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Cancer stem cells (CSCs) are defined by their ability to (i) fully recapitulate the tumor of origin when transplanted
into immunodeficient mouse hosts, and (ii) self-renew, demonstrated by their ability to be serially transplanted. These
properties suggest that CSCs are required for tumor maintenance and metastasis; thus, it has been predicted that CSC
elimination is required for cure. This prediction has profoundly altered paradigms for cancer research, compelling inves-
tigators to prospectively isolate CSCs to characterize the molecular pathways regulating their behavior. Many potential
strategies for CSC-directed therapy have been proposed, but few studies have rigorously demonstrated their efficacy
using in vivo models. Herein, we highlight recent studies that demonstrate the utility of CSC-directed therapies and

discuss the implications of the CSC hypothesis to experimental design and therapeutic strategies.
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INTRODUCTION

Despite the many advances in our understanding of human cancer
development, our ability to develop clinically effective therapies
based on this knowledge has been met with limited success.'”
Although conventional therapies frequently initially control tumor
growth, most patients ultimately relapse. When the first molecularly
targeted cancer therapy—imatinib—was developed to treat chronic
myeloid leukemia (CML), there was great hope that such ratio-
nally based strategies would lead to cure, but the initial excitement
has been tempered by the realization that imatinib does not effect
cure.*® This result is not surprising since imatinib does not target
the quiescent hematopoietic stem cells (HSCs) that harbor the char-
acteristic BCR-ABL translocation of CML.®® These findings under-
score the need to isolate self-renewing and therapy-resistant cancer
cells as well as to determine the molecular pathways that regulate
their biological behavior. Identification of such molecular pathways
offers the best hope for developing curative cancer therapies.

Over the past decade there have been extensive efforts to
isolate cancer stem cells (CSCs) in solid and hematopoietic
cancers (Table 1). Since the isolation and characterization of CSCs
is the focus of numerous excellent review, we will focus instead
on the data that address three predictions of the CSC hypothesis:
(i) that CSCs are therapy-resistant cells; (ii) that CSC-directed
therapies can effectively treat cancers; and (iii) that CSCs are
relevant to both the biological behavior and clinical outcomes of
cancers. Because experimental design is an important consider-
ation when evaluating these data, we also discuss strategies for
evaluating CSCs in each of these contexts.

THE CSC HYPOTHESIS
It has been appreciated for more than a century that tumors
are composed of morphologically heterogeneous cells, and by

the mid-twentieth century researchers understood that cancer
cells also exhibit functional heterogeneity both in vitro®? and
in vivo.’"* Despite this evidence for tumor cell functional het-
erogeneity, subsequent research emphasized the monoclonal
nature of cancers with investigators reconciling tumor monoclo-
nality with tumor heterogeneity by hypothesizing that the tumor
microenvironment or the presence of clinically inapparent genetic
subclones could explain the variable behavior of tumor cells.'®"
In addition, the practical difficulties in obtaining primary tumor
tissue for research as well as the relative ease of manipulating
tumor cell lines promoted research that largely disregarded
functional differences in tumor cell subsets.

Although researchers had long-suspected that cancers may
arise from stem or stem-like cells,' it was not until the mid-1990s
that a stem cell-like population was prospectively isolated from
a human cancer. John Dick and colleagues showed that human
acute myeloid leukemia (AML) contains a small percentage of
cells (typically 0.1-1%) capable of transferring human AML into
immunodeficient mouse hosts.””? The resulting leukemia reca-
pitulates the morphologic and immunophenotypic heterogeneity
of the original disease, and engrafted blasts can transfer disease
into secondary recipients, formally establishing the presence of
a self-renewing population. The leukemia-initiating cells, also
known as leukemia stem cells (LSCs), could be FACS-purified by
virtue of their cell surface phenotype (CD34TCD387). Moreover,
CD34%CD38 cells did not engraft mice, consistent with a hier-
archical organization in AML, with LSCs giving rise to non-LSCs,
but not vice versa. Based on comparison of the immunopheno-
types of LSCs to normal human HSCs and progenitors, it was
predicted that AML LSCs arise from the earliest progenitors of
the hematopoietic system.”® We had previously shown that
human HSCs could be prospectively isolated from CD34+CD38lo
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Table 1 Selected CSCs identified in primary tumor isolates

% Tumor cells  Tumors engrafting Min. CSCs or bulk

with CSC using sorted CSCs  Min. CSCs to Serial Tx ~ tumor cells for
Tumor CSC phenotype immunophenotype (1° Tx) engraft (1° Tx) performed serial Tx (2° Tx) Ref.
AML CD347CD38~ 0.1-1 n/a 2x10° No — 20
AML CD34TCD38~ 0.02-2 15/18 5x10° Yes 2 x 10°-2 x 10° 19
Bulk

AML CD34%7CD38™ n/a 9/9 10° Yes 10* CSCs 69
Breast CD441/CD24™ /low* 11-35 9/9 100 Yes® 200 CSCs 30
Medullo-blastoma CD133% 6-21 3/3 10* No — 44
Glioblastoma CD133% 19-29 4/4 100 Yes 10° CSCs 44
HNSCC CD44t? 0.1-42.7 13/25 5x10° Yes® 2.5 x 10* CSCs 38
Colon CD133% 1.8-24.5 11/17 100 Yes® 100 CSCs 47
Colon CD133% 0.7-6.1 12/18 1,500 Yes® n/a 48
Colon CD133% 0.3-3.0 n/a 2.5-5x 10° Yes n/a 48,49
Colon ESAhi/CD44 % 0.03-38.0 6/6° 200 No — 35

ESAhi/CD44%/CD166* 1.2-16.0 3/3 150 Yes¢ 500 CSCs?
Melanoma ABCB5™ 1.6-20.4 4/7 10° Yes 10* CSCs 53
Prostate CD44* 0.1-20.0 2/2¢ 10° No — 129
Pancreas CD44*tCD241ESA™ 0.2-0.8 10/10¢ 100 Yes® n/a 36
Pancreas CD133% 0.68-3.21 11/11 500 Yes® 500 CSCs 50
Lung (non-small cell) ~ CD133% 0.32-22 n/a 1 x10* No — 51
Hepatocellular CD44*7CD90* 0.74-6.2 13/13 5,000 Yes® n/a 39
B-ALL CD347CD10~ 4.0-12.0 6/6 7 % 10* Yes 10° Bulk 61

CD34TCD19~ 2.0-4.0 5/5 5x 10* Yes 10° Bulk
B-ALL (BCR-ABL* CD347CD38~CD19* 0.17-4.51 8/10 5.5x10°-9 x 10° Yes® n/a 46
ETV6/RUNX1T)
T-ALL CD341CD4~ 5.0-15.0 6/7 10* Yes® 3 x 10* Bulk 62

CD34tCD7~ 6.0-14.0 5/5 4x10° Yes® 4 x 10° Bulk
Myeloma CD1387CD34~ n/a 1/1¢ 1x10° No — 64

Abbreviations: 1°, primary; 2°, secondary; AML, acute myeloid leukemia; B-ALL, B-cell ymphoblastic leukemia; CSC, cancer stem cell; HNSCC, head-and-neck squamous
cell carcinoma; Max, maximum; Min, minimum; n/a, not available; T-ALL, T-cell lymphoblastic leukemia; Tx, transplant.

Lineage marker positive cells were also excluded. ®Tertiary and/or quarternary transplants also performed in addition to secondary transplants. “Transplants were
performed using CSCs purified from primary xenografts. 9P. Dalerba, personal communication.

cells based on the expression of CD90/Thy-1 (refs. 21,22) and
that these cells were distinct from AML LSCs, which lack CD90
expression.” These data suggest that AML LSCs are not likely to
be derived from HSCs, but possibly from the recently described
human multipotent progenitor.?**

These seminal studies of AML LSCs laid the foundation for
the CSC hypothesis which holds that, like normal tissue, cancers
are maintained by a population of stem-like cells that exhibit the
ability to self-renew as well as differentiate into downstream, non-
self-renewing progenitors and mature cells.”® Based on the studies
identifying AML LSCs and other CSCs, a consensus definition for
CSCs has been established, with a recent AACR workshop declar-
ing that “cancer stem cells can ... only be defined experimentally
by their ability to recapitulate the generation of a continuously
growing tumor”? In practical terms, this means that a candidate
CSC population should exhibit the following properties: (i) the
unique ability to engraft; (ii) the ability to recapitulate the tumor of
origin both morphologically and immunophenotypically in xeno-
grafts; and (iii) the ability to be serially transplanted. Experimental
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demonstration of CSC properties requires the use of xenotrans-
plantation systems to demonstrate both tumor-initiating potential
and the ability to be serially transplanted, the gold-standard for
demonstrating self-renewal capacity.?” In our laboratory, CSCs are
defined by transplantation of cancer cell subsets into immuno-
deficient mice, typically at orthotopic sites (e.g., breast to breast,
brain to brain, marrow to marrow). In our experience, secondary
transplants usually grow faster than primary grafts, and tertiary
transplants grow even faster, likely representing enrichment for
more aggressive subsets of CSCs. This reminds us that even CSCs
are susceptible to selection pressures and that more aggressive
tumors (and probably all metastases), likely represent the end-
result of a competition among CSCs in a given tumor.

As illustrated by the discovery of LSCs in AML, the character-
ization of stem and progenitor cells in normal tissue has expedited
CSC isolation by providing candidate markers for purification of
candidate CSC populations. Such prospective isolations of CSC
allowtheir direct comparison to normal stem/progenitors, revealing
important information about CSC regulation, CSC origins, and
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disease pathogenesis.’**® For example, although LSCs in AML
exhibit the human multipotent progenitor phenotype, malig-
nant cells in blast crisis of CML are Lin-CD34+CD38+tCD45RA™
CD123%, corresponding to a normal human granulocyte-
macrophage progenitor. Moreover, in blast crisis of CML, phe-
notypic granulocyte-macrophage progenitors show aberrant
activation of the Wnt/B-catenin signaling pathway, a self-renewal
associated pathway not active in normal granulocyte-macrophage
progenitors.” These data indicate that LSCs may arise from normal
progenitor populations, and that aberrant activation of self-renewal
pathways may be a part of this process.

It is important to emphasize that the term “cancer stem cell”
does not refer to the cell of origin. Instead, the term CSC refers to
the properties shared with normal stem cells—self-renewal and
the ability to initiate a hierarchy of more differentiated cells that
cannot self-renew. Based on these properties, the CSC hypothesis
makes two important predictions: (i) CSCs are required for tumor
growth and metastasis; and, (ii) elimination of the CSCs is required
for cure.”® Based on observations in the clinic as well as in nor-
mal stem cells, some investigators have introduced an important
corollary to these predictions—that CSCs are also relatively resis-
tant to conventional therapy. Needless to say, these predictions
have challenged investigators to isolate CSCs in all tumor types
and identify the genes that regulate their function and responses
to conventional therapies.

EXPANDING THE CSC ROSTER

Since the description of LSCs in AML, CSCs have been identi-
fied in numerous solid and hematopoietic cancers (Table 1).
Although CSC populations have been described for numerous
mouse cancer models and cell lines, we will largely limit our
discussion to CSCs from primary human tumors.

The first solid tumor CSC was isolated from breast cancer by
Michael Clarke’s group.® Although the normal human mammary
stem cell still had not been isolated at the time of these studies, it had
been appreciated that early multipotent epithelial progenitor cells
express markers such as epithelial specific antigen (ESA) and CD44
(refs. 31-34). Using these markers, candidate CSC populations were
isolated from dissociated primary breast tumors, FACS-purified,
and transplanted into the mammary fat pads of NOD/SCID mice.
Importantly, when separating tumor cells, a cocktail of lineage
antibodies was used to exclude hematopoietic, mesenchymal, and
endothelial components of the tumor. These studies showed that
CD44%, CD24 /low cells were uniquely capable of transplanting
disease to NOD/SCID mice. This population, representing 11-35%
of cells in primary breast tumors, gave rise to tumors that reca-
pitulated the morphologic and immunophenotypic features of the
original tumor. In addition, these same cells could be sorted from
the primary grafts and serially transplanted, demonstrating their
self-renewal capacity.

Since the description of the breast CSCs, numerous other solid
tumor CSCs have been identified. Although the degree of rigor to
which these populations were isolated differed both with respect
to purity as well as their ability to serially transplant disease, they
all fulfilled the CSC criteria established by the AACR. CSCs in
colon,” pancreatic,’ prostate,’” and head-and-neck squamous cell*®
carcinomas were enriched by virtue of their expression of CD44,
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a marker of progenitor cells in the basal layer of normal epithe-
lium. Hepatocellular carcinoma CSCs were isolated based on the
presence of CD90, a marker previously described on HSCs. This
population could be further separated into highly tumorigenic and
less-tumorigenic populations based on CD44 expression.” CD133,
a marker previously shown to enrich for immature progenitors in
normal hematopoietic, neural, endothelial and epithelial tissues,**-**
was found to enrich tumor-initiating cells in glioblastoma and
medulloblastoma,***¢ colon cancer,”** pancreatic cancer,” and
lung cancer.” It is important to note that CSCs for some tumors
have been described using different markers, e.g., CD44 and CD133
for both colon and pancreatic cancer, suggesting either that these
CSC markers are co-expressed or may represent overlapping, yet
distinct tumor cell populations. In colon cancer, CD133 does not
identify CSCs in all patient samples, indicating that all tumors aris-
ing from a given tissue may not express the same surface markers.*
In addition, CD133 does not uniquely enrich for tumorigenic
potential at metastatic sites, suggesting that expression of surface
markers by CSCs may vary over time and/or by location.” Clearly,
more research will be required to determine the variability in CSC
phenotypes for each type of tumor.

In some cases, markers not previously identified on normal
stem/progenitors have been used to isolate tumorigenic popula-
tions. In the case of melanoma, tumorigenic cells were isolated
using a candidate gene approach after identifying genes associated
with melanocytic tumor progression (i.e., benign melanocytic
nevi, primary cutaneous melanoma, metastases to lymph nodes,
and metastases to viscera). One of these genes, ABCB5, a known
chemoresistance mediator in melanoma, was expressed in only a
minority of tumor cells (1.6-20.4%), and only ABCB5 cells were
capable of establishing primary grafts and serially transplanting
disease in NOD/SCID mice. In addition, ABCB5™ cells gave rise
to both ABCB5* and ABCB5™ cells, confirming a hierarchical
organization among the tumor cells.”

Because CSC cell surface phenotypes may not apply to all
cancers arising from the same tissue type, some groups have
attempted to isolate CSCs based on functional activity. For
example, high ALDH activity has been described in murine and
human hematopoietic and neural stem and progenitor cells.>*
Investigators have FACS-purified and functionally characterized
human cancers based on ALDH expression, demonstrating that
ALDHT™ cells are enriched for CSCs in AML"* as well as in
primary breast™ and colon cancer.*

CSCs have been identified in a number of hematopoietic
diseases as well. Examples include acute B-cell lymphoblastic
leukemia,**®! T-cell lymphoblastic leukemia,* the chronic phase
of chronic myelogenous leukemia,” and multiple myeloma.**°
Similar to AML, CSCs in each of these lesions exhibit immunophe-
notypes that correspond to normal progenitor populations that are
more primitive than the normal immunophenotypic counterparts
of the nontumorigenic cells. For example, in multiple myeloma,
the tumorigenic population exhibits a memory B-cell phenotype
(CD19*tCD27tCD1387), even though the predominant malignant
population is composed of plasma cells that are CD19-CD138%.%
Similarly, in B-cell lymphoblastic leukemia and T-cell lymphoblas-
tic leukemia, the LSC population expresses CD34 but lacks CD38
whereas the nontumorigenic blasts are CD38 positive.
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CSC CONTROVERSIES

Although tumorigenic populations have been isolated from
numerous human cancers, the CSC hypothesis remains the target
of numerous criticisms. The most common critique of the CSC
hypothesis is that xenotransplantation systems only measure the
ability of a human tumor cell to grow in a permissive mouse niche
and do not reflect intrinsic properties of tumor cells in humans.**-%
To address the potential confounding variables introduced by
xenotransplantation, some advocate using transgenic mouse
cancer models and syngeneic transplantation systems to evaluate
CSCs. Although such models remove potential cross-species bar-
riers to engraftment and may more faithfully recapitulate CSC
interactions with the microenvironment, the relevance of such
models to human disease is unclear, particularly with respect to
measuring tumor responses to CSC-directed therapies. Although
there is no direct evidence that xenotransplantation systems have
incorrectly identified human CSCs, studies have shown that
CSC xenografts occupy the same niches as those of their normal
stem cell counterparts, suggesting that at least some aspects of
the tumor microenvironment are recapitulated in the xenograft
setting.®”® Although criticisms regarding the imperfect xenograft
tumor environment may never be completely laid to rest, one
must remember that at present there is no superior assay system
to measure the tumorigenic potential of primary human tumor
isolates. Hopefully, this issue will be resolved through the use of
more “humanized” models in which mice are either engrafted
with human tissue to serve as niches for CSC transplantation or
engineered to produce human growth and/or survival factors that
may be required for tumor engraftment.

The potential to be misled by xenotransplantation models was
raised by a recent study of human AML LSCs. Dominique Bonnet’s
group observed that pretreatment of primary human cord blood
and bulk AML blasts with anti-CD38 antibody before transplanta-
tion inhibited engraftment of both cell types in NOD/SCID mice,
but not in NOD/SCID/IL2-Ry deficient mice.”" They also showed
that both CD34*CD38~ and CD347CD38 blasts could engraft
NOD/SCID/IL2-Ry mice and that treatment of NOD/SCID recip-
ients with intravenous immunoglobulin before transplantation
partially abrogated the effect of anti-CD38 treatment. Together,
these results suggested that anti-CD38 inhibition of engraftment
may be mediated by natural killer cells. Unfortunately, these studies
evaluated a limited number of AML samples and did not include
limiting dilution experiments to assess LSC frequencies in both
the CD347CD38~ and CD34TCD38* populations. In addition, it
was unclear why prior in vitro and in vivo studies using the same
CD38 antibodies to sort normal human HSC/progenitor popula-
tions supported a similar hierarchy of human stem/progenitors.?
Although these findings need to be further evaluated, they illus-
trate the potential confounding variables introduced when using
xenotransplantation systems to identify CSC populations.

A second concern regarding the CSC hypothesis is that cells
purified from tumors on the basis of CSC markers may include
malignant cells as well as stromal elements that are important
for engraftment.®® A number of studies have addressed this
argument by separating stromal cell populations from sorted
CSC populations before xenotransplantation.®**>** In addi-
tion, a recent study showed that outgrowths derived from single
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CSC are sufficient to engraft tumors, strongly supporting the
contention that that only CSC-derived elements are required for
engraftment.”

Another criticism is raised by cancer researchers who believe
that all tumor cells have tumorigenic potential and they point
out that large numbers of “nontumorigenic” cells can initiate
tumors.®”* Although it will be difficult to definitively exclude this
possibility because even the most rigorous separation techniques
cannot routinely yield 100% pure cell populations, this criticism
does not negate the fact that tumorigenic populations can be
highly enriched. Thus, the importance of prospectively isolating
CSCs and evaluating the molecular pathways that regulate their
function has not been brought into question.

A fourth criticism raised against the CSC hypothesis is that
some mouse and human cancers contain high frequencies of tum-
origenic cells, which means that, unlike normal tissues, stem cells
in cancer are not rare.”” We agree with this statement and note that
it is likely that cancers exhibit heterogeneity with respect to CSC
frequency, with more poorly differentiated cancers contain larger
percentages of CSCs. However, in our opinion, instead of under-
mining the CSC hypothesis, the variable frequency of CSCs in dif-
ferent types of cancer underscores the need to identify CSCs for
each tumor without altering the fundamental promise of the CSC
hypothesis—that prospectively isolating and studying tumorigenic
populations will expedite discovery of future CSC therapies.®®

A final concern regarding the CSC hypothesis is that it
is too simplistic because it ignores the complex interactions
between tumor cells and their microenvironment. Certainly,
this is an important criticism because solid tumor and epithelial
tumors have been shown to interact with components of the
microenvironment,”*”* In our view, supporting the CSC hypothesis
and acknowledging that the CSC hypothesis may not provide a
complete view of cancer biology should not be mutually exclusive
acts. Instead, taking such a position leaves room for development
of more comprehensive cancer models that account for the inter-
play between malignant cells and the tumor microenvironment
based on investigations that explore both intrinsic and extrinsic
properties of CSCs.

Ultimately, resolution of many of the issues raised by critics
of the CSC hypothesis will require additional investigations, and
such investigations will likely involve improving existing xenograft
models or developing new experimental strategies (Figure 1). In
the meantime we propose that the most important information
to resolve lingering controversies regarding the CSC hypothesis
would be the demonstration that CSCs are responsible for deter-
mining clinical responses to therapy as well as long-term patient
outcomes, including disease-free and overall survival. Although
such data are limited because of the relative youth of the CSC field,
several studies already suggest that CSCs fulfill this prediction and
are discussed later in this review.

CSC RESPONSES TO CONVENTIONAL THERAPY

It has been hypothesized that CSCs possess several characteristics
that make them resistant to conventional chemo- and radiotherapy
including high expression of drug transporters, relative cell cycle
quiescence, high levels of DNA repair machinery, and resistance
to apoptosis.”®”” Although these features have been demonstrated
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Figure 1 Strategies to evaluate CSC-directed therapy in preclinical
models. Top: Treat bulk tumor or CSCs in vitro, then measure the thera-
peutic effect in vitro. Parameters to be measured include (i) decreased
growth/increased cell death, (ii) CSC selectivity, and (iii) differentiation.
Top: Pretreat bulk tumor or purified CSCs in vitro followed by transplan-
tation. Parameters to be measured include level of engraftment (tumor
burden), frequency of CSCs, and durability of effect. Ideally, transplanted
mice should be monitored serially. Bottom: Treatment of previously
engrafted tumors in vivo. Parameters to be measured include tumor
growth/reduction, differentiation status, durability of effect, and abil-
ity of any residual disease to serial transplant. Ideally, serial transplants
should be performed with equivalent numbers of tumor cells, either bulk
or purified CSCs, to determine whether or not the effect of a drug is at
the level of single cells or entire tumor cell populations.

in numerous normal tissue stem cells, direct evidence for the pres-
ence of similar pathways in CSCs is still limited. Because this is
an important consideration in designing potential CSC-directed
therapeutics, several groups have attempted to experimentally
address the question of whether CSCs constitute the therapy-
resistant fraction in tumors.

Although tumorigenic populations have been variably enriched
in some tumor cell lines by virtue of their ability to actively efflux
Hoechst dyes (frequently referred to as “side-population” cells),”*
reports of enrichment for CSC activity in side-population cells from
primary tumors is far more limited. In AML there is evidence that
LSCs are preferentially drug resistant compared to non-LSCs, simi-
lar to normal HSCs compared to committed progenitors. Costello
et al. found that CD34*TCD38~ cells in both AML patients and
normal patients exhibited decreased daunorubicin sensitivity com-
pared to CD341tCD38% cells, and that this difference correlated
with higher levels of mRNA expression of the drug resistance-re-
lated genes LRP and MRP* The decrease in daunorubicin influx in
CD341CD38™ cells was associated with increased proliferation and
survival (reduced apoptosis) following treatment. Unfortunately,
like many evaluations of drug susceptibility of CSCs, these studies
lacked an in vivo correlate—testing whether or not daunorubicin-
treated CD34TCD38™ cells have the capacity to initiate leukemia.

Quiescence is typically thought to confer resistance to therapies
that target highly proliferating cells. The importance of quiescence
to CSC clinical behavior has not been investigated extensively, but
human AML LSCs have been shown to reside almost exclusively
within the G, phase of the cell cycle.**® Although CSCs may be
nonproliferative compared to non-CSCs, quiescence may not be
sufficient to mediate drug resistance, as some studies have shown
that CML-derived cell lines induced to cell cycle arrest were no less
sensitive to imatinib-induced apoptosis than proliferating cells.5*
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In vitro studies of solid tumor CSCs indicate that they are rela-
tively resistant to chemotherapeutic agents. For example, freshly
isolated or cultured CD133% cells from glioblastoma exhibited
less cell death than their CD133~ counterparts when treated
with multiple chemotherapeutic agents. Intriguingly, the relative
chemoresistance of primary CD133% cells was not due to increased
drug efflux activity, suggesting that defects in cell death pathways
may play an important role in their chemoresistance.®> Microarray
studies supported this idea, showing that CD133" cells overex-
press the DNA repair protein MGMT as well as genes that inhibit
apoptosis including FLIP, Bcl-2, Bcl-X , and numerous IAP family
members.* Similarly, treating CD133" lung tumor spheres from
non-small cell lung carcinomas with cisplatin, etoposide, pacli-
taxel, or gemcitabine in doses comparable to those achieved in
patients resulted in minimal reduction of tumor cell viability even
after 5 days of treatment.*! Primary CD133% pancreatic CSCs also
showed dramatically reduced sensitivity to gemcitabine com-
pared to autologous CD133~ cells.*® Unfortunately, none of these
studies assessed whether or not the surviving cells maintained
tumor-initiating potential.

Although development of CSC-directed therapies will require
a better understanding of CSC responses to conventional therapies
in the xenograft setting, to date, only a few studies have done so,
One study directly assessed the response of AML LSCs to cyto-
sine arabinoside (Ara-C), a standard chemotherapeutic agent for
the treatment of AML. Ishikawa et al. demonstrated that Ara-C
treatment of stably xenografted AML resulted in significant blast
death; however, blasts in endosteal areas, thought by some to
represent the HSC niche, were relatively spared.” Bone marrow
examination revealed that endosteal blasts preferentially exhibited
a CD347TCD38™ phenotype and were more quiescent than resid-
ual CD34+CD387 blasts. Moreover, residual CD34TCD38~ blasts
could stably engraft secondary recipients. These data demonstrate
that LSCs represent the Ara-C resistant fraction in AML and that
the LSC phenotype is not altered with treatment, indicating that
monitoring of CSC frequency using flow cytometric techniques
during therapy may be a viable means of assessing drug efficacy.

Recent data demonstrate that some solid tumor CSCs are rela-
tively resistant to conventional chemotherapy. Evaluation of disas-
sociated tumor cells from breast cancer core biopsies before and
after neoadjuvant chemotherapy revealed that the percentage of
immunophenotypic CSCs (CD441/CD24~/low) was significantly
increased following therapy; however, treatment with lapatinib, an
epidermal growth factor receptor (EGFR)/HER2 pathway inhibi-
tor, led to a nonstatistically significant decrease in the percentage
of immunophenotypic CSCs.*” In both treatment groups the fre-
quency of CSC post-therapy directly correlated with the capacity
to form mammospheres in vitro and initiate tumors in immuno-
deficient mice, consistent with CSC activity. Unfortunately, CSC
reductions were not correlated with long-term clinical outcome.
Nevertheless, these studies suggest that lapatinib, by virtue of its
potential ability to target CSCs as well as non-CSCs, may be a useful
therapy for the treatment of breast cancer in combination with
standard neoadjuvant chemotherapy. In colorectal cancer, enrich-
ment of CSC following chemotherapy was demonstrated using
xenografted tumors. After allowing xenogeneic tumors to engraft,
mice were treated with cyclophosphamide or irinotecan. Residual
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tumors following treatment were enriched for immunopheno-
typic CSCs (ESATCD44%) and also showed increased frequencies
of tumorigenic cells as demonstrated by in xenotransplantation
assays.” In addition, colorectal CSC expressed elevated ALDH1
expression and activity, and ALDH1 was an important mediator of
resistance to cyclophosphamide, identifying a potential target for
CSC-directed therapy.

Thebeststudies of radioresistancein CSCshavebeen performed
in glioblastoma. Rich and colleagues demonstrated that treatment
of xenografted glioblastomas with radiation resulted in tumors
enriched for CD133% cells, the population previously shown to
be enriched for glioblastoma CSCs.* Following irradiation, both
CD133% and CD133~ cells induced DNA damage responses, but
CD133" cells showed functional differences compared to CD133~
cells including: (i) basal activation of the DNA damage repair
pathway; (ii) greater efficiency in repairing the DNA damage;
and (iii) less apoptosis following radiation by robustly inducing
checkpoint kinases. Intriguingly, the cellular pathways implicated
in mediating the radioresistance significantly overlap with those
that regulate normal stem cell function (e.g., Wnt/B-catenin).

Attempts to assess the radiosensitivity of breast CSCs have
utilized breast cancer cell lines. Using conditions for culturing
mammospheres from primary breast cancer specimens, adherent
cell lines were adapted to grow as spheroids containing increased
numbers of CD44%/CD24~ cells, previously shown to enrich
for CSC activity in breast cancer. Following irradiation in vitro,
the spheroids exhibited a higher fraction of surviving cells
compared to the adherent cells, and the percentage of nonadher-
ent CD44%/CD24~ cells in monolayer cultures increased, suggest-
ing that the expansion of spheroid cells was due to their relative
radioresistance.*” Consistent with this observation, induction
of reactive oxygen species and phosphorylation of H2AX, both
indicators of a radiation response, were decreased in spheroids
compared to adherent cells.

Although the number of studies directly testing the responses
of CSCs to conventional therapies is limited, these early studies
suggest that CSCs are relatively resistant to conventional thera-
pies; however, their mechanisms of resistance may be varied. This
underscores the importance of isolating CSCs from each tumor
type and determining the molecular pathways that mediate their
resistance. It is also important to consider that not all cells in cur-
rently defined CSC populations will make-up the therapy-resistant
fraction in tumors. In such cases, additional markers may be
required to separate true CSCs from contaminating populations.

GENERAL CONSIDERATIONS FOR CSC
THERAPEUTICS

Although the goal for any CSC-directed therapy is the eradica-
tion of all CSCs, the efficacy of single-agents may be limited by
several factors. First, currently defined CSCs may not be homo-
geneously sensitive to any given therapy. Second, as discussed
previously, CSC immunophenotypes may not be homogeneous,
which may limit the efficacy of monoclonal antibody therapies
directed at cell surface markers. Third, pathways shared by CSCs
and normal stem cells may limit dosing due to toxicity to normal
stem cells. Finally, and perhaps most important, there is no rea-
son to expect that CSCs will be free from selection pressures and
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therefore therapy-resistant CSC clones may emerge.” The idea
that genetically resistant cells exist before initiation of treatment is
not new;”** however, the implication for designing cancer treat-
ment is significant since therapy with curative intent will likely
require targeting of 2 or 3 independent CSC pathways to suffi-
ciently reduce the probability of an escape mutant.

The development of combinatorial therapeutic strategies will
likely rely on adding new CSC-directed therapies to established ther-
apies. Thus, CSC-directed therapy would be given to patients who
have already undergone standard induction therapy, at the nadir
of the absolute CSC burden. Such combinatorial strategies may be
designed to block multiple intrinsic and extrinsic (microenviron-
ment) pathways that regulate CSC function. This raises the impor-
tant question of whether or not CSCs and normal stem/progenitor
cells use conserved self-renewal pathways. In that case, treatment
strategies followed by transplantation may be required to rescue
normal tissue function. Overall, we envision several potential strat-
egies for administration of CSC-directed therapies: (i) stand-alone
therapy in which the therapy targets CSCs but spares normal stem
cells; (ii) stand-alone therapy in which the therapy targets CSCs but
also targets normal stem cells; (iii) combination therapy—options
no. 1 or no. 2 in combination with other drugs. Other combination
strategies include pretreatment of a tumor with an agent that sen-
sitizes CSCs or all tumor cells to subsequent therapy, or debulking
agents given before treatment with CSC therapy (Figure 2).

In our view, preclinical validation of an effective CSC ther-
apy requires demonstration that the intervention affects the two
defining properties of CSCs—the ability to initiate tumors and
serially transplant disease. Demonstration of therapeutic efficacy
can be accomplished in a number of ways, each representing
differing levels of rigor, and each more accurately reflecting clini-
cal scenarios. Although treatment of CSCs in vitro and monitoring
of subsequent engraftment is a necessary first step in evaluating
therapies, this strategy may not accurately reflect in vivo responses

@  Stand alone therapy

Nonspecific elimination
(e.g., conventional therapy)
Hweereeesseeessreesseereererefll)

CSC specific elimination
% (e.g., anti-ABCB5)
B ——

Self-renewal blockade/
differentiation (e.g., BMP-4)

Relapse

Tumor involution via
apoptosis

Tumor involution via
apoptosis

e

— = ——* ?
b  combination therapy 02
Sensitizing agent CSC-directed or
(e.g., IL-4, DMAPT) conventional therapy o

—_— . - . ¢

Debulking agent CSC therapy
(e.g., standard therapy) (see above) 2

—_—

v - 1

Consolidation with CSC or
conventional therapy
—_—

Multiple CSC therapies
_——
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Figure 2 Potential CSC therapeutic strategies. CSC-directed thera-
peutic strategies may include stand-alone and combination therapies.
(a) The CSC hypothesis predicts that conventional therapies fail to
target CSCs, resulting in disease relapse. CSC therapies may exert a direct
cytotoxic effect on CSCs or by inducing differentiation. (b) Combination
therapies involve using conventional therapies or novel sensitizing agents
in combination with CSC-directed therapies. Please refer to the text for
descriptions of the cited examples.
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to treatment since cells adapted to culture may not mimic primary
CSC isolates. A more clinically relevant strategy involves thera-
peutic interventions that target primary CSCs in engraftment
models. This can be accomplished in a number of ways: (i) dem-
onstrate the ability of the intervention, either given before or at
the same time as transplant, to block CSC engraftment; (ii) dem-
onstrate the ability of the intervention to eliminate or block the
growth of previously engrafted tumors; (iii) perform no. 2 as well
as assess the ability of the treatment to abrogate the ability of the
tumor to serially transplant (Figure 1). Approaches 2 and 3 would
provide strong evidence that the intervention is effective, both in
terms of its tumoricidal activity and its bioavailability. Elimination
of the CSC population can be demonstrated by the inability of the
treated tumor to reinitiate tumors in secondary recipients.

The CSC hypothesis also has important implications for the
methods used to evaluate the clinical efficacy of CSC-directed
therapies. Initial positive clinical responses to conventional thera-
pies, usually measured over weeks to months following initiation of
therapy, do not necessarily portend improved survival.** Therefore,
the traditional assumption in cancer therapeutics—that objective
clinical responses (e.g., reduction in tumor size or burden) will
translate into improved survival—may not necessarily hold for CSC
therapies, which may not necessarily act by reducing tumor
burden in the short-term. Thus, investigators must avoid study
designs that solely rely on such traditional approaches since this
may lead to premature abandonment of therapy. One such case
may be the use of rituximab in the treatment of myeloma. Although
rituximab is effective in treating B-cell lymphomas,” its activity
in multiple myeloma has been less impressive, despite evidence
that the myeloma stem cell has the phenotype of a CD20 positive
memory B cell.***° It is possible that longer treatment periods may
be required to exhaust CSCs and observe clinical responses.

How, then, should one confront the difficulties in evaluating
CSC-directed therapies? Certainly, in vivo xenotransplantation
and in vitro preclinical models will allow investigators to antici-
pate the pattern of clinical responses and design clinical trials
based on those results. For example, if a particular therapy selec-
tively depletes CSCs in a xenograft model without significantly
reducing tumor size during the initial response, investigators can
design clinical trials with longer observation periods to measure
outcomes. Mathematical models may also aid in planning clini-
cal studies. For example, Michor et al. developed a mathematical
model based on normal hematopoietic development to charac-
terize the kinetics of the reduction of BCR-ABL positive cells in
response to imatinib, the mainstay of CML therapy. The number
of BCR-ABL positive transcripts during and following cessation
of therapy was consistent with presence of LSCs that had not been
eradicated with treatment.”*” Using such models, investigators
may be able to predict the minimum observation period required
to monitor for recurrent disease following therapy cessation, or
they may be able to predict when the maximum therapeutic effect
of a particular debulking therapy is achieved so that CSC-directed
therapies may be initiated at that time. Alternatively, investigators
may establish simple tests that act as surrogates for measuring CSC
activity during and after therapy. Since a major implication of the
CSC hypothesis is that CSCs are responsible for metastasis, moni-
toring of circulating tumor cells or disseminated tumor cells, may

Molecular Therapy vol. 17 no. 2 feb. 2009

Cancer Stem Cell-Directed Therapies

represent an effective means of monitoring tumor responses to
therapy. Although the relationship of circulating tumor cells and
disseminated tumor cells with CSCs is not currently clear, circulat-
ing tumor cells and disseminated tumor cells appear to be similar
to CSCs with respect to CSC surface marker expression, relative
quiescence, and relative resistance to chemotherapy.”®'* Finally,
clinical trials may be designed to include primary and secondary
endpoints: the primary endpoint would be progression-free
survival and the secondary endpoint might involve direct, serial
measurement of CSC burden or ex vivo functional assays using
isolated CSCs. Demonstrating a positive correlation between
survival and CSC functional assays would validate such methods
or future clinical use (Figure 2). Already, retrospective analyses
have been performed for AML and gliobastoma, and they have
demonstrated a correlation between CSC burden at the time of
diagnosis and clinical endpoints, including achievement of remis-
sion as well as overall survival (see below).

TARGETING MOLECULAR PATHWAYS IN CSCs
Because both normal stem cells and CSCs self-renew and
differentiate, perhaps it is not surprising that several pathways
that regulate normal stem cell function may play important
roles in CSC biology. These molecular pathways include Wnt/p-
catenin, Hedgehog, Notch, Hox family members, Bmi-1, PTEN,
telomerase, efflux transporters, and others.?**"% At this time,
experimental evidence for CSC dependence on these pathways is
limited, but because normal and malignant stem cells may share
important functional pathways, it will be important to develop
CSC-selective therapies that avoid potential significant side effects
caused by inhibition of normal stem cell function. Recent data
suggest that such selectivity is possible.

Studies in AML have shown that LSCs may exhibit differential
sensitivity to small molecule inhibitors compared to their normal
stem/progenitor counterparts. Craig Jordans group has demon-
strated the selective effect of several small molecule inhibitors on
primary CD34*tCD38~ AML blasts. First, they showed that LSCs,
but not normal HSCs, were susceptible to the apoptotic effects
of combination therapy with the proteasome inhibitor MG-132
and the anthracycline idarubicin, presumably through inhibition
of NF-kB activity."* They have also shown that treatment with
TDZD-8, a compound previously shown to be cytoprotective, kills
leukemic blasts in vitro through induction of oxidative stress, but
spares normal HSCs/progenitors.'® In other studies, they showed
that naturally occurring (parthenolide) and synthesized (demth-
ylaminoparthenolide—DMAPT) inhibitors of NF-«kB induce
apoptosis of CD341tCD38~ blasts but spare normal HSCs.5*1%
These studies were notable because the in vitro observations were
verified in vivo by treating mice previously engrafted with canine
AML with DMAPT. DMAPT treatment resulted reduced the num-
ber of blasts and a significant reduction in the ability of primary
grafts to engraft secondary recipients. Blasts from DMAPT treated
mice also showed substantial inhibition of NF-«xB and activation
of stress responses. When leukemic dogs were treated, DMAPT
induced a rapid reduction in CD34% blasts without a signifi-
cantly altering in leukocyte counts. Blood cell morphology sug-
gested that induced differentiation of blasts was likely responsible
for the blast reduction. Unfortunately, these studies did not test
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the durability of remissions, which would have provided impor-
tant information about DMAPT as a primary induction therapy.
Overall, these small molecule inhibitor studies provide intriguing
data that LSCs and HSCs can respond differentially to blockade of
cell survival pathways.

The PTEN pathway was recently implicated in LSC survival as
well. PTEN (phophataseand tensinhomologue) is deleted ina num-
ber of human cancers, including hematopoietic malignancies.'””
Recently, two groups demonstrated that deletion of PTEN in the
mouse hematopoietic system results in AML following a progres-
sive decline in the number of bone marrow HSCs.!**'* The depen-
dence of leukemia development on this pathway was illustrated
through the use of rapamycin, which acts as an inhibitor of the
PI3K/PTEN signaling pathway. Treating leukemic blasts before, or
following, stable engraftment in secondary hosts led to a dramatic
decrease in leukemic burden.'® Moreover, this effect appeared to
be specific for the leukemia since normal HSCs were unaffected as
judged by stable blood counts.

Piccirillo et al. have shown that treating CSCs with differentia-
tion factors can effectively deplete CSCs in human glioblastoma.'’
In addition to showing that BMP-4 promotes differentiation of
tumor cells in vitro, they also showed that CD1337 glioblastoma
cells pretreated with BMP-4 before xenotransplant did not form
invasive tumors. BMP-4 inhibited tumor growth, when adminis-
tered either at the time of tumor implantation or 10 days later;
however, a subset of mice still developed tumors 3 months after
treatment, indicating that BMP treatment did not force all CSCs
to differentiate. Unfortunately, the authors did not examine the
efficacy of this treatment on established xenografts or on the abil-
ity of the residual tumor cells to initiate new tumors. Nevertheless,
this report suggests that differentiation therapy is a promising
noncytotoxic strategy to deplete CSC activity.

Others have studied the potential of depleting LSCs by inhibit-
ing antiapoptotic pathways implicated in leukemogenesis. Using
a combination of AML cell lines as well as primary AML cells,
one group showed that the small molecule BH-3 mimetic ABT-
737, which blocks the cytoprotective activity of BCL-2 family
members, exhibits a dose-dependent inhibition on cell growth and
proapoptotic activity in vitro.'"* ABT-737 treatment in vitro rapidly
induced apoptosis in CD34" AML blasts and purified LSCs, and
this effect was more pronounced when used in combination with
other chemotherapeutic agents such as Ara-C and Dox, as well as
the MEK1 inhibitor PD98059. Importantly, treatment of primary
AML bulk blasts significantly reduced in vitro colony formation,
whereas colony formation of normal bone marrow cells was unaf-
fected, indicating that ABT-737 spared normal hematopoietic
stem/progenitor cells. Although these studies did not test the effect
of ABT-737 on primary human AML xenografts, the researchers
showed thatadministration of ABT-737 to mice transplanted with a
Raf-transformed leukemia cell line reduced tumor burden in mice
by ~50%. Unfortunately, the durability of this response and the
effect on leukemia transplantability was not tested.

The potential utility of administering sensitizing agents before
chemotherapy has recently been demonstrated for colon cancer.
Having previously established autocrine production of IL-4 as a
survival factor in thyroid cancer by modulating death receptor
and chemotherapy-induced apoptosis, Todaro et al. showed that
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treatment of CD133% colon cancer cells or long-term spheroid
cultures with a neutralizing antibody to IL-4 before treatment
with oxiplatin, 5-FU, or TRAIL resulted in increased cell death.”
This result was confirmed in vivo by directly injecting tumors with
IL-4 neutralizing antibodies, which was not sufficient to inhibit
tumor growth alone, but effectively reduced tumor burden when
followed by oxiplatin.

Although the most clinically relevant experimental validation
for CSC-directed therapies would involve initiation of treatment
after establishment of tumor xenografts, this method can be very
laborious and time-consuming. A number of laboratories have
used in vitro assays to assess the effect of therapy on CSCs using
surrogate read-outs, including changes in tumor cell composition
(as assessed by immunophenotype), proliferation, differentia-
tion, or self-renewal capacity using clonogenic assays with serial
replating. Using these types of assays, investigators have impli-
cated the sonic hedgehog pathway in the maintenance of myeloma
stem cells'? and Notch signaling in embyronal brain tumors such
as medulloblastoma.'” It should be noted that such studies must
be interpreted with caution since in vitro read-outs may not
necessarily reflect in vivo function.

USING MONOCLONAL ANTIBODIES

TO TARGET CSCs

Antibody therapies directed against tumor cell surface antigens
have resulted in several clinical therapeutic successes. Monoclonal
antibodies can exert antitumor activity by triggering immune
effectors that cause target cell death (e.g., anti-CD20, Rituxan),
by blocking or inhibiting signaling pathways initiated through
their targets (anti-VEGE Avastin), or by being conjugated to
radiation emitters or cytotoxins that exert a direct cytotoxic effect
(e.g., CD33/Mylotarg). Although antibodies can significantly
ameliorate disease and lead to improved prognosis or survival,
antibody therapies have not yet resulted in cures. It has been
proposed that tumors escape the cytotoxic effect of antibodies
by down-regulating target expression or by directly developing
resistance.'*""' Given the variable success of antibody strategies,
one must be reminded that cancers frequently show immuno-
phenotypic heterogeneity, and thus antibodies failing to target all
CSCs would be expected to lead to therapeutic failure. Indeed, this
may be the case for gemtuzumab oxogamicin (Mylotarg), an anti-
CD33 monoclonal antibody approved for patients with relapsed
AML. Although most AML blasts express CD33, in some cases
LSCs may not express CD33 or may not be contained exclusively
among CD337 cells.!"”!!® Longer-term follow-up will be required
to determine whether or not Mylotarg can be used to effectively
treat all AML patients.

At present, there are few examples of antibodies developed
specifically against CSC antigens, but in at least one case, an
antibody targeting a CSC antigen may induce direct tumor cell
death. Schatton et al. demonstrated that treatment of previously
xenografted melanomas with an anti-ABCB5 antibody resulted
in significant reduction of tumor size, and that antibody
treatment-induced tumor cell death through antibody-dependent
cell-mediated cytotoxicity.® In another example of a monoclonal
antibody therapy designed to target CSCs, data suggest that such
antibodies may be effective even if they recognize CSC epitopes
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shared with normal tissue stem cells. Work from John Dick’s
group indicates that CD44, a surface antigen highly expressed on
all AML blasts and expressed on normal BM HSCs/progenitors at
lower levels, can selectively block engraftment of AML LSCs but
not normal HSCs when the cells are pretreated with the activat-
ing anti-CD44 antibody (H90) before transplant. In addition, H90
treatment of mice previously engrafted with human AML led to a
significant reduction (83-100%) in disease burden. Interestingly
leukemic engraftment was lower after in vivo treatment of leuke-
mia as opposed to in vitro CD44 ligation, even when controlling
for transplanted cell numbers, suggesting that H90 directly altered
LSCs fate by either inducing their differentiation or by inhibiting
their repopulation capacity by disrupting LSC interactions with
the stromal microenvironment. Although it is unclear from these
studies whether the H90-induced decrease in blasts represents
a durable remission or cure, they do provide proof-of-principle
that antibody therapies, even those recognizing epitopes shared
by CSCs and normal tissue stem cells, may represent viable thera-
peutic strategies.

Although these studies suggest that a single antibody may be
effective in eliminating CSCs, it is important to remember that
single targets may not be sufficient to eliminate CSCs. Therefore,
antibodies might be given in conjunction with standard thera-
pies (e.g., R-CHOP for non-Hodgkin lymphoma) or as combina-
tions of antibodies that target either the same or multiple surface
molecules expressed by CSCs. Studies in non-Hodgkin lymphoma
have shown that rituximab, given in combination with either
anti-CD19 or anti-CD22 antibodies, acts synergistically to reduce
tumor burden.'® The identification of additional CSC antigens
raises the possibility of such combinatorial strategies.

ARE CSCs CLINICALLY RELEVANT?

Although CSCs have been postulated to be responsible for the
clinical behavior of cancers, limited data directly support this
contention. This is not surprising, given the relative youth of the
CSC field; however, a number of recent studies have begun to
evaluate the role of CSCs in determining patient outcomes.

In human AML, investigators have asked whether the fre-
quency of LSCs correlates with clinical outcome. Although older
studies failed to demonstrate a correlation between the percentage
of CD34% blasts with treatment outcome or overall survival,'*-!
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more recent studies have suggested a link between LSC burden
and clinical behavior by showing that undifferentiated AML
(FAB subtype MO) has a higher frequency of LSCs and a poorer
prognosis than other FAB subtypes.”*'* A more recent study
addressed the relationship between LSC frequency and clinical
outcome more directly, demonstrating that the frequency of LSCs
at diagnosis correlates with several clinical endpoints, including
overall survival, disease-free survival, and relapse-free survival.
The predictive value of LSC frequency was independent of white
blood cell count at diagnosis, age, and FLT-3 status, while total
CD34* blast frequencies did not correlate with any of the survival
parameters.'* Interestingly, the percentage of LSCs also correlated
with the ability of AML to engraft NOD/SCID mice, suggesting
that xenograft models may reflect important aspects of clinical
behavior. This result was confirmed by another study which deter-
mined that the ability of AML to engraft was related to the cyto-
genetic risk group and independent of homing ability, increasing
cell dose, intensive conditioning, more permissive recipients, or
alternative tissue sources.'?

Attempts have been made to correlate CSCs with clinical
outcome for breast cancer as well. While quantification of CD44/
CD24~/low tumor cells in breast cancer by immunohistochemistry
failed to demonstrate an association between CSC frequency
and tumor progression or overall survival, a higher percentage
of phenotypic CSCs was found in primary tumors with distant
metastasis.'”® More promising results were obtained when assessing
ALDH]1 expression by immunostains. ALDH1% tumors were asso-
ciated with high histology grade, ERBB2 overexpression, absence
of estrogen and progesterone receptor expression, and expression
of the basal-like cytokeratins CK5/6 (ref. 59). Although no correla-
tion was found between ALDH positivity and age, tumor size, or
lymph node metastasis, ALHD1% tumors were associated with poor
clinical outcomes and ALDH positivity was implicated as an inde-
pendent prognostic factor when evaluated in a Cox multivariate
analysis including ALDH1, tumor size, age, lymph node metastasis,
histologic grade, ER, PR, Ki-67, and ERBB2 expression.

Because of the potential immunophenotypic heterogeneity of
CSCs, others have taken a different approach to evaluate the role of
CSCs in tumor behavior. Instead of directly quantifying the number
of CSCs in tumors, mRNA signatures of unfractionated breast
tumors were compared to mRNA signatures obtained from sorted

Table 2 Potential CSC therapies validated in xenograft assays using primary tumor cells. Please see text for descriptions

Rx before or after

Serial transplant

Tumor Rx modality engraftment Proposed mechanism of action performed after Rx? Ref.
AML MAD to CD44 Before/after Differentiation of LSCs vs. blocking niche Yes 130
interactions

AML (canine) DMAPT Before/after Inhibition of NF-kB survival signals, activation Yes 106
(parthenolide analog) of stress responses

AML (mouse) Rapamycin Before/after Inhibition of PI3K/increased caspase-3 Yes 108

Glioblastoma BMP-4 Before/after Differentiation of CSCs No 110

Melanoma MADb to ABCB5 Before/after Antibody-dependent cell-mediated cytotoxicity Yes 53

Colon MADb to IL-4 + Before/after Blockade of autocrine loop resulting in decreased No 47
chemotherapy antiapoptotic activity

Abbreviations: AML, acute myeloid leukemia; CSC, cancer stem cell; DMAPT, demthylaminoparthenolide; LSC, leukemia stem cell; MAb, monoclonal antibody; Rx,

treatment.
AML arising in mouse lacking PTEN.
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breast CSCs. Patients with breast tumors whose gene signatures
were more closely related to that of purified breast CSCs exhibited
shorter disease-free intervals, increased relapse rates, and shorter
life expectancies.* Although CSCs were not quantified in these
studies, these results suggest that the clinical behavior of breast
tumors may be due to a higher fraction of functional CSCs that
can be identified on the basis of gene expression. Similarly, recent
studies have compared the gene signatures of poorly differentiated
tumors to embryonic stem cell signatures. These studies reveal that
poorly differentiated breast, bladder and brain tumors share a more
embryonic stem cell-like signature, suggesting that their poor clini-
cal behavior may be related to the expression of embryonic stem
cell genes.'”” Although the relevance of these findings to the CSC
hypothesis is not clear, they suggest that CSCs may also express
more embryonic stem cell-like genes that regulate CSC function.

Data for a number of solid tumors support the notion that
measurable CSC-related parameters determine prognosis. Investi-
gators used an immunohistochemical approach to demonstrate
that the frequency and presence of clusters of CD133% cells in
gliomas were significant prognostic factors, with patients show-
ing shorter progression-free survival and shorter overall survival
periods independent of WHO grade, age, and extent of resection;
the frequency of CD133% cells was also a risk factor for tumor
re-growth as well as time to malignant progression for WHO
grade 2 and 3 tumors.'”® Frequencies of CSCs in head-and-neck
squamous cell carcinoma and melanoma have also been reported
to correlate with clinical parameters. Head-and-neck squamous
cell carcinomas showing >15% CD44™% tumor cells experience sig-
nificantly higher rates of tumor recurrence and lower survival rates
(L. Ailles, personal communication), while higher frequencies of
ABCB5™ tumor cells are present in more advanced melanocytic
lesions, suggesting a correlation between CSC burden and prog-
nosis in melanoma.

FINAL WORDS

Although CSCs have been identified in numerous human cancers,
whether or not CSC-directed therapies will ultimately lead to cures
remains an open question. Although this issue will, no doubt, be
the focus of investigations for years to come, the studies described
herein indicate that CSCs are likely to fulfill several of the predic-
tions of the CSC hypothesis: (i) that CSCs are relative resistant
to conventional therapies and (ii) that clinical outcomes will
correlate with measurable CSC parameters including frequency,
localization, and gene signatures. Based on these observations, we
think CSC-directed therapies show great promise for improving
clinical outcomes, but it will be important for researchers to verify
these properties for CSCs in each tumor type since they likely will
not be uniform with respect to their biologic properties, consis-
tent with their heterogeneous molecular origins.

Since CSC therapies may not induce responses like con-
ventional therapies, we think it is critical for all investigators to
be aware of the numerous potential experimental approaches
available to them when designing and evaluating their preclinical
and clinical trials. Our hope is that others will follow the lead of
those investigators who have performed the most rigorous stud-
ies by adopting preclinical experimental models that most closely
resemble the clinical setting (Table 2). Although it is simpler (but
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necessary) to test the effect of therapies on CSCs in vitro, existing
xenotransplantation models provide researchers with a powerful
system to test the efficacy of CSC therapies and aid in the rational
design of future clinical trials, whether such therapies are admin-
istered alone or in combination with existing therapies. Finally,
we hope that investigators will strongly consider combinatorial
approaches to CSC therapeutic development to directly confront
the near inevitable resistance that will develop in response to single
agent therapy. In the end, such well-designed studies offer the best
chance for bringing new and effective therapies to cancer patients.
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