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Abstract
Based on findings that cancer cell clonogens exhibit stem cell features, it has been suggested that
cancer stem-like cells are relatively radioresistant owing to different intrinsic and extrinsic factors,
including quiescence, activated radiation response mechanisms (e.g., enhanced DNA repair,
upregulated cell cycle control mechanisms and increased free-radical scavengers) and a
surrounding microenvironment that enhances cell survival mechanisms (e.g., hypoxia and
interaction with stromal elements). However, these radiosensitivity features are probably dynamic
in nature and come into play at different times during the course of chemo/radiotherapy.
Therefore, different molecularly targeted radiosensitization strategies may be needed at different
stages of therapy. This article describes potential sensitization approaches based on the dynamics
and changing properties of cancer stem-like cells during therapy.
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It has long been recognized that tumors are heterogeneous in their radiation response. In
some cases, the degree of radiosensitivity was believed to be related to intrinsic properties
(e.g., DNA repair capability and proliferation status) and to extrinsic properties (e.g., degree
of hypoxia within the tumor) of the tumor cell population, which impacted their ability to
withstand radiation insult. Therefore, to better understand features that control
radiosensitivity, researchers examined tumor cell populations for these properties and then
tried to interfere with these resistant pathways to enhance radioresponse. Alternatively,
researchers selected tumors that survived radiation treatment and tried to determine whether
the radioresistant phenotype persisted. If radioresistant tumors were transplanted into new
hosts and again challenged with radiotherapy, in contrast to the setting of chemotherapy –
where chemoresistant clones could be readily selected – transplanted radioresistant tumors
generally maintained a similar radiosensitivity profile to that of the original tumor [1–3].
This suggested that, while radiosensitivity is strongly influenced by intrinsic cellular
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determinants, it is also strongly influenced by a common pathophysiological makeup (e.g.,
the degree of hypoxia), which impacts radiosensitivity and is present in both the original and
transplanted tumors. In other cases, the degree of radiosensitivity was believed to be related
to the amount of cellular heterogeneity within the tumor. That is, tumors with a high level of
heterogeneity might have increased frequencies of subsets of cells exhibiting radioresistant
features and, therefore, might be more radioresistant.

Early studies in radiobiology employed both in vitro and in vivo clonogenic assays to
address various determinants of cell and tumor radioresponse (for review, see [4,5]). Early
in vitro studies suggested that only a small fraction of freshly harvested tumor cells could
initiate clonogenic growth. Similarly, using in vivo transplantation assays in appropriate
hosts (mostly transplantation of murine tumors into syngeneic mice), only a small fraction of
inoculated cells were found capable of initiating the growth of new tumors. These
apparently rare cells were given various names (e.g., tumor clonogens, cancer-initiating cells
and cancer stem cells) [6–8]. Different tumors appeared to have different frequencies of
tumor-initiating cells. Importantly, as illustrated in our own studies [8], tumor populations
that had a higher frequency of clonogens were relatively more radioresistant than tumors
with fewer clonogens (Figure 1). Interestingly, the efficiency of these cells to initiate new
tumors could be strongly influenced by experimental conditions. For example, by mixing in
irradiated cells, compromising the host rejection responses by immunosuppressive
strategies, or irradiating the tumor inoculation site (causing a local inflammatory response),
the efficiency of tumor initiation was significantly increased [9–11]. Even under these
enhanced conditions, different tumors exhibited a broad range of frequencies of tumor-
initiating cells. However, in some cases, as few as virtually one cell could initiate a new
tumor [11]. These results suggested that different tumors contain different frequencies of
clonogenic cells, and the ability of clonogenic cells to initiate new tumors may also depend
on the local microenvironment in the host.

The nature of cancer clonogenic cells was not well understood for a number of years owing
to a lack of means to identify and characterize these ‘rare’ cells. Early studies using bromo-
deoxyuridine (BrdU) pulse-chase labeling technologies suggested that these populations
were quiescent in the setting of the developed tumor, yet were drawn into proliferation upon
tumor mass reduction [12,13]. Other studies suggested that cancer clonogenic cells exhibited
an increased ability to exclude certain compounds (e.g., vital dyes, such as Hoechst 33342)
in association with high expression of membrane drug transporters [13]. Using these handles
for enrichment and cell-sorting technologies, investigators began to isolate these cells,
characterize their unique features and demonstrate an enrichment of clonogenic efficiency in
vivo [14,15].

In the hematopoietic setting, it was found that the leukemia clonogenic cells expressed many
of the markers found on normal hematopoietic stem cells (e.g., CD34+/CD38-) and that
these cells could preferentially regenerate new tumors upon transplantation into suitable
hosts [16]. Importantly, the grafts regenerated the heterogeneity found in the original tumor,
suggesting that these cells could both initiate new tumors, as well as differentiate into more
mature components. Since these properties mirrored that of stem cells in normal organs, the
hypothesis evolved that cancer development has many common features with normal organ
development, including the ability of the stem cells to self-renew, differentiate and respond
in a homeostatic manner when injured.

As reviewed well elsewhere [14,17–19], this notion was extended further into solid tumors,
whereby normal stem cell markers (e.g., CD133 for glioblastoma and CD44 for breast
cancer) were used to identify and enrich tumor stem cells for further characterization.
Interestingly, these studies suggested that these so-called cancer stem-like cells (CSCs)

Hittelman et al. Page 2

Future Oncol. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



shared many of the same regulatory pathways that are important in normal organ
development, raising at least two important possibilities. First, these CSCs were derived
from normal organ stem cells that have undergone genetic alterations, leading to the tumor
phenotype. Alternatively, these CSCs were tumors cells that had simply reutilized inherent
regulatory pathways typical of their tissue of origin. These hypotheses have led to
considerable recent controversy over the existence and nature of CSCs [20,21].

Recent studies have suggested that the evident frequency of CSCs is highly dependent on
the model system and conditions used in the experiment. For example, in the setting of
melanoma, new tumors can be initiated with as few as one cell when model systems are
optimized for tumor take (e.g., enhanced immunosuppression) [22]. Moreover, in some
settings, cells not expressing supposed CSC markers (e.g., CD133- cells) were also capable
of initiating new tumors (albeit with decreased efficiency) and regenerating the same degree
of heterogeneity as cells expressing supposed cancer stem cell markers (e.g., CD133+ cells).
Part of the problem with interpreting the results of studies using purported CSC-specific
markers is that the antibodies being used recognize epitopes on these markers that may
reflect post-translational modifications (e.g., glycosylation) [23] or may be accessible in
some functional states but not others (e.g., protein folding owing to interactions with other
moieties) [24]. As reviewed recently, these findings have led to intermediate concepts [25].
First, not all tumors exhibit typical CSC characteristics. For example, while hematopoietic
malignancies may exhibit many self-renewal and differentiation characteristics, similar to
that of the normal hematopoietic system, other tumors (e.g., melanoma) may not. Second,
tumor cells may exhibit a more plastic phenotype, where they can dynamically pass into and
out of the stem cell phenotype but are still capable of initiating new heterogeneous tumors
[26,27]. These notions are currently being tested at the genomic, epigenomic and proteomic
levels in concert with in vivo transplantation studies.

Molecular characterization & regulation of cancer stem-like cells
The ability to enrich CSCs on the basis of defined markers has led to a characterization of
molecular pathways that regulate their self-renewal, differentiation and capability to initiate
new tumors. Since studies in some settings suggested that CSCs shared some normal stem
cell characteristics, it has been suggested that these CSCs may sit in ‘niches’ or tissue
microenvironments, whereby stromal components, including cancer-associated fibroblasts,
matrix, other support cells, vasculature and secreted factors, all contribute to the regulation
of proliferation, self-renewal and differentiation of the CSCs [28–31]. While different
cohorts of regulatory pathways have been described in a variety of tumor settings, certain
pathways appear to be frequently involved, including Notch, sonic hedgehog and Wnt
[32,33]. Notch activation has been found to be important in maintaining the self-renewal of
stem cells in various normal niche settings, possibly associated with the inhibition of
differentiation. The Wnt signaling pathway has been thought to maintain self-renewal in
various ways, including enhanced proliferation status of stem cells and controlling the
ability of stem cells to remain physically associated with the niche [34,35]. Similarly, the
hedgehog pathway is also thought to play a role in regulating proliferation and survival of
the stem cells [36–38]. In some settings, these pathways are closely related to those
pathways observed in the normal organ developmental setting.

The idea that CSCs may exist in microenvironmental niches is also important in
understanding the potential dynamic state of CSCs [28,39–41]. For example, just as in
normal tissue settings, while CSCs are generally in a quiescent state, they may respond to
tumor injury in a homeostatic manner by re-entering the proliferative state with enhanced
self-renewal properties. Then, as the tumor bulk expands, feedback signals may be activated
that then push for decreased self-renewal (e.g., decreased symmetrical divisions of the
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CSCs), maturation and a return of CSCs to a more quiescent state. Early evidence
supporting this dynamic response to tumor injury came from mouse model systems, where
the number and proliferative status of tumor-initiating cells were evaluated by traditional
methodologies (i.e., tumor cell dose required to initiate tumors in 50% of animals, tumor
control dose 50% [TCD50] and tritiated thymidine suicide). Following radiation and
reduction in tumor bulk, CSCs were found to undergo a transient period of accelerated
repopulation until the tumor mass was restored [42–45]. Similarly, just as in normal tissue
settings, CSCs may exit the niche for various periods of time, lose the expression of
purported CSC markers and later return the niche and regain their CSC markers [17,46]. The
important concept here is that CSCs probably have a very dynamic, context-associated
component; this may be overlooked when trying to characterize inherent properties of CSCs
based simply on cell markers.

It is also important to consider the possibility that there exists extensive biological
heterogeneity within the CSC population that differentially influences radioresponse. Since
most human tumors are believed to have evolved through a progressive, multistep process of
genetic and epigenetic events, it is likely that, by the time of tumor presentation, multiple
CSC subpopulations exist [25,47]. To examine this possibility, we utilized a recently
reported color-coding technology (Brainbow vectors), which permits the visual
identification of clonal variants within tumors [48]. When these color-coded populations
were grown in vitro, clonal derivatives occupied spatially distinct regions within the growth
plane. When these populations were grown as tumor xenografts in nude mice, we observed
multicolor tumors, whereby individual clonal variants occupied spatially distinct regions
within the tumor with distinguishable growth patterns (e.g., compact vs dispersed clonal
patches). This result suggests that each color-coded neighborhood was initiated by a single
CSC variant. Interestingly, different CSC variants exhibited different efficiencies of focus
initiation, growth rate and differential response to irradiation. This suggests that, even within
tumor populations, different subpopulations of CSCs may exhibit heterogeneous biological
features that influence ultimate radioresponse.

Factors that influence cancer stem-like cell radiosensitivity
As reviewed extensively elsewhere [5], many factors have been found to determine tumor
response to radiotherapy. Intrinsic determinants of radiation sensitivity include DNA repair
capability, cell cycle status and regulation of pathways that protect from cellular stress
(survival pathways). Within the tumor, physiological context can also influence
radiosensitivity. For example, since DNA damage induction is oxygen-dependent, cells
sitting in a hypoxic environment are more radioresistant than cells sitting in a well-
oxygenated compartment. As described earlier, at the tumor level, the degree of
radiosensitivity of the intact tumor correlates with the number of CSCs at the time of
treatment. Since radiation is usually given in a fractionated schedule over several weeks, the
rate of accelerated repopulation between treatment fractions can also influence tumor
radioresponse. Finally, the ability of the remaining surviving cells at the end of radiation
therapy to re-establish the CSC niche also influences the final outcome of radiation
treatment.

With the identification of markers associated with cells exhibiting the properties of CSCs,
and subsequent cell selection based on these markers, a number of investigators have
recently examined the aforementioned radiosensitivity determinants in cell populations
enriched for CSCs in an attempt to identify targetable pathways to enhance radioresponse.
Since these studies have been well reviewed [49–52], we will briefly summarize some of the
results. In general, it has been suggested that CSC subpopulations are relatively
radioresistant compared with non-CSC subpopulations. For example, CSCs isolated from a
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variety of tumor settings based on CSC-associated surface markers exhibit lower levels of
reactive oxygen species, both before and following radiation treatment, potentially as a
result of increased levels of free-radical scavenging substances within the cells (e.g.,
glutathione and superoxide dismutases) [53]. The result of this would be decreased levels of
DNA damage immediately following radiation. Similarly, using indirect measures of DNA
damage and its repair (kinetics of phosphorylated H2AX-γ foci and DNA comet assays),
enriched CSC cell populations (i.e., CD44+/CD24- breast cancer and CD133+ glioma CSCs)
showed enhanced DNA repair capability compared with non-CSC-enriched cell populations
[54]. This property was associated with an increased ability to activate DNA damage
checkpoint responses following radiation (e.g., activation of Chk1 and Chk2 checkpoint
kinases), which serves to slow cell cycle progression and permit repair prior to cell division.
Indeed, targeting these pathways using Chk inhibitors enhanced radiation response, both in
in vitro and in vivo model systems.

Another property of CSCs that is associated with relative radioresistance is their quiescent
status. In general, quiescent cells are more radioresistant than proliferating cells, with G2/M
cells being most radiosensitive and late S phase most radioresistant. However, it should be
noted that, with fractionated radiation, loss of tumor bulk leads to the re-entry of the CSCs
into the cell cycle and a period of accelerated repopulation (Figure 2). More recently, these
sets of events were directly visualized based on the purported property of decreased
proteasomal activity of CSCs and the use of a proteasome-sensitive living cell dye. In the
setting of breast cancer cell mammospheres, the relative frequency of CSCs in the
mammosphere populations was found to increase following irradiation during rebound
growth, further supporting the idea that CSCs are recruited back into the cell cycle in a
homeostatic fashion following radiation [55]. Thus, while these regenerating CSCs may
exhibit increased radiosensitivity with subsequent fractions, the ultimate radioresponse at the
tumor level is dependent on the balance between enhanced intrinsic radiosensitivity and the
rate of CSC self-renewal (e.g., enhanced symmetric divisions of the CSCs) [56]. If the CSCs
repopulate quickly between radiation fractions, they can overcome the degree of cell kill
with each fraction.

An additional property of CSCs that can affect radiosensitivity is their oxygenation status in
the tumor at the time of radiation [57]. It is still unclear where CSCs exist within the tumor.
For example, using some CSC cell surface markers (e.g., CD133+) to localize CSCs in brain
tumor populations, it has been suggested that the CSCs reside in a perivascular niche region
[55,58] and, therefore, would be expected to be well oxygenated unless they have suffered
intermittent changes in the level of oxygenation leading to frequent transient periods of
hypoxia [59]. On the other hand, our own unpublished pulse-chase studies in one model
system to identify the location of label-retaining cells suggest that these cells reside in
regions bordering necrosis, implying they have been exposed to chronic hypoxia. Along
these lines, prior studies from our group examined tumor subpopulations fractionated on the
basis of buoyant density [60,61]. We found that the fractions containing the more
oxygenated cells exhibited higher clonogenic capacity but were more radiosensitive. On the
other hand, the most radioresistant cell fractions were derived from the more dense (i.e.,
hypoxic) compartment, but were inherently less clonogenic. Thus, one would have to
conclude that CSC subpopulations exist in varied tumor compartments where
radioresistance mechanisms may be differentially expressed.

It has also been suggested that CSCs exist in a microenvironment that can impact their
survival capability following the stress of radiation treatment [62–64]. For example, direct
CSC cellular interactions with surrounding cells have been suggested to upregulate survivin
levels and decrease apoptotic response. Similarly, CD133+ glioma CSCs have been found to
express increased levels of protective autophagy proteins following irradiation; inhibition of
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expression of these proteins has been associated with an increased radiation response in in
vitro sphere-forming studies [65]. Since there may be heterogeneity between CSC
subpopulations within heterogeneous tumors, it is also possible that some CSC
subpopulations can impact the radiation response of other CSC subpopulations, either
through direct contact or eliciting soluble factors that influence radiation survival pathways
(e.g., TGF-α). In addition, niche-associated pathways (e.g., Notch) have been shown to be
activated following radiation, resulting in a transition to increased frequencies of symmetric
cell divisions that would contribute to a more rapid accelerated repopulation [66]. Notch
activation has also been suggested to activate pathways, such as EGF receptor (EGFR),
which could impact both DNA repair capability, survival capacity of cells and regeneration
kinetics. It has also been demonstrated that the CSC microenvironment may provide local
and systemic cytokines, such as EGF, VEGF and FGF, all of which confer radioprotection to
tumor cells [63].

Therefore, there is considerable evidence to suggest that, under certain experimental
conditions, CSCs exhibit radioresistant features [67]. However, the conclusion of these
studies was dependent both on how the CSCs were isolated for study and on how the
radioresponse phenotype was defined. As a result, the conclusion that CSCs are inherently
radioresistant may be oversimplified for a number of reasons. First, the CSC pool may be
more plastic than previously recognized, so cells that do not exhibit CSC features at one
point in time may return to this particular CSC state at a subsequent point in time. For
example, it has been shown in some experimental settings that isolated CD133+ cells were
more radioresistant than isolated CD133- cells. However, a portion of the CD133-

population has been shown to still exhibit the capability to initiate new tumors that reiterate
the heterogeneity of tumors similar to that initiated by CD133+ cells [25]. Thus, the
radioresistant phenotype may not necessarily reflect the intrinsic cancer stem cell potential
of the cell but rather the context of that cell at that point in time.

Second, it has to be recognized that the radiosensitivity characteristics of CSCs may be quite
dynamic, depending both on their local microenvironment and homeostatic balance within
the tumor itself. For example, CSCs may exist within both well-oxygenated and hypoxic
regions of the tumor, and this may influence ultimate radioresponse in a complex and
dynamic fashion. While hypoxic CSCs in an intact tumor may have an inherent
radiosensitive component owing to their long existence in a compromised physiological
state, they may also have a radioresistant component owing to their decreased oxygen
tension and quiescent status. Thus, while these cells may exhibit an initial radiosensitive
component, they may also exhibit a radiation-resistant tail component to the dose–response
curve. Moreover, the physiologic status of the hypoxic CSCs dramatically changes once
fractionated radiotherapy is initiated, both in terms of oxygenation status and proliferative
status. Taken together, the radiation response of CSCs in tumors involves both intrinsic
cellular radiosensitivity features, as well as context-associated features, and this complex
mixture of factors determines ultimate radiosensitivity, being highly dynamic during
fractionated radiotherapy. Thus, therapeutic strategies must take into account this complex
and dynamic relationship.

Perspectives on therapeutic implications
As described earlier, many studies have focused on pathways and conditions associated with
CSC radioresistance. Therefore, the natural tendency would be to focus on targeting the
same radioresistance mechanisms throughout the course of radiotherapy. However, different
CSC resistance pathways may play more important roles at different stages of fractionated
radiotherapy. For example, relative hypoxia and quiescence of CSCs in the tumor may play
a more important radioresistance-determining role at the initiation of radiotherapy compared
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with later during fractionated radiotherapy, when CSCs undergo increased proliferation and
reoxygenation has occurred. Similarly, increased CSC self-renewal mechanisms may play a
more prominent role during the accelerated repopulation phase following a substantial
reduction of tumor bulk.

There has also been a tendency of investigators to only focus on CSC features that underlie
radioresistance and overlook the necessity of treating the tumor bulk. If it is true that, as in
normal tissues, homeostatic interactions can physiologically regulate stem cell behavior,
then treatment of the tumor bulk could greatly influence the behavior of CSCs and their
radioresistant features. For example, kinetic studies suggest that the tumor bulk can have an
antiproliferative effect on the CSCs, and that following radiation, re-entry of the CSCs into
the proliferative pool only follows a significant reduction in tumor size [45,68]. Thus, only
focusing on enhancing the radiotherapeutic effect on the CSCs without addressing the tumor
bulk might not take advantage of the radiosensitizing effects associated with the
reoxygenation and re-entry of CSCs into the proliferative pool.

It is also important to remember that, in many clinical situations, radiotherapy is given in
combination with chemotherapy. For example, in the treatment of most solid tumors,
concomitant administration of chemotherapeutic drugs during the course of radiotherapy has
been found to enhance clinical outcome (both local tumor control and patient survival),
albeit with additional side effects, when compared with radiotherapy alone. Moreover, it is
likely that introducing treatments designed to overcome CSC radioresistance mechanisms
can also add significant side effects. For example, in the setting of head and neck squamous
cell carcinomas, based on positive preclinical data, cetuximab (an anti-EGFR antibody) has
been shown to improve the radiotherapeutic outcome of head and neck cancer patients [69].
However, significant cetuximab-associated skin rash was observed in approximately a third
of the subjects. Thus, it may be important to identify the greatest window of therapeutic
opportunity for addressing each radioresistance mechanism. Interestingly, the greatest
benefit of adding cetuximab to fractionated radiotherapy appeared in the group of subjects
receiving radiotherapy schedules where radiation was given more frequently than once daily
(i.e., hyperfractionated radiotherapy or concomitant boost [where radiotherapy was
administered twice daily during the last 12 fractions of a 6-week schedule]) [70], suggesting
that increased cetuximab benefit may occur during the period of accelerated repopulation of
the CSCs. Thus, as these approaches targeted to overcome CSC resistance mechanisms are
added to current standard-of-care chemo/radiotherapy regimens, it will be important to
consider the dynamics of CSC radioresistant mechanisms at different stages of tumor
treatment (i.e., at the initiation of treatment, during radio/chemotherapy and following the
completion of definitive treatment).

At the initiation of therapy, the most likely CSC resistance mechanisms in play include their
quiescent status and hypoxia. Several strategies have been initiated recently to overcome
these radioresistant mechanisms, including hyperbaric oxygen, vasoactive drugs,
erythropoietin, hypoxic cell radiosensitizers and bioreductive drugs [57,71]. However, these
approaches so far have resulted in, at most, modest improvements, and sometimes untoward
effects. For example, erythropoietin has been administered in combination with radiotherapy
to enhance red blood cell (RBC) count and increase the delivery of oxygen to tumors.
Unfortunately, while the RBC counts were found to be increased by erythropoietin, this
approach may have actually decreased clinical impact, perhaps owing to the presence of
erythropoietin receptors on tumor cell populations, whose activation enhanced the ability of
these cells to survive radiation insult [72,73].

It has also been demonstrated that, in some settings, the administration of antiangiogenic
agents can transiently normalize tumor vascularization by stabilizing pericyte coverage on
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blood vessels, pruning back abnormal vessels, decreasing extravascular fluid pressure and,
thereby, increasing tumor oxygenation [74,75]. If a subfraction of CSCs do exist in a
hypoxic component, then this would be predicted to enhance their radiosensitivity [76,77].
Whether this approach has led to improved clinical response has been difficult to determine,
since most clinical trials combining radiation and antiangiogenic agents have continued
administering the antiangiogenic agents during multiple treatment fractions. More recently,
it has been suggested that antiangiogenic treatment can induce feedback pathways in some
tumor settings, which would either activate alternative angiogenic pathways or induce tumor
cells to undergo an epithelial-to-mesenchymal transition, leading to enhanced metastatic
capability [78,79]. For example, chronic antiangiogenic treatment could increase hypoxia,
leading to upregulation of the hypoxia-inducible factor (HIF)-lα, and subsequent increased
Met expression and activation, leading to enhanced tumor cell migration [80]. Thus, there is
increased focus on defining the optimal window of therapeutic opportunity for this strategy
and identifying the tumor types most likely to respond in a beneficial manner, as well as
characterizing and targeting feedback mechanisms.

There have also been renewed efforts to increase the proliferative component of CSCs prior
to the initiation of therapy, especially in the setting of hematopoietic diseases where some of
the growth initiators are better known. For example, it was recently reported, in a model
system, that the administration of G-CSF induced mobilization and stimulation of human
leukemia CSCs into the cell cycle and rendered these cells more responsive to subsequent
chemotherapy [81].

While this approach has had mixed clinical impact in prior clinical trials [82,83], and while
such an approach has not been reported in solid tumors, there is reason for further
exploration. For example, there has been recent interest in the use of EGFs (e.g., KGF) in
the prevention of radiation- and chemotherapy-associated mucositis [84]. In these settings,
KGF was given post-therapy in order to accelerate the regrowth of the mucosa and decrease
the duration of mucositis. While this treatment approach was shown in certain preclinical
models to have little impact on the regrowth kinetics of tumors following radiation, it is not
clear whether this approach impacted CSC proliferation kinetics. It is also not yet clear
which soluble factors control the proliferative status of the CSCs in the intact tumor. For
example, since the reduction of tumor bulk results in an increase in the proliferative status of
CSCs, it is possible that the tumor bulk elicits factors that directly or indirectly (through the
microenvironment) downregulate proliferation of the tumor CSCs. If these factors could be
identified, they might serve as an alternative approach to stimulating the proliferative status
of quiescent CSC subpopulations prior to the initiation of radiotherapy. At the same time,
they might also alter other pathways controlling the radiosensitivity of the CSCs.

As described previously, different CSC radioresistance mechanisms may be more important
at different times during the course of radio/chemotherapy. After initial therapy, CSC status
is thought to change owing to reoxygenation and feedback homeostatic mechanisms that
reinitiate proliferation in CSC subpopulations following a reduction in tumor bulk. While
proliferation itself may serve to radiosensitize CSCs, it may also be associated with the
activation of signaling pathways that enhance DNA repair and survival following stress, as
well as increased capability to grow and outpace the cell killing effects of the therapy.

The phenomenon of accelerated repopulation of CSCs has been appreciated for many years,
and a number of strategies have been developed that appear to have clinical benefit. For
example, altered radiation schedules (e.g., radiation given more frequently and in a shorter
overall time during the period of most active accelerated CSC repopulation or concomitant
boost) have been utilized in the treatment of head and neck cancer, with demonstrated
benefit both in terms of local control and patient survival [85–88].
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Another effective strategy has been the addition of chemotherapeutic agents during the
course of radiotherapy (concurrent radio/chemotherapy). More recently, molecularly
targeted agents have been added to these approaches to improve outcome. However,
whether these approaches directly address CSC radioresistance mechanisms is still not
known. For example, in the head and neck cancer trial combining cetuximab and
fractionated radiotherapy [69,70], it is possible that the anti-EGFR strategy had additional
impact on CSC radioresistance mechanisms during radiotherapy. One possibility is that
EGFR antagonism slowed the rate of accelerated repopulation between radiation fractions.
A second possibility is that EGFR antagonism inhibited DNA repair and survival pathways
of CSCs. While these mechanisms probably also address radioresistant mechanisms of non-
CSCs, focusing on these mechanisms at this point in the course of therapy might have a
more pronounced therapeutic effect on the CSC population than at the initiation of therapy.

These recent observations suggest that targeting accelerated CSC repopulation following the
initiation of radio/chemotherapy is worth further exploration. One approach has been to
utilize agents that slow the rate of CSC homeostatic regeneration (e.g., flavopiridol)
following a reduction in tumor bulk [89,90]. A second approach has been to combine
checkpoint inhibitors to radiosensitize cells by decreasing their capability to repair radiation-
induced DNA damage [54]. However, it is not clear whether there is any preferential impact
of these strategies on CSCs or non-CSC subpopulations. A third approach has been to alter
the self-renewal capabilities of the repopulating CSCs by inhibiting pathways that drive
symmetric divisions and prevent differentiation of the CSCs. For example, cyclopamine, an
inhibitor of the sonic hedgehog pathway (important in CSC self-renewal), has been explored
in preclinical settings and is now in clinical testing [91]. Similar approaches are now
underway toward the same goal of slowing self-renewal efficiency during periods of
accelerated CSC repopulation (e.g., inhibitors of the Notch and Wnt pathways) [66]. While
agents thought to induce differentiation have been utilized in the past with radiation (e.g.,
retinoids in the treatment of brain cancer) with questionable immediate clinical benefit, there
is evidence that such approaches have led to an increment in long-term cure. Thus, there is
renewed interest in identifying agents that will push the CSCs toward maturation during the
course of radio/chemotherapy and, thus, blunt accelerated repopulation.

A third time frame where different types of CSC-related radioresistance mechanisms may
exist is following definitive radio/chemotherapy at the time of minimal residual disease. At
this point in time, the few surviving cells may find themselves situated in an environment
that may or may not support their long-term survival and ability to regrow and cause tumor
recurrence. While the molecular factors that define the ability of residual CSCs to regrow
are not well understood, prior studies in model systems provided some hints on the possible
mitigating pathways. For example, while irradiation of the tumor bed prior to inoculation of
tumor cells has been found to enhance tumor take, the rate of tumor progression appears
retarded compared with that observed in the nonirradiated tumor bed [10]. Similarly, the
admixture of irradiated tumors with the tumor innoculum enhances the efficiency of tumor
take [9,10,92,93]. On the other hand, administration of anti-inflammatory agents (e.g.,
indomethecin or selective cyclooxygenase [COX-2] inhibitors) has been found to reduce the
efficiency of tumor take [94,95]. These observations suggest that inflammatory cytokines
and the microenvironmental state can influence the reinitiation efficacy of tumors in the
irradiated tumor bed at a time of minimal disease. These activated pathways may be
different from those present at the time of minimal residual disease following definitive
surgery. Theoretically, this reinitiation phenomenon involves the acquisition of several
capabilities by the CSCs, including the ability to survive in a hostile environment, the ability
to reinitiate proliferation and the ability to re-establish an adequately vascularized niche.
Thus, targeting these pathways following definitive radio/chemotherapy may help to
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overcome an apparent radioresistance phenotype (i.e., contextual resistance) and improve
outcome.

One example of a potential benefit of targeting the residual tumor niche involves the use of
the EGFR antibody cetuximab. In a preclinical model system, when cetuximab was
combined with radiotherapy and then continued beyond definitive treatment, it provided
additional therapeutic benefit, both in terms of delaying tumor regrowth and improving
long-term cure (Figure 3) [96]. While this approach had not been included in the prior
cetuximab trials in head and neck cancer, it is being examined in current clinical trials. To
better understand the mechanisms underlying the long-term benefit of continued cetuximab
treatment following definitive therapy, it was recently found that tumor cells growing in an
irradiated tumor bed exhibit increased expression of markers typical of an hypoxic
microenvironment, including upregulation of HIF-lα, carbonic anhydrase IX, EGFR and
VEGF [97]. Treatment with cetuximab in this setting was found to delay xenograft growth
in the irradiated tumor bed (Figure 4). Moreover, cells derived from the cetuximab-treated
xenografts exhibited reduced proliferation and reduced clonogenicity in vitro. Similar effects
have been observed utilizing agents that target the VEGF receptor (VEGFR) [98].

It has also been demonstrated that the hostile (radiation wounded) microenvironment
surrounding the residual CSCs leads to the production of factors that attract other cell types
to re-establish a healthy supportive niche. For example, it has been recently observed that a
variety of cell types are recruited to wounded tissues as part of the healing process. As has
been reported for the establishment of tumor metastases, some have reported that HIF-lα is
upregulated in the irradiated tumor bed [99], leading to the recruitment of bone marrow-
derived cells that help restore the damaged vasculature [100]. Since this process was thought
to involve a stromal cell-derived factor 1/CXC chemokine receptor 4 interaction,
pharmacologic agents inhibiting these pathways were found to slow or prevent re-
establishment of the CSC niche and tumor regrowth [101].

Based on these types of studies, several general treatment approaches have been proposed in
the postdefinitive treatment setting. The utilization of antiangiogenic or antivasculogenesis
agents may have more impact in this setting than during radio/chemotherapy. While some
agents, such as avastin, have not been found to have a dramatic impact on clinical tumor
responses, they have been shown to enhance the time to progression when continued past
definitive treatment [78]. Another approach that might have a unique benefit in this setting
would be the use of agents that alter the self-renewal capability of the residual CSCs. For
example, in a human colon cancer model, administration of a neutralizing antibody to δ-like
4 ligand – a membrane-associated ligand for the Notch pathway – was found to decrease the
efficiency of tumor engraftment in host recipients [102,103]. On the other hand, it has also
been found that chronic δ-like 4 ligand blockage can cause activation of endothelial cells
and disruption of homeostasis and tissue atrophy in some normal tissues (e.g., liver, skin,
heart and lung) [104]. Thus, the optimal timing and duration of such a therapeutic strategy
must be defined.

Except in a few unique settings (e.g., all trans retinoic acid and arsenic trioxide in the
treatment of acute promyelocytic leukemia), many differentiating agents have shown
minimal impact when used during definitive treatment of tumors; however, they may find
promise in the setting of minimal residual disease by decreasing the self-renewal capabilities
of CSCs. Similarly, while various immunotherapeutic approaches have had limited impact in
the setting of high tumor bulk, the setting of minimal residual disease may provide a better
window of therapeutic opportunity to address apparently resistant CSCs. For example, it has
been suggested that the presence of a significant tumor bulk can cause tumor anergy (e.g.,
production of immunosuppressive factors, such as TGF-β or enhanced numbers of
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regulatory T cells). This anergy may be less pronounced in the setting of minimal numbers
of residual CSCs. Interesting, recent tumor vaccine studies have suggested that while these
vaccines do not have a significant impact on progression-free survival in patients with
reduced tumor burden, they do have an impact on slowing the progression rate and
increasing overall survival [105,106]. Whether this approach selectively targets residual-
resistant CSCs or progenitor cells is not clear. For example, it was recently reported that
cells with many properties of CSCs lacked proteasomal activity [55]. Based on this
observation, it was hypothesized that CSCs might be defective in the processing of antigens
for MHC class I presentation. If confirmed to be a general phenomenon, it would suggest
that CSCs may exist in an immunological sanctuary and might be insensitive to immune-
mediated treatment strategies.

Conclusion
While there continues to be considerable controversy regarding the existence and nature of
cancer stem cells in different tumor settings, recent studies have suggested that enriched
CSCs are relatively radioresistant. These findings have been dependent both on the methods
of CSC enrichment and the assays used to estimate radiosensitivity. Taken together, these
studies suggested that the radiation response of CSCs in tumors involves both intrinsic
cellular radiosensitivity features, as well as context-associated features. However, it needs to
be recognized that this complex mixture of radiosensitivity determining factors is probably
highly dynamic during fractionated radiotherapy. For example, prior to initiation of therapy,
CSCs may exist in a hypoxic environment, but this property may change once therapy is
initiated. Similarly, CSCs may be initially quiescent, but will be called into accelerated
repopulation following reduction in tumor bulk. In addition, following definitive radio/
chemotherapy, the tumor–microenvironment interactions may be quite distinct from what is
present prior to the initiation of therapy. Thus, future therapeutic strategies based on
targeting potential CSC radioresistance mechanisms must take into account these complex
and dynamic processes. whereby different radioresistance pathways may be better targeted
at different stages of therapy.

Future perspective
Over the next 5–10 years, we expect that studies on CSC radiosensitivity will focus on
several different areas. First, there will be continued efforts to better understand the biology
of CSCs and whether the notion of the existence of CSCs is relevant to all tumor types. For
example, in some tumors (e.g., leukemia, breast and glioblastoma), there appear to be only a
small fraction of cells that exhibit CSC properties; however, in other tumors (e.g.,
melanoma), the frequency of CSCs may be quite high. An important component of this
research direction will focus on the identification of more specific stem cell markers for
different tumor types. Similarly, we expect that there will be increased understanding of the
intrinsic and extrinsic factors that control the plasticity and maintenance of the CSC state
(e.g., expression factors, miRNA expression, post-translational modifications of molecules
that control stem cell fate and niche factors that control stem cell renewal). Furthermore, we
expect that there will be a search for a better understanding of the extrinsic factors (both
from the local microenvironment and elicited by the tumor bulk) that controls the
homeostatic balance of the CSCs before, during and after therapy. For example, it has been
suggested that the presence of the tumor bulk may elicit cytokines (e.g., TGF-β), which may
directly or indirectly influence the proliferative and self-renewal status of CSCs; however,
the nature of these factors is not well understood.

A second general area of expected research interest is the identification of specific molecular
pathways that influence CSC radiosensitivity, both in terms of intrinsic cellular
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radiosensitivity (e.g., DNA repair pathways, cell survival pathways and radical scavenger
expression), as well as pathways that influence ultimate tumor response after fractionated
courses of therapy (e.g., hypoxia, rate of cell regeneration, self renewal capability and ability
to reinitiate the tumor niche and regenerate following definitive therapy).

Research progress in the first two areas will lead to the identification of molecular pathways
that can influence CSC radiosensitivity at different times during the course of therapy. This
would then lead to the use of molecularly targeted approaches to enhance the efficacy of
standard radio/chemotherapy regimens. It will be important to recognize that the targetable
pathways may play different roles at various times during the course of fractionated therapy.
For example, a strategy to enhance radiosensitivity by bringing CSCs out of quiescence
(e.g., through the use of growth factors or blocking tumor-bulk cytokines that render CSCs
quiescent) may be more beneficial prior to the initiation of therapy than during the period of
accelerated repopulation. Similarly, the strategies used to blunt accelerated repopulation
may be more beneficial following reduction of tumor bulk than prior to the initiation of
therapy. In addition, strategies to target the tumor microenvironment may differ significantly
at different times during and following definitive therapy.

It will also be important to consider that the pathways that control both the biological
dynamics, as well as radiosensitivity, may differ between tumor types, as well as between
different individuals' tumors within a tumor type. Thus, any therapeutic strategy in the long
term will need to take into account the biological features that control CSC behavior in each
individual tumor (i.e., personalization of therapy). Since molecularly targeted therapies are
not without associated side effects, it will be important to identify which patients would
likely benefit from particular therapeutic strategies based on their tumor's CSC
characteristics. It will also be important to identify targetable pathways that impede CSC
function without affecting the normal tissue stem cell fraction, especially when these normal
tissue stem cells will undergo homeostatic responses when in the treated field. This may be
accomplished if CSCs and normal tissue stem cells are regulated through distinguishable
pathways or if their homeostatic response kinetics differ, whereby time windows of
therapeutic opportunity may be defined and exploited. All in all, the coalescence of new
understandings in these different lines of inquiry will probably lead to a better understanding
of the biological behavior of CSCs in different settings, as well as the development of new
molecularly targeted therapies to overcome mechanisms of relative CSC radiation
resistance.
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Figure 1. Tumor control dose 50% value plotted versus tumor cell dose 50% value for murine
tumors
Best-fit lines are shown for each group and for all tumors. TCD50 values decrease as the
TD50 values increase.
TCD50: Tumor control dose 50%; TD50: Tumor cell dose 50%.
Reproduced with permission from [8].
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Figure 2. Doses to achieve local control in 50% of cases (tumor control dose 50%) as a function
of overall treatment time for squamous cell tumors of the head and neck
The data points include many published results from the literature, including HBO and the
trial of Miso. The dashed line shows the rate of increase in tumor control dose 50%
predicted from a 2-month cancer stem-like cell doubling rate.
HBO: High-pressure oxygen trial; Miso: Misonidazole.
Reproduced with permission from [43].

Hittelman et al. Page 19

Future Oncol. Author manuscript; available in PMC 2011 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. Effect of cetuximab on radiocurability of A431 tumor after fractionated irradiation
Mice bearing 8-mm tumors in the right hind leg were given cetuximab, local tumor
irradiation or both as graded doses of γ-rays delivered twice daily for 7 consecutive days.
Cetuximab (1 mg intraperitoneally) was given at 3-day intervals either three times during
fractionated radiation or six times, both during and after fractionated radiation. Radiation
dose–response curves were generated. Circles, solid line: local tumor control at 130 days
after fractionated radiation alone (tumor control dose 50% [TCD50] = 83.1 [95% CI: 73.2–
124.8] Gy). Squares, dashed line: cetuximab concurrent with radiation (TCD50 = 46.2 [95%
CI: 39.1–57.5] Gy). Triangles, heavily dashed line: cetuximab given during and after
radiation (TCD50 = 30.8 [95% CI: 22.2–38.0] Gy). Error bars are 95% CIs on the TCD50.
Reproduced with permission from [96].
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Figure 4. Effect of cetuximab on the growth of A431 xenografts in tumor-bed irradiation
Tumor-bed irradiation of the right hind leg of mice was performed with 20-Gy single-dose
γ-irradiation 1 day before subcutaneous injection of A431 tumor cells (TBE). Mice were
treated intraperitoneally with cetuximab (C225) in three 1-mg doses in 3-day intervals when
tumors reached 5 mm in diameter. The error bars show mean values ± standard error.
Reproduced with permission from [97].
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