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Abstract
A growing body of evidence indicates that subpopulations of cancer stem cells (CSC) drive and
maintain many types of human malignancies. These findings have important implications for the
development and evaluation of oncologic therapies and present opportunities for potential gains in
patient outcome. The existence of CSC mandates careful analysis and comparison of normal tissue
stem cells and CSC in order to identify differences between the two cell types. The development of
CSC-targeted treatments will face a number of potential hurdles, including normal stem cell toxicity
and the acquisition of treatment resistance, which must be considered in order to maximize the chance
that such therapies will be successful.

INTRODUCTION
Recent insights into tumor biology, uncovered by applying the techniques and principles of
normal stem cell biology to the study of cancer biology, indicate that in many cancers only a
subset of malignant cells has the potential to proliferate indefinitely and therefore to give rise
to macroscopic metastases or to cause tumor recurrence after treatment. It is this subset of cells,
often called cancer stem cells (CSC), that needs to be targeted and eliminated in order to achieve
cures, since the remaining cancer cells (called non-tumorigenic cells) are destined to stop
dividing or to die. The CSC hypothesis suggests that agents targeting these cells should
ultimately lead to improved outcomes for cancer patients.

PRINCIPLES OF NORMAL STEM CELL BIOLOGY
In order to fully appreciate the cancer stem cell hypothesis and its implications for therapy, it
is critical to understand basic concepts of normal stem cell biology. Most human tissues are
composed of rapidly dividing cells that continually die or are lost and that are replenished
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through tightly regulated mechanisms. In such tissues, a cellular hierarchy exists that starts
with a relatively small number of stem cells, which give rise to daughter cells, called progenitor
or transit amplifying cells, that have limited proliferative potential and that eventually
differentiate into mature effector cells. These stem cells can also undergo a type of division in
which they give rise to more stem cells by a process called self-renewal. Such self-renewal
divisions maintain the stem cell pool for the life of an organism. Since many common human
cancers arise in such hierarchical tissues, it is likely that a deeper understanding of the
properties of the tissue stem cells will yield new insights into tumor biology.

Normal tissue stem cells are characterized by three critical properties. First, stem cells must
be able to self-renew. Importantly, self-renewal and cellular proliferation are not synonymous,
since in addition to cell division the former term encompasses both the differentiation and
future mitotic potential of the daughter cells. Secondly, stem cells must give rise to daughter
cells (i.e. progenitors) that have limited proliferative potential and are destined to differentiate.
Through this process stem cells give rise to the mature effector cells that perform a given
tissue’s biological functions. Finally, the number of stem cells in normal tissues must be under
strict genetic control in order to prevent run-away expansion or exhaustion of a particular tissue.

A closer examination of the mammary gland, a tissue system involving adult stem cells that
gives rise to a common human malignancy, will demonstrate these properties. Mammary
glands are made up of tubuloalveolar structures formed by stratified epithelium that is
composed of an inner layer of luminal epithelial cells and an outer layer of myoepithelial cells.
The identification of the mammary stem cell rested on the development of an in vivo clonogenic
assay that allowed transplantation of mammary epithelial glands and cells into recipient fat
pads that were cleared of their endogenous epithelium1. Using this assay, it was initially
demonstrated that transplantation of short segments of mammary ducts led to the formation of
extensively arborized ductal networks in the recipient gland and that these result from clonal
outgrowths1-3. More recently, several studies have used fluorescence activated cell sorting
(FACS) to prospectively isolate so called mammary repopulating units (MRU), which are
synonymous with mammary stem cells. Mammary epithelial structures were dissociated, the
resulting cell suspension was stained with fluorescently labeled antibodies against surface
proteins, and sub-populations of cells were purified based on their pattern of expression of
these proteins. The various subpopulations were then injected into cleared mammary fat pads
and assayed for their ability to generate mammary gland outgrowths. These experiments
revealed that mammary glands contain a small subpopulation of cells that are able to give rise
to entire epithelial outgrowths starting from a single cell4, 5. Such epithelial outgrowths can
then be re-transplanted into new recipient fat pads for multiple generations, documenting that
MRU are able to self-renew. Since most of the cells in the outgrowths are not stem cells but
rather mature mammary epithelial cells and since these structures fill the fat pad but do not
continue to proliferate uncontrollably, MRU display the three basic properties of normal tissue
stem cells.

OBSERVATIONS SUGGESTING THE EXISTENCE OF CANCER STEM CELLS
Two key observations have long suggested that cancers may also be maintained by stem cells.
Chief among these was the observation that tumor cells are heterogeneous in their capacity to
give rise to tumors upon transplantation or to form colonies in culture assays. For in vivo tumor
transplantation, this is reflected in the large numbers of tumor cells that must usually be
transplanted to form a tumor. For primary human and mouse tumors, this number often resides
in the thousands or millions6-8. Similarly, usually less than 1% of primary tumor cells cultured
in vitro can give rise to colonies8-10. The other observation suggesting that cancers may contain
stem cells is that tumors often recapitulate the histologic and molecular heterogeneity of the
normal tissue from which they are derived. For example, many well- or moderately-
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differentiated squamous cell carcinomas form organized layers of tumor cells that are
histologically similar to normal stratified squamous epithelia. Furthermore, analysis of
differentiation markers can reveal similar patterns in tumors and normal tissues. This suggests
that there may be a hierarchical relationship among tumor cells, with more immature cells
giving rise to more mature-appearing cells, analogous to what is seen in normal tissues.

IDENTIFICATION OF CANCER STEM CELLS
The existence of CSC was first documented in acute myelogenous leukemia (AML). In the
majority of patients with AML, leukemic stem cells reside in the CD34+CD38− subpopulation,
which are the only these cells that can lead to engraftment of human leukemia in NOD/SCID
mice. The more numerous leukemic blasts, generally displaying the CD34−CD38+

immunophenotype, are unable to transplant the disease11, 12. Soon after these discoveries, other
investigators showed that CSC can be prospectively isolated from solid tumors. This was first
accomplished for human breast cancers where tumorigenic activity was found to be highly
enriched in cancer cells with the CD44+CD24−/lowLineage− immunophenotype.
Transplantation of as few as 100 of these cells led to tumor formation in mice while tens of
thousands of the remaining cancer cells did not13. Importantly, tumors arising from
CD44+CD24−/lowLineage− cells contained the entire diversity of cancer cells found in the
primary tumor, including cells with the CSC immunophenotype and a large population of cells
with the non-tumorigenic cell immunophenotype. Re-transplantation of cells from first
generation xenografts similarly led to tumors displaying the immunophenotypic diversity of
the primary tumor. These data indicate that human breast cancers contain a hierarchy of cancer
cells that originates from CD44+CD24−/lowLineage− CSC, which have the capacity to self-
renew.

More recently, CSC-enriched populations have been isolated from many other human
malignancies including those arising in the brain14, prostate15, colon16, 17, head and neck18,
pancreas19, 20, and liver21. Thus, many human tumors appear to be maintained by
subpopulations of CSC that are able to self-renew and to give rise to non-tumorigenic cells
with limited proliferative potential.

CANCER STEM CELLS AND RESISTANCE TO CYTOTOXIC THERAPIES
A large number of the most frequently used therapies for cancer induce cell death by inducing
DNA damage. These agents are also toxic to normal stem cells and their progeny. Fortunately,
normal stem cells have evolved multiple mechanisms to protect themselves from toxins and
genotoxic stress, which make them relatively resistant to cell killing with cytotoxic agents.
This phenomenon can be observed clinically in patients treated with non-myeloablative
cytotoxic regimens, since such therapies often result in drastic depletion of mature white and
red blood cells as well as platelets. However, such drug-induced pancytopenia is transient, and
several weeks later most patients completely recover. Such hematopoietic recovery would not
be possible if hematopoietic stem cells were also eradicated by the drugs, suggesting that these
cells are relatively resistant compared to most of their more mature counterparts. Similar organ
recovery following chemotherapy can also be observed in the gastrointestinal tract.

The apparent similarities between normal stem cells and CSC led to the hypothesis that CSC
may be relatively resistant to common chemotherapeutic agents compared to their more
differentiated non-tumorigenic counterparts22 and that improvements in patient outcomes
might be achieved by directly targeting CSC (Figure 1). Mounting evidence suggests that this
is the case. Recent studies have shown that “cancer stem cell-like cells” present in some
established cell lines and in long-term xenografts appear to be relatively resistant to cytotoxic
chemotherapeutics23-26. Since it remains to be determined how representative such “cancer
stem cell-like” cells are of CSC in primary tumors, another group analyzed human
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CD44+ESA+ colon cancer stem cells in early passage xenografts and found that these were
enriched in xenografts that had been treated with cyclophosphamide compared to untreated
control tumors27. Enrichment was documented both as an increased percentage of cancer stem
cells as measured by flow cytometry and as higher tumor forming capacity in limiting dilution
assays. Recently, Chang and colleagues extended these observations to human patients. They
measured the frequency of cancer stem cells in tumors of women receiving neoadjuvant
chemotherapy for locally advanced breast cancer and found that cancer stem cells accumulated
after treatment with cytotoxic chemotherapy, but not with certain biologically-targeted
agents28. Thus, CSC in some tumors appear to be resistant to cytotoxic chemotherapies. As is
discussed elsewhere in this issue, CSC in some tumors also appear to be resistant to
radiotherapy. These findings suggest the overcoming CSC resistance mechanisms to cytotoxic
therapies may result in higher cure rates.

What are the mechanisms by which cancer stem cells resist chemotherapy- or radiotherapy-
induced cell killing? One possible explanation involves cell cycle kinetics of CSC. Rapidly
dividing cells have long been known to be more sensitive to cytotoxic therapies than quiescent
cells. It has been shown that at least a subset of leukemia stem cells are quiescent and resistant
to chemotherapy29. A similar phenomenon may exist in malignant epithelial stem cells,
although this has not been conclusively documented. While a subset of skin stem cells are
thought to be quiescent 30, at least a subset of normal intestinal stem cells divide daily31. Also,
cell cycle profiles of human breast CSC and non-tumorigenic cells were found to be identical,
arguing against large difference in cell cycle status between these populations13.

Other commonly cited mechanisms of CSC resistance to cytotoxic agents include the
expression of multiple drug resistance transporters32-34, residing in hypoxic niches, enhanced
DNA repair capacity, and the expression of specific drug detoxifying enzymes16, 27, 35. It is
likely that CSC employ a combination of mechanisms that make them relatively resistant to
cytotoxic therapies compared to their progeny. Furthermore, the mechanisms that predominate
will likely vary between tumor types and even within tumors arising from the same organ. The
CSC hypothesis implies that identification of the specific resistance mechanisms at work on
these cells will allow rational design of chemo- and radio-sensitization protocols that could
lead to higher tumor control and cure rates.

THERAPEUTIC TARGETING OF CANCER STEM CELLS
The CSC hypothesis predicts that the most effective clinical therapeutics would target survival,
self-renewal or other critical pathways in CSC while causing minimal toxicity to normal cells.
This suggests that research efforts must 1) identify the critical survival and self-renewal
pathways that are active in CSC and 2) find ones that do not overlap with critical normal tissues
and particularly their stem cells. The first goal is facilitated by the ability to separately isolate
CSC and their non-tumorigenic counterparts. Since these two populations of cancer cells are
closely related, they would be expected to share many similarities, including at the level of
gene and protein expression. However, given the functional differences that exist between the
two cell types, they also most contain specific differences, many of which are likely to be
involved in important stem cell functions such as self-renewal. Precedent for this prediction
comes from normal stem cell studies, where comparison of stem cells and their progenitors
has allowed the identification of stem cell-specific gene expression programs in a variety of
normal tissues5, 36-40. Importantly, comparisons of CSC and their non-tumorigenic
counterparts may more rapidly identify critical self-renewal and survival genes and pathways
than the more classical approach of comparing bulk tumor cells to normal tissues (Figure 2).

One vexing dilemma in the nascent field of CSC-based therapeutics is the high similarity
between CSC and normal tissue stem cells, which complicates the second aforementioned goal
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of CSC-directed therapy – avoiding normal stem cell toxicity. The functional similarity
between cancer and normal stem cells suggests that many pathways or markers that are
specifically overexpressed by CSC compared to non-tumorigenic cells will also be
overexpressed in normal tissue stem cells compared to their more mature counterparts. If this
is the case, many potential CSC-specific therapies may induce significant normal tissue stem
cell toxicity, just like standard cytotoxic therapies. The solution to this problem is identifying
CSC-specific targets that are not vital to normal tissue stem cells, or at least not to critical
normal tissue stem cells. For this reason, studies comparing CSC expression profiles and
functional properties with those of relevant normal stem cells will be critical.

TARGETING CSC VIA MONOCLONAL ANTIBODY-BASED THERAPIES
The surface markers used to isolate CSC and their non-tumorigenic counterparts currently
represent the most conspicuous expression differences between the two cell types. While it
remains unclear if these markers play critical roles in CSC biology, they serve as attractive
targets for monoclonal antibody based therapies. For solid tumors, one of the most useful CSC
markers is CD44, which enriches for tumorigenic cells in breast13, prostate15, colon16, 17, head
and neck18, pancreas19, 20, and liver21 tumors. The role CD44 plays in CSC biology remains
poorly defined. It is widely expressed and extensively alternatively spliced as well as
glycosylated. Furthermore, it can bind a number of ligands, including hyaluronan, osteopontin,
and fibronectin, and can participate in adhesion as well as signal transduction41. Whether or
not CD44 is intimately involved in CSC biology, it clearly is a cell surface marker that could
serve as a potential target for monoclonal antibody-based therapies. Work along these lines
has been performed in acute myelogenous leukemias (AML), where the leukemia stem cells
(LSC) usually express a CD34+CD38− phenotype. Jin and colleagues found that they often
also express significant levels of CD44. Treatment of immunodeficient mice bearing human
AML grafts resulted in dramatic reduction of leukemia burden. Secondary transplants of
leukemic cells into new recipients readily transplanted the disease if donors with pre-treated
with control antibody, but could not transplant the disease at the cell numbers tested in anti-
CD44 treated animals. Mechanisms invoked to explain this effect included the induction of
differentiation of LSC and the interference with proper niche homing42. However, given the
relatively diverse tissues and cell types that express CD4443, it is unclear whether this particular
antigen will be useful clinically. Nonetheless, these preclinical data suggest that the cell surface
antigens used to isolate LSC and likely CSC could potentially serve as useful therapeutic
targets.

One potential shortcoming of targeting CSC surface antigens is that many such antigens may
also turn out to be overexpressed by normal tissue stem cells. Thus, the expression of any
proposed therapeutic target must be analyzed on critical normal tissue stem cells. While a
systematic comparison of CSC and normal stem cells remains technically challenging, a
number of investigators have tested the effect of proposed CSC-specific therapies on normal
tissue stem cells. For example, in the aforementioned study on CD44 as a therapeutic target
on AML LSC, the investigators also treated immunocompromised mice engrafted with normal
human cord blood with anti-CD44 and found that unlike for the leukemic samples, engraftment
of cord blood was minimally affected42. This result suggests that anti-CD44 therapy may spare
hematopoietic stem cells. Before this approach could be considered a potentially viable
therapeutic strategy for leukemias or solid tumors, it will be important to assess its effect on
other types of stem cells, especially those of epithelial tissues.

TARGETING CSC VIA STEM CELL-SPECIFIC PATHWAYS
The CSC hypothesis suggests that the most effective therapeutics would target survival or self-
renewal pathways specific to CSC compared to their normal tissue counterparts. Such agents
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would kill or inactivate CSC while sparing normal stem cells. It is currently unclear how many
such pathways will be identified. Clearly, careful molecular comparisons of CSC and normal
tissue stem cells will be critical in making advances in this area.

While much work remains to be done, promising data exist which suggest that such CSC-
specific pathways can be successfully targeted. Specifically, a number of pathways known to
be important in oncogenesis and oncologic therapy have also been implicated in stem cell self-
renewal. For example, HER2 overexpression is found in ~25% of human breast cancers. These
tumors are characterized by aggressive growth and a high likelihood of metastasis. Over the
past few years, targeting of HER2 using the monoclonal antibody trastuzumab or small
molecule lapatinib have led to dramatic improvements in outcomes for this subset of breast
cancers44, 45. Recent studies indicate that HER2 overexpression is closely linked to stem cell
function. Overexpression of HER2 in normal human mammary epithelial cells leads to
enhanced production of mammary outgrowths upon transplantation into immunocompromised
mice46. Similarly, introduction of HER2 into mammary cell lines increases their tumorigenicity
and the percentage of ALDH1 positive cells, which appears to be a CSC marker in some
tumors16, 27, 35. Importantly, a recent study found that breast CSC accumulated after
neoadjuvant treatment with cytotoxic chemotherapy, but appeared to be reduced after treatment
with lapitinib28. These data suggest that HER2 overexpression is linked to breast CSC function
and that the clinical effectiveness of therapies targeting this pathway may be due to toxicity
against CSC.

Other potential CSC-related pathways that could serve as therapeutic targets include WNT5,
47, NOTCH48, Hedgehog49, BMI118, 39, 50, 51, PTEN52 and BMP53, 54. Another example is
the pro-survival transcription factor NF-κB. Studies by Jordan and colleagues suggest that the
drug parthenolide, which inhibits NF-κB and elevates intracellular reactive oxygen species,
may be selectively toxic for human AML stem cells compared to normal hematopoietic stem
cells55. Interestingly, NF-κB signaling also seems to be activated in breast CSC, at least as
measured by gene expression profiling56. Future efforts to develop drugs targeting these
pathways combined with analysis of their effects on CSC populations in human tumors holds
significant promise for developing CSC-directed therapies.

THE ORIGINS OF CANCER STEM CELLS AND IMPLICATIONS FOR THERAPY
A common point of confusion surrounding the CSC hypothesis concerns the origin of CSC in
relation to normal tissue stem cells. Currently there are two predominant models explaining
the development of CSC. The first argues that normal tissue stem cells are the cell of origin.
Proponents of this view usually point to the fact that normal tissue stem cells are thought to be
the only long-lived populations in most rapidly renewing tissues and therefore represent the
likely candidate for accumulation of mutations. The identification of leukemia stem cells
bolstered this model, since in many patients with AML, the markers used to isolate the AML
stem cell (CD34+CD38−) are shared by the normal hematopoietic stem cells.

The second model posits that cancer stem cells can also arise from progenitor cells that have
newly acquired the ability to self-renew. Evidence for this model stems from a variety of
sources. First, Fialkow and colleagues studied X-linked inactivation of glucose-6-phosphate
dehydrogenase in female leukemia patients with heterozygous alleles of this enzyme and found
that in chronic myeloid leukemia (CML) and AML the leukemic cells could sometimes give
rise to mature cells of both the myelocytic and lymphocytic lineages. In the majority of patients
they only gave rise to cells of the myelocytic lineage. This suggested that in many cases
leukemia arises in cells with restricted differentiation capacity, which would favor a normal
progenitor rather than the hematopoietic stem cell as the transformation precursor57-59. More
recent studies of the progression of chronic phase CML to blast crisis by Jamieson and
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colleagues has shown that although leukemia stem cells expressing an immunophenotype
similar to hematopoietic stem cells are the self-renewing cells in chronic phase CML, leukemic
cells expressing a marker profile similar to that of more mature normal progenitor cells are the
self-renewing cells in blast crisis CML60. Thus, in many cases progenitor cells appear to be
the transformation precursors of CSC.

In tumors where CSC are derived from progenitor cells, one would expect these cells to partially
retain expression profiles of these progenitors. A recent study utilizing a murine leukemia
model supports this idea. Kristov and colleagues initiated leukemias by transducing committed
murine granulocyte macrophage progenitors with the MLL–AF9 fusion protein. This led to
the development of a leukemia with an identifiable leukemic stem cell subpopulation. Gene
expression profiling revealed that the leukemic stem cells mostly expressed genes found in
normal progenitors and not in hematopoietic stem cells. However, they also “re-activated” a
small group of genes that are only expressed by hematopoietic stem cells and not by the normal
progenitors61. Extrapolating to solid tumors, it is possible that CSC in at least some tumors
arose from normal progenitor cells. Such CSC would then be expected to express many markers
found in progenitor cells and not in normal stem cells. These markers could serve as ideal
therapeutic targets, since the long term toxicity of eliminating both CSC and normal tissue
progenitor cells should be readily reparable by the unaffected normal tissue stem cells.

TREATMENT RESISTANCE AND CSC-DIRECTED THERAPIES
Clearly, the existence of CSC in solid tumors has immense implications for cancer therapy.
The excitement generated by this avenue of research must be tempered by the likelihood that
traditional mechanisms of drug and radiation resistance will likely continue to present
challenges in the clinic. Since CSC appear to be present in many patients with solid tumors
who are currently being treated with various cytotoxic and biologic agents, typical patterns of
tumor response should give clues to mechanisms of resistance that will likely also plague CSC-
directed therapies. One instructive example occurs when tumors are initially responsive to
chemotherapy and/or biologically targeted agents but after an initial period of shrinkage
develop subsequent regrowth even while still being exposed to the therapeutic agents. Based
on the data presented above and elsewhere in this issue, it is likely that the initial shrinkage is
due at least in part to the disproportionate death of non-tumorigenic cancer cells compared to
CSC. This results in a tumor that is relatively enriched for CSC. The fact that such tumors often
regrow even while still exposed to the agents they were initially sensitive to indicates that they
have acquired resistance.

How can the acquisition of treatment resistance be explained in light of the CSC hypothesis?
Two competing models fit the observations. First, the CSC hypothesis predicts that acquisition
of resistance must have occurred in a CSC. Given that many tumors are genomically unstable,
it is likely that a given tumor contains multiple subclones of CSC with different sets of
mutations and genomic aberrations. As CSC are repeatedly exposed to a given therapy, a CSC
clone that contains genetic alterations which make it resistant to the therapy is selected for,
leading to relapse. In this model, the percentage of CSC in the resistant tumors would be roughly
the same as in the original tumor. Along these lines, a recent study on colon CSC suggests that
genomic instability within CSC can lead to new clones of CSC, which have a similar but
nonidentical karyotype compared to the parental clone62. These CSC can give rise to
differentiating progeny that also contain the new karyotype.

A second model explaining the development of resistance argues that as tumors progress, CSC
acquire additional mutations which restrict their ability to give rise to differentiating progeny
and which preferentially promote CSC self-renewal. Since CSC appear to be intrinsically
resistant to many therapies, this would explain why tumors appear to become unresponsive to
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previously effective therapies. In this model, one would expect the recurrent tumors to contain
higher frequencies of CSC than the initial tumor. Thus, the natural history of tumor response
to current therapies suggests that intrinsic stem cell resistance pathways and acquisition of new
mutations could both contribute to resistance.

OVERCOMING CSC TREAMENT RESISTANCE
The clinical observations of treatment failure and recent data suggesting that genomic
instability can result in CSC subclones indicate that dynamic development of treatment
resistance will likely also plague CSC-directed therapies (Figure 3 A). Furthermore,
microenvironmental characteristics such as tumor hypoxia and pharmacologic parameters such
as drug penetration will also affect future CSC-specific therapies. At least initially, it is likely
that the best approach to solving these problems will be the use of multimodality treatment
paradigms. Much of the progress that has been made in recent decades in decreasing the
morbidity and mortality of malignancies can be attributed to the use of combined modality
treatment regimens such as chemoradiation, and combinations of multiple chemotherapeutics
with targeted biologic agents. These time tested approaches will also likely be the best way to
overcome the problem of selecting for CSC harboring resistance-promoting mutations.
Particularly, we propose that combining cytotoxic therapies with new CSC-targeted agents
may give the highest chance for increasing cure rates (Figure 3 B). In this approach, cytotoxic
agents would “debulk” non-tumorigenic cells and cause modest levels of cell killing among
CSC while the CSC-directed agents would aim to eliminate any surviving clonogens. For
localized and oligometastatic disease, the combination of CSC-specific agents with ionizing
radiation holds particular promise. It is likely the many CSC-targeted therapies will also
adversely affect closely related normal tissue stem cells, and this poses potential problems for
combining them with systemic chemotherapy. However, the combination of the anatomically
restricted dose distributions achievable with modern radiotherapy techniques and carefully
dosed CSC-targeted agents could allow relative sparing of normal tissue stem cells outside of
the high dose region and could lead to a significant increase in the therapeutic index.

EVALUATING TREATMENT EFFICACY
The CSC hypothesis may explain an important paradox in oncologic drug development: tumor
response rates and cure rates are often not linked63-65. In the past, drugs have usually been
selected in Phase I and II trials for their ability to induce grossly measurable responses. These
responses may mostly reflect elimination of the often more numerous non-tumorigenic cancer
cells and thus obscure the fact that CSC are being preferentially spared. These observations
suggest that there is a critical need for new methods of evaluating treatment efficacy,
particularly in Phase I and II trials where local control rates and overall survival cannot be
reliably assessed due to lack of a control group. Work in this area is still in its infancy, although
a combination of approaches will likely be needed. First, preclinical assays using early passage
xenografts and specially optimized culture systems need to be developed to allow rapid
assessment of CSC viability27, 48. Second, molecular and histopathologic techniques must be
identified which allow reliable measurements of CSC frequency to be made in tissue
sections66-68. Finally, new molecular imaging approaches must be developed that allow in
vivo measurements of stem cell frequency over time, without exposing patients to repeated
biopsies that are not feasible for many tumor sites69. For the last two approaches, it will be
critical to compare results from the new techniques to CSC frequency as determined using in
vivo limiting dilution assays. Only with such tools will it be possible to rapidly develop and
test potential CSC-directed therapies and therefore increase the likelihood that a Phase 3 trial
testing such a therapy will be positive.
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CONCLUSION
The growing body of evidence indicating that CSC drive and maintain many types of human
malignancies has important implications for the development and evaluation of oncologic
therapies. The CSC hypothesis suggests that identifying similarities and differences between
CSC, non-tumorigenic cells, normal stem cells, and normal differentiated cells will allow the
rational development of CSC-targeted agents with relatively low risks of normal tissue toxicity.
Assessing the efficacy of such treatments will require the advent of new approaches to assessing
CSC frequency and viability within tumors. Furthermore, classic mechanisms of treatment
resistance, such as clonal selection and the tumor microenvironment, will continue to present
obstacles for achieving cure. It is therefore likely that combinations of cytotoxic, biologic, and
CSC-directed therapies will ultimately allow the largest possible improvements in patient
outcomes.
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Figure 1. Implications of the CSC hypothesis for cancer treatment
Conventional cytotoxic therapies can shrink tumors, but may preferentially spare some CSC.
Since CSC are left behind, tumors will eventually regrow. However, CSC-targeted therapies
could remove the self-renewing tumor cells and thus lead to tumor stabilization and likely
eventual regression.

Diehn et al. Page 13

Semin Radiat Oncol. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2. Identifying CSC-specific therapeutic targets
Isolation of CSC allows comparison of CSC to their non-tumorigenic counterparts and to
normal tissue stem cells. This facilitates the development of CSC-specific therapies. FACS-
fluorescent activated cell sorting.
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Figure 3. Overcoming resistance to CSC-directed therapies
Genomic instability within CSC likely results in CSC subclones, some of which may harbor
genetic changes that make them partially resistant to a given CSC-specific therapy. Therefore,
treatment with a CSC-specific therapeutic may fail due to selection for resistant CSC. However,
multimodality approaches which combine conventional cytotoxic agents and CSC-specific
therapies may overcome this problem. While CSC may be partially resistant to either modality,
their combined effects could lead to the elimination of all CSC. This approach has the additional
benefit of rapidly debulking tumors due to the effect of cytotoxic therapies on non-tumorigenic
cells.
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