity for CD34 and negativ-
ity for CD38 of CSCs in AML (Table 1 and ref. 23). In contrast, it is
feasible in those malignancies in which CSCs have been reported
to be enriched among cell populations identified by a single pro-
spective molecular marker not shared by the bulk cancer popula-
tions, for example, the CSCs in brain cancer (31), colon cancer (33,
34), pancreatic cancer (37), and Ewing sarcoma (40), all of which
have been identified by expression of CD133; the CSCs in liver can-
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The therapeutic promise of CSC-directed targeting strategies. A num-
ber of therapeutic strategies directed at CSCs are beginning to be
experimentally validated. These approaches could potentially enhance
responsiveness to current anticancer treatment regimens and might
reduce the risk of relapse and dissemination. The approaches include
ablation using antitumor agents that target prospective markers of
CSCs (e.g., monoclonal antibodies and activated immune cells); rever-
sal of chemo- or radioresistance mechanisms operative in CSC; CSC
pathway interference; differentiation therapy; disruption of protumori-
genic CSC-microenvironment interactions; antiangiogenic or antivas-
culogenic therapy; and disruption of immunoevasion pathways.

cer identified by expression of CD90 (39); and the CSCs in human
malignant melanoma, identified by expression of ABCB5 (Table 1
and ref. 13). Indeed, initial proof of principle for the potential
therapeutic utility of the CSC concept has recently been provided
in human melanoma by the demonstration that selective killing
of the CSC subpopulation identified by ABCBS expression is suf-
ficient to inhibit experimental tumor growth (13). These findings
support the therapeutic promise of CSC-targeted approaches in
human malignant melanoma. Furthermore, they provide a ratio-
nale for the development of additional therapeutic strategies
directed at targeting functionally relevant molecular pathways in
CSCsin other cancers, regardless of whether such pathways might
be exclusively associated with CSC subsets or whether they are
operative in both CSCs and bulk cancer populations. Indeed, those
therapeutics that target both CSCs and cancer bulk populations
might prove most effective for tumor eradication.

Several CSC-targeted approaches harbor promise for increasing
cancer therapeutic efficacy (Figure 2). In addition to the aforemen-
tioned potential indirect strategies related to the angiogenic/vas-
culogenic functions and the immunoevasive properties of CSCs,
there are direct strategies, such as CSC ablation using agents that
target their molecular markers, reversal of resistance mechanisms
operative in CSCs, and differentiation therapy. It is important to
recognize in this regard that the CSC phenotype can display both
intra- and interindividual variability in particular malignancies
and that CSC-directed therapies might therefore have limitations
with regard to targeting every CSC in all patients.

CSC ablation using agents that target their molecular markers and signal-
ing pathways. Abundance of the CSC subset identified by expression
of the chemoresistance mediator ABCBS5 correlates positively with
neoplastic progression in human melanoma patients (13). Consis-
tent with this, the ABCBS gene is also preferentially expressed by
melanomas with high in vivo tumorigenic capacity in human to
murine xenotransplantation models (101, 102) and by melanomas
of metastatic tumor origin, but not those that are primary tumors
(103). Thus, ABCBS provides a direct and unique link among CSCs,
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resistance to anticancer therapeutics, and neoplastic progression
in human malignant melanoma. We therefore examined whether
targeted ablation of a prospectively identified CSC compartment
inhibits tumor growth (13). Interestingly, administration of an
anti-ABCBS mAb to nude mouse recipients of human melanoma
xenografts substantially inhibited tumor formation and growth
when started prior to xenotransplantation. Furthermore, the anti-
ABCBS5 mAb limited the growth of established tumors compared
with control xenograft recipients, through CSC-specific Ab-depen-
dent cell-mediated cytotoxicity (13). These findings have provided
initial proof of principle that targeted ablation of CSCs using an
agent directed at a CSC-defining molecular marker is sufficient to
substantially inhibit tumorigenesis and tumor growth (13). Also
in human malignant melanoma, shRNA-mediated knockdown of
CD133 — which is expressed on subsets of human melanoma cells
(93, 104, 105), including a subset of ABCB5* CSCs (93) — result-
ed in reduced melanoma clonogenicity and motility in vitro and
in inhibition of melanoma metastatic potential in experimental
model systems in vivo (106).

Direct CSC killing by targeting a CSC-expressed molecular
marker has also been reported in experimental models of hepa-
tocellular carcinoma (39). In this malignancy, Yang et al. iden-
tified a population of CSCs expressing CD90 that showed an
increased capacity to initiate experimental tumors compared with
CD90- cancer cells in a human to nude mouse xenotransplanta-
tion model (39). Among this CSC population, a subpopulation
of CD90"CD44" cells demonstrated a phenotype more aggressive
than that of CD90*CD44- cells, characterized by formation of
metastatic lesions in the lungs of immunodeficient mice. System-
ic administration of a human CD44-specific mAb at the time of
subcutaneous CD90*CD44" carcinoma cell inoculation markedly
inhibited tumor initiation and growth compared with controls.
Quantification of CD90*CD44* tumor cell apoptosis after in vitro
treatment with the human CD44-specific mAb suggested mAb-
induced CSC apoptosis as a possible mechanism underlying the
observed inhibition of tumor xenograft formation (39).

In human gliomas, shRNA-mediated knockdown of the neu-
ral cell adhesion molecule L1 cell adhesion molecule (L1CAM),
which is preferentially expressed on CD133* glioma CSCs, sub-
stantially decreased the ability of these CSCs to form neuro-
spheres (a nonadherent in vitro growth pattern associated with
the CSC phenotype) and induced apoptosis of CD133", but
not CD133-, glioma cells in vitro (107). In vivo, LICAM knock-
down in CD133" glioma cells prior to xenotransplantation into
immunodeficient mice markedly inhibited in vivo tumorigen-
esis and prolonged survival of the tumor xenograft recipients.
Furthermore, intracranial administration of lentiviral prepa-
rations expressing LICAM shRNA to immunocompromised
mice 5 days after CD133* glioma cell xenotransplantation also
substantially suppressed tumor growth and prolonged survival
of the tumor-bearing mice (107). In addition, Vlashi et al. have
reported that, among human glioma cells and human breast
cancer cells, malignant subpopulations that exhibit CSC char-
acteristics and preferential resistance to ionizing radiation can
be identified by reduced 26S proteasome activity compared with
bulk tumor populations (47). Targeted killing of these cells viaa
proteasome-dependent thymidine kinase suicide gene resulted
in experimental tumor regression (47), which suggests that dif-
ferences in proteasome activity represent potential targets for
CSC-directed cancer therapy.
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In human bladder cancer, CSCs were recently identified as
Lin-CD44*CK5*CK20- (29). This study also revealed that CD47, a
protein that provides an inhibitory signal for macrophage phago-
cytosis, is more highly expressed by bladder CSCs than the rest
of the tumor cells. Blockade of CD47 using a mAb resulted in
engulfment of the CSCs by macrophages and subsequent bladder
cancer cell killing in vitro (29), which points to a potential thera-
peutic value of this CSC-targeted approach for invasive bladder
cancer if similar effects of CD47-specific mAb are found in in vivo
preclinical studies (29).

In human leukemias, inhibition of NF-kB induced apoptosis of
CD34*CD38- CSCs in vitro and inhibited tumor growth in experi-
mental animal models in vivo, while sparing the physiologic HSC
compartment (108). Furthermore, also in human leukemia, expres-
sion of the o subunit of the IL-3 receptor (CD123) was detected at
higher levels on both AML CD34*CD38" stem cells and bulk AML
populations compared with normal hematopoietic cells (109).
Treatment of human AML cells with a CD123-specific neutralizing
mAD resulted in impaired cancer cell engraftment and prolifera-
tion in murine NOD/SCID xenograft hosts and improved long-
term survival through targeting both leukemic stem cells and bulk
populations (109). Leukemic CSCs have also been targeted through
modulation of the PI3K/phosphatase and tensin homolog/mam-
malian target of rapamycin (PI3K/PTEN/mTOR) pathway in a
mouse model of leukemia (110). Conditional deletion of the Pten
tumor suppressor gene in adult hematopoietic cells induced trans-
plantable leukemias in which leukemia-initiating cells could be
depleted by rapamycin through inhibition of mTOR (110).

In aggregate, these results demonstrate the feasibility and thera-
peutic promise of CSC ablation through targeting molecular
markers specifically expressed by CSCs or expressed by both CSCs
and bulk cancer cell populations. MAb- and shRNA-based strat-
egies may prove to be especially useful in this regard because of
their high degrees of target specificity.

Reversal of resistance mechanisms operative in CSCs. Experimental
evidence has been generated in several human malignancies that
inhibition of the mechanisms responsible for CSC resistance to
chemo- and radiotherapy represents a promising CSC-directed
therapeutic strategy. Reversing chemoresistance in CSC popu-
lations can be achieved through specific blockade of multidrug
resistance ABC transporters, as shown in human melanoma (93).
The CSC marker ABCBS mediates melanoma resistance to the
chemotherapeutic agent doxorubicin (93, 111), and this effect is
reversible by both mAb-mediated inhibition of ABCBS-dependent
drug efflux (93) and siRNA-mediated ABCBS gene silencing (111).
In addition, ABCBS gene silencing increases substantially the sen-
sitivity of human melanoma cells to the anticancer chemothera-
peutics 5-fluorouracil (5-FU) and camptothecin (112). A potential
broader role for ABCBS in anticancer chemotherapeutic resistance
is suggested by the observation that across a panel of human can-
cer cell lines used by the National Cancer Institute for drug screen-
ing, ABCBS gene expression levels correlate with chemoresistance
to 45 of 119 anticancer agents (93), and the finding that human
chronic myeloid leukemia cells resistant to the anticancer che-
motherapeutic vincristine exhibit ABCBS gene amplification and
enhanced expression (113, 114). These results warrant further in
vivo examination to determine whether ABCBS-targeted sensitiza-
tion to clinically relevant therapeutic agents represents a feasible
and effective strategy to eradicate chemoresistant CSCs. Recent
findings in colon cancer further support the potential therapeutic
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utility of CSC chemosensitizing agents (115). In this study, the
researchers demonstrated that pretreatment of CD133" colon
CSCs with an IL-4-specific neutralizing Ab enhanced apoptosis
mediated by 5-FU and oxiplatin in vitro and in xenotransplanted
immunodeficient mice (115).

CSC-targeted therapeutic approaches might also include strate-
gies directed at reversal of radioresistance. In recent years, several
studies have reported that CSCs have increased radioresistance
compared with bulk cancer populations and proposed that rever-
sal of CSC radioresistance might be critical for curing solid can-
cers for which radiation remains the first-line treatment (116).
Bao et al. reported that, in human gliomas, CD133* glioma CSCs
contributed to tumor radioresistance through preferential acti-
vation of the DNA damage checkpoint response and through
increased DNA repair capacity (98). In this study, inhibiting the
Chk1 and Chk2 checkpoint kinases reversed the radioresistance
of CD133* glioma CSCs (98). Additional mechanisms of increased
radioresistance in gliomas have been described by Chang et al.
(117), who found that CD133* glioma CSCs expressed higher lev-
els of sirtuin 1 (SIRT1) compared with CD133- bulk cancer popu-
lations and that specific SIRT1 inhibition resulted in markedly
enhanced radiosensitivity of CD133* glioma CSCs. These results
suggested that SIRT1 is a potential target for reversing glioma
CSC resistance to radiotherapy (117). In breast cancer, increased
radioresistance of CD24-/1°CD44* CSCs has been attributed to
decreased production of ROS in response to radiation as a result
of high expression levels of free-radical scavengers (99, 100) and
activation of the Notch signaling cascade (100). Consistent with
the former, pharmacologic depletion of ROS scavengers resulted
in radiosensitization (99). In aggregate, these studies indicate that
targeting mechanisms of radioresistance operative in CSCs repre-
sents a promising approach to ultimately facilitate tumor eradica-
tion and prevent cancer recurrence.

Differentiation therapy. The possibility that differentiation of more
primitive cells within a malignancy may lead to tumor degenera-
tion and increased susceptibility to conventional cytotoxic anti-
cancer therapies has been recognized for some time (118). There-
fore, differentiation therapy holds promise as an approach to
target CSCs. Potential strategies that induce quiescent CSCs to
differentiate into more mature tumor cells include activation of
distinct signaling pathways, such as morphogen-driven signaling
cascades (66); alteration of gene expression profiles using micro-
RNAs (miRNAs; ref. 96); and epigenetic differentiation therapy
(119, 120). Piccirillo et al. have harnessed BMP signaling to differ-
entiate CSCs in experimental models of human glioblastoma (66).
Administration of BMP4 to human cancer-bearing mice induced
glioblastoma differentiation and markedly attenuated CD133*
CSC frequency (66). In addition, implantation of BMP4-treated
glioblastoma xenografts to murine recipients resulted in smaller
tumor lesions compared with untreated controls and substantially
prolonged host survival (66). Preferential expression of BMPR1A
on ABCBS* CSCs in human melanomas (13) suggests that similar
BMP4-dependent differentiation strategies might also hold thera-
peutic promise in this malignancy. In medulloblastoma, modula-
tion of CSC signaling pathways has also been shown to induce CSC
differentiation (121). Specifically, administration of Notch path-
way inhibitors resulted in depletion of medulloblastoma stem-like
cells. Small noncoding miRNAs have also been shown to be capa-
ble of regulating CSC differentiation and function. For example,
in breast cancer, enforced expression of the let-7 miRNA induced
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differentiation of CD44*CD24/° CSCs and inhibited their ability
to form tumors in mice (96). Most recently, also in human breast
cancer, Gupta et al. used a high-throughput screening approach
to determine the anticancer activity of approximately 16,000 com-
pounds and identified a potassium ionophore, salinomycin, that
selectively targets CD24°CD44hi CSCs (122). Treatment of mice
with this agent induced epithelial differentiation of tumor cells
and resulted in inhibition of tumor growth, pointing to a promis-
ing role for this approach in breast cancer therapy.

In human AML, Jin et al. (123) reported a therapeutic approach
using an activating mAb directed to the adhesion molecule CD44.
In vivo administration of this Ab to NOD/SCID mice transplant-
ed with human AML markedly reduced leukemic repopulation.
Absence of leukemia in serially transplanted mice demonstrated
that AML CSCs were directly targeted. Mechanistically, CD44-spe-
cific Ab treatment was shown to induce differentiation to more
mature cancer cell progeny that were unable to establish robust
leukemia upon xenotransplantation (123). Interference with can-
cer cell transport to stem cell-supportive microenvironmental
niches was found to represent an additional mechanism underly-
ing CD44-specific Ab-mediated AML CSC eradication, indicating a
role for the microenvironment in regulating CSC function (123).

Epigenetic therapy could potentially also be used to induce CSC
differentiation, thereby rendering these aggressive cells more sus-
ceptible to conventional cytotoxic treatment. Indeed, inhibitors of
DNA methyltransferases and/or histone deacetylases have been
shown to induce CSC differentiation that bypasses cancer-asso-
ciated genetic abnormalities (119). In recent clinical findings in
patients with locally advanced breast cancer, a therapeutic regimen
consisting of the demethylating agent hydralazine and the histone
deacetylase inhibitor magnesium valproate followed by doxoru-
bicin and cyclophosphamide therapy resulted in a trend toward
improved clinical outcome compared with doxorubicin and cyclo-
phosphamide therapy alone (124). The doxorubicin chemoresis-
tance mediator ABCBS (93, 111) is expressed in human breast
cancer and was substantially downregulated after differentiation
therapy in these studies (124), raising the possibility that loss of
more primitive and doxorubicin-resistant ABCBS5-expressing
breast cancer cells might have contributed to the observed results.
In aggregate, the results regarding differentiation therapy suggest
that these CSC-targeted approaches hold promise for improving
currently available forms of cancer therapy.

Conclusion

CSC-specific phenotypes and mechanisms that relate to functions
in tumorigenicity, cancer progression, and therapeutic resistance
have been identified. These results indicate that CSCs may con-
tribute to the failure of existing therapies to consistently eradicate
malignant tumors. Therefore, CSCs represent novel and transla-
tionally relevant targets for clinical cancer therapy. Importantly,
proof-of-principle experiments have strengthened the rationale
for developing CSC-targeted therapeutic modalities that might
complement more conventional cancer therapies. Indeed, CSC-
targeted approaches have shown promise in preclinical models.
These approaches include direct strategies, such as ablation by
targeting molecular markers of CSCs or CSC-specific pathways,
reversal of resistance mechanisms, and differentiation therapy,
and indirect strategies, such as antiangiogenic therapy, immu-
notherapeutic approaches, and disruption of protumorigenic
interactions between CSCs and their microenvironment. In some
instances, mAb-based strategies that target molecules expressed
by CSCs, for example, epithelial cell adhesion molecule (EPCAM)
on breast and colon CSCs (Table 1 and refs. 30, 32), are already
being translated to the clinic (125). These developments underline
the therapeutic promise of the CSC concept. Ultimately, patient
cures will require eradication of all cells within a cancer; therefore,
combination therapies that target both CSCs and bulk cancer
populations are likely to emerge as particularly effective clinical
strategies, especially in those malignancies currently refractory
to conventional anticancer agents directed predominantly at the
bulk tumor cell populations.
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