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Abstract
Mounting evidence suggests that parallels between normal stem cell biology and cancer biology may
provide new targets for cancer therapy. Prospective identification and isolation of cancer initiating
cells from solid tumors has promoted the descriptive and functional identification of these cells
allowing for characterization of their response to contemporary cancer therapies including
chemotherapy and radiation. In clinical radiation therapy, the failure to clinically eradicate all tumor
cells (e.g. a lack of response, partial response or non-permanent complete response by imaging) is
considered a treatment failure. As such, biologists have explored the characteristics of the small
population of clonogenic cancer cells that can survive and are capable of re-populating the tumor
after sub-curative therapy. Herein, we discuss the convergence of these clonogenic studies with
contemporary radiosensitivity studies that employ cell surface markers to identify cancer initiating
cells. Implications for and uncertainties regarding incorporation of these concepts into the practice
of modern radiation oncology are discussed.
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I. Introduction
A stem cell is a single cell from which all other committed cells derive. It continually renews
itself thereby retaining unlimited replicative capacity in an undifferentiated state. It has been
proposed (and heatedly-debated) that cancers may arise from stem cells either through the
misregulation of a normal solid organ stem cell or through the de-differentiation and acquisition
of stem cell properties of a terminally differentiated cancer cell 1. The great hope in the
burgeoning field of cancer stem cells is that a greater understanding of the factors that promote
stem cell survival will lead to new and highly-targeted therapies with increased efficacy.

For the purposes of this review, we will refer to pluripotent cancer cells capable of
recapitulating the tumor from which they were derived as “cancer-initiating cells” (CICs), self-
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renewing single pluripotent tumor cells as cancer stem cells, and single pluripotent, self-
renewing normal cells as normal stem cells. Herein, we address the hypothesis that CICs are
important cells that mediate recurrence following sub-curative therapies and that existing
cancer therapies have not been always been directed against this specific population.

II. Pre-Clinical and Clinical Assays for Clonogenic Survival and Relation Local
Tumor Control

Ionizing radiation (IR) has been described as an ideal cytotoxic agent to study normal stem
cell biology relating to tissue regenerative responses which offset radiation toxicity 2.
Following irradiation, repopulation of normal stem cells is required to drive the maturation of
functional cells in order to recreate a well orchestrated, cell-tissue hierarchy and resumption
of normal tissue function(s). This has been most studied in the irradiated intestine whereby
surviving normal stem cells in gut crypts repopulate the length of intestinal villi with a mature
cell population to renew the ability for the gut to perform nutrient uptake. The stem cells which
survive can be quantitated using an in vivo crypt cell clonogenic assay in which the crypt cell
survival is directly related to dose 2.

Similarly, the use of experimental radiotherapy protocols using human tumor xenografts or
spontaneous murine tumors allows for the interrogation of CIC biology in relation to local
tumor radiocurability. In clinical radiotherapy studies, a partial response of the gross tumor
(e.g. volume reduction based on imaging as might be achieved with sequential chemotherapy)
is defined as a local failure, even if it represents the maximal effect of treatment. This is because
the failure of radiotherapy (and surgery) to eradicate all cells capable of re-growing the tumor
will lead to recurrence due to cancer cell repopulation. Curative external beam radiotherapy
must therefore use sufficient total doses to sterilize all cells capable of repopulation to provide
permanent complete local control of the tumor. This total dose is typically delivered as a series
of fractionated daily treatments over a period of 6-8 weeks. Normal and tumor tissue responses
to IR are governed by the 5 “R’s of Radiotherapy”: radiosensitivity, repair, re-oxygenation,
redistribution and repopulation. In the next sections we will endeavor to merge these concepts
with the radiocurability and radioresponse of cancer-initiating cells (CIC) and normal stem
cells, respectively.

(i) Clonogens
Radiation biologists have studied the cells capable of ongoing replicative capacity in vitro after
IR for decades as clonogens: cells capable of generating a colony of greater than 50 cells (as
a measure of unlimited proliferation resulting in a minimum of 5 cell doublings) from a single
cell. Since radiation therapy generally leads to cell killing through mitotic catastrophe rather
than apoptosis in epithelial tumors, it is sometimes necessary to wait until at least 4 or more
mitoses to know if a clonogenic cell has survived. Repopulation of the tumor during or after
therapy is therefore due to these surviving cells which are presumed to be represented in
vitro by clonogens (discussed below). Repopulation of normal tissues also occurs over the
same period due to the expansion of normal stem cell populations (e.g. hematopoietic cells and
gut cells) to protect against permanent loss of normal tissue function.

(ii) Clonogenic Assays and Clinical Correlates
Regardless of whether the cell of origin of a clonogenic colony is a stem/progenitor cell or a
differentiated cell, the concept that a small sub-population of tumor cells (e.g. 0.01-1% of the
cells in a tumor volume) limits the effectiveness of exponential cell killing during fractionated
radiotherapy has had a dramatic impact on the practice of radiation oncology. Using
mathematical calculations relating to tissue repair, clinical experience data, and based on the
concept of equal levels of cell kill per radiotherapy fraction, the total dose and dose per fraction
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for given biologic effects have been determined to improve tumor control within the setting of
Phase III randomized trials 3-5.

Furthermore, clonogenic assays ex vivo based on pre-treatment patient biopsies from cervix
and head and neck cancers were found to be in vitro predictors of local control. For most tissues,
intrinsic radiosensitivity can be summarized by the relative survival following 2 Gy (SF2)
within the lower-dose shoulder region of the clonogenic survival curve 6. However, based on
available preclinical and clinical data, the clonogenic radiation survival of tumor cells ex
vivo may correlate with tumor radiocurability and clonogen survival in vivo following
fractionated radiotherapy treatment (see below; 7-9 reviewed in 10).

(iii) Clonogenic Assays and Stemness
The quantitation of clonogenic radiation survival in tissue culture can be accomplished using
ex vivo and in vitro clonogenic assays as single cells or spheroid cultures (see Figure 1, review
10). The in situ quantitation of CIC requires TCD50 assays in vivo (i.e. radiotherapy dose
required for 50% local tumor control) in spontaneous murine or xenograft models; the latter
models can be used to study both the genetic and microenvironmental determinants of CIC
radiation survival 10. An important unanswered question for radiobiologists today is to what
extent clonogens or clonogenic colonies represent cancer stem cells or CICs.

In a merging of the concepts of clonogenicity and stemness, there is pre-clinical data to support
that the number of clonogenic cells and/or CD133+ cells within a tumor population correlates
to the ability to form brain tumors11. Similarly, the number of clonogens determines the dose
at which local control is achieved by fractionated radiotherapy based on TCD50 assays 7,10,
12. An important concept is that the SF2 clonogenic survival values derived from patient
biopsies varies between patients and even within a given tumor histology 6,9,13,14. It follows
that if the number and radiosensitivity of clonogenic tumor cells tested ex vivo reflects the
number and radiosensitivity of cancer-initiating cells, then there is also heterogeneity in
radiosensitivity and colony forming ability within CIC populations. This argues against the
simplistic concept that CIC populations are uniformly radioresistant and instead suggests that
there is further complexity and heterogeneity in CIC radiosensitivity. The study of CIC markers
and clonogenic survival ex vivo on a patient-by-patient basis and correlation of these findings
to local control following radical radiotherapy is required to resolve whether CIC and tumor
clonogens represent the same entity and can predict radiotherapy response.

In consolidating simultaneous approaches to stemness and clonogenicity, Dontu et al have
proposed a 3D culture system to propagate cells capable of multi-lineage differentiation and
self renewal 15. Spheres generated from normal mammary gland or tumor cells under these
conditions have been termed mammospheres or tumorspheres respectively. Adapting this
culture technique one could assess the number of tumorspheres remaining after irradiation ex
vivo to predict response similar to the ex vivo soft agar-based assays (i.e. Courtenay-Mills
assays) by West and colleagues which predicted cervix cancer radiocurability 9. For example,
the number of spheres may reflect the number of self-renewing cells while the number of cells
in the spheres reflects the self-renewing capacity of each of those cells 15,16. In this type of
assay, one can track clonogenic survival on the basis of specific CIC and normal stem cell
biomarkers, and incorporation of similar approaches may be a necessary modern approach to
understand stem cell radiobiology (Figure 1). It could also drive the discovery of potential
novel targets for the sensitization or protection of irradiated malignant and normal tissues,
respectively.

So, are all cancer stem cells clonogens and/or vice versa? The difficulty is proving that the
single cell that formed a colony was, or was not, a cancer or normal stem cell in the setting of
imperfect stem cell biomarkers that largely fail to isolate pure CICs at the single cell level. It
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is therefore difficult to measure simultaneously all of the qualities of both “stemness” and
“clonogenicity”. The development of a clonogenic colony from a stem cell may well include
the production of differentiated cells leading to a heterogeneous group of cells from which the
cell of origin and its label “stem cell” may not be easily confirmed. Similarly, the assays one
might employ to show the initial cell was a stem cell do not allow for the functional study of
clonogenicity. In the field of quantum physics it is accepted that one cannot know both the
position and the momentum of an atom at the same time since measuring one makes the other
uncertain (the “Heisenberg Uncertainty Principle”). It may be said given the tools currently
available, that the effect of measuring stemness may make quantification of its radioresistance
uncertain and that measuring radioresistance may similarly make measuring stemness
uncertain.

How then should the question “are cancer stem cells resistant to radiation” be answered? How
much uncertainty is tolerable and to what degree can we accept a quantum state in biology?
These are questions that radiobiologists and radiation oncologists must address together in
order to predict therapeutic efficacy with pre-clinical biomarkers and assays. We will now
review the cell biology and cell biomarkers linked to normal and cancer stem cells that could
be used for such translational studies.

III. Differential Radiosensitivity of CICs and Normal Stem Cell Subpopulations
(i) Normal stem cell radiosensitivity

The evidence for the existence of a normal murine mammary gland stem cell was bolstered by
the demonstration that a single prospectively-identified cell (marker lineage-CD24+ and
CD29+) from the mammary gland could be transplanted into the mammary fatpad of a mouse
(after the native mammary epithelia had been removed) and a new functional mammary gland
could be regenerated only by cells expressing this phenotype 17. Interestingly, colonies in
Matrigel could be produced from CD24+ cells with low or high CD29 expression. In a
companion study using lin-CD49f+CD24+ cell surface markers to identify mammary gland
repopulating cells, the colony forming unit (assayed in differentiation-promoting Matrigel)
was demonstrated to be distinct from the repopulating unit based on the level of CD24
expression18. These data suggest that different cell populations are responsible for total,
functional glandular repopulation versus formation of colonies in Matrigel or on plastic. If one
considers the formation of a functional mammary gland a stem cell assay, it could then be said
that a stem cell and a clonogenic cell are indeed different. A stem cell may be a clonogenic
cell, but a clonogenic cell may not be a stem cell and may require unique environmental factors
that are not provided for within in vitro assays.

Additional studies of the mouse mammary gland have confirmed the repopulating ability in
additional populations of cells selected for expression of Stem Cell Antigen-1 (Sca1, 19,20)
within a “side population”: the latter is a flow cytometry based assay to select for stemness in
cells that extrude Hoechst 33342 via a cell membrane pump 21-23. It can be concluded that
these populations are enriched for mammary gland repopulating units. Woodward et al have
shown that therapeutic doses of irradiation of normal mammary epithelial cells enriched for
side population and Sca1+ cells, but not lin-CD24+CD29+ cells. This suggests that the Sca1+

and side population cells are resistant to radiation as selective enrichment following irradiation
was a function of cell death of unmarked populations and these were observed to decrease with
increasing doses of radiation (and to exhibit increased foci of DNA damage; see below) when
compared to Sca1+ cells 24.
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(ii) CIC radiosensitivity
In human solid tumors, evidence for radiation resistance of stem or progenitor cells has been
reported for breast cancer 24,25, glioma 11,26, medulloblastoma 27, and atypical teratoid/
rhabdoid tumors 28. MCF-7 cells and MDA-231 cells grown as progenitor promoting spheres
15 were more resistant to radiation than cells grown in monolayers 25 and demonstrated
increased DNA damage foci (assayed as γH2AX intensity) in monolayer cells compared to
sphere cultures 25. The work by Phillips et al 25 includes an important correlation between
increased percentage of cells reported to be tumor-initiating based on xenograft studies from
metastatic breast cancer cells (lin-CD44+CD24lo, 29) and clonogenicity given that surviving
fraction was correlated to the percentage of tumor-initiating cells. A potential caveat to these
data is the effect of sphere structure itself on clonogenicity. Independent of progenitor
propagation, it has been observed in 3-dimensional cultures in soft agar that survival fraction
is increased 30 and that radiation sensitivity of 3D organoid cultures is dependent on beta1-
integrin, CD29 31. Using the breast cancer cell line MCF-7 side population cells and
CD24+CD29+ cell have also been shown to be enriched by radiation in vitro 24. Subsequent
work in the p53 heterozygous murine tumor model has demonstrated CD24hiCD29hi represents
the CIC population in these tumors and confers the ability to form mammospheres. Clonogenic
assays comparing mammospheres from these tumors to the same cells grown in monolayer
culture with serum demonstrates complete radioresistance of the mammospheres up to 6 Gy
32.

While radiation data specific to stem/progenitor cells from human primary breast cancers have
not been reported, breast tumor biopsies taken after neoadjuvant chemotherapy have been
reported to contain higher percentages of lin-CD44+CD24lo cells than paired biopsies taken
before chemotherapy (0.5 vs. 5.9% 16). Importantly, these authors also confirmed the work of
Al-Hajj et al (from metastatic breast cancer cells) 29 demonstrating that serial xenograft
transplant potential resides selectively in the lin-CD44+CD24lo cells 16.

In brain tumors, stem/progenitor cells have been isolated from normal mammalian brains by
a neurosphere assay 33,34. In a study of 14 pediatric brain tumors Singh et al 35 utilized the
neurosphere assay to demonstrated that the population of tumor precursor cells capable of self-
renewal, proliferation, and differentiation were prospectively identified by the expression of
CD133 (AC133, Prominin-1). CD133- cells neither formed neurospheres nor expressed an
alternative neural primitive cell marker, nestin, and in contrast to CD133+ cells they were not
capable of initiating brain tumors in vivo in NOD/SCID mice35.

From primary human gliomas, CD133+ cells were reported to be enriched for neurosphere
formation and to initiate xenografts from as few as 500 cells 11. Bao et al reported that
irradiation of intracranial D456MG glioma xenografts (in vivo) and human glioma tumor (ex
vivo) increased the percentage of CD133+ cells determined by flow cytometry and that
increasing the fraction of CD133+ cells injected intracranially decreased the time to
neurological symptoms in mice and the gross appearance of tumor at necropsy 11. Although
baseline colony formation appeared to be equivalent between CD133+ and CD133- cells, the
authors presented cell staining data after 5 Gy and suggested that surviving colonies may be
reduced in CD133- cells when compared to CD133+ cells. However, quantitative clonogenic
survival data was not provided in this study and it is difficult to evaluate in some of the images
if there may be a greater difference in size of colonies rather than the resulting number of
colonies.

Examination of stem/progenitor characteristics of CD133+ cells has also been undertaken in
clinical samples of atypical teratoid/rhabdoid tumor (AT/RT), a malignancy of the central
nervous system that occurs in infancy and childhood28. CD133+ cells were isolated from nine
patients with AT/RT. CD133+ cells had higher proliferative rates and in vitro invasiveness,
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and exhibited greater clonogenicity in soft agar compared to CD133- cells. Xenograft tumors
were serially transplanted from as few as 300 CD133+ cells compared to formation from
100,000 implanted CD133- cells. CD133+ cells formed neurospheres while CD133- cells did
not, and CD133+ cells were capable of tri-lineage differentiation. In vitro radiation studies
revealed higher survival of CD133+ cells in standard clonogenic assays (survival curves 0
-10Gy), and xenografts after in vivo irradiation were volumetrically larger from mice injected
with CD133+ cells than CD133- cells. In fact, there was no significant difference in the growth
of irradiated CD133+ tumors than in unirradiated mice bearing tumors from injections of
CD133+ cells. In five patients who relapsed after chemotherapy and radiation, the percentage
of CD133+ cells was significantly higher in the relapse biopsy (approximately 10% vs. 50%,
numeric data not provided 28). Taken together, these studies provide strong clinical data that
in this disease, CD133 is a marker for radioresistant cells.

In the intestine, musashi-1 encodes a RNA binding protein involved in asymmetric cell division
of stem cells. It is a positive regulator of Notch signaling through inhibition of numb, a Notch
inhibitor. In the APCmin/+ colorectal cancer mouse models, musashi-1 was upregulated in
tumors compared to normal tissues 36. In a study of human colon xenografts (HCT116 cells
implanted subcutaneously), siRNA knockdown of musashi-1 led to increased mitotic
catastrophe in musashi-negative tumor cells treated with radiation compared to controls 37.
This was assayed 24 hours after radiation through co-immuno-staining with phospho-
histoneH3 (a marker of mitosis) and Tunel staining (a marker of apoptosis). Approximately
20-25% of cells treated with siRNA for musashi-1 underwent mitotic catastrophe assayed by
co-immuno-fluorescence. These data suggest that musashi-1 expression may protect colon
tumor cells from radiation.

The tissue and tumor microenvironment are likely critical mediators of the effects of radiation
and few studies exist which examine the radiation resistance of putative stem/progenitor
markers cells in the context of their environment. Using three different sonic hedgehog
mediated wild-type p53 mouse models of the relatively radiosensitive pediatric brain tumor,
medulloblastoma, Hambardzumyan et al describe that cell death after radiation occurs in the
proliferating, PCNA+, Nestin- cells of the tumor bulk27. A subset of tumor bulk cells with a
low proliferative rate survived in areas of extensive nodularity, and the remaining surviving
cells after 2 Gy resided in the perivascular niche. The cells in the perivascular niche express
PCNA prior to radiation suggesting their resistance is not a function of quiescence (a
characteristic of hematopoetic normal and malignant stem cells which has not been
demonstrated in solid tumor stem cell biology). These cells were also GFAP, Nestin, and Olig2
positive and appear to arrest post-radiation. Examination of proliferation and apoptosis markers
at numerous time points following 2 Gy revealed that cells are completely arrested by 12h post-
radiation and re-enter the cell cycle after 72 hours. These in vivo data are compelling in that
they demonstrate that the increase in progenitor marker-positive cells is not a function of
proliferation but rather increased survival of marker-positive cells explicitly in the perivascular
niche in this model.

Demonstration of the relative radiation resistance of putative stem/progenitor-marked cells in
vitro argues that the cells themselves may have inherent radioresistance. There is less data on
the role the microenvironment plays in mediating radioresistance. For example, to date it has
not been proven whether a stem cell or CIC niche may protect cells from radiation cell death
and/or whether migrating cells or growth factors may also play a role in stem cell or CIC
radiosensitivity. Mesenchymal stem cells are multipotent bone marrow-derived stem-like cells
that migrate to and proliferate in response to tumors and inflammation. In a xenograft model
of bilateral 4T1 breast carcinomas subjected to unilateral irradiation (2 Gy), homing of post-
irradiation injected mesenchymal stem cells was increased 34% in irradiated tumors38.
Cytokines secreted into the media of irradiated 4T1 cells induced the migration of
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mesenchymal stem cells in a transwell migration assay in a dose dependent fashion. The effect
of mesenchymal stem cells on resistance has not been fully explored, but is required to
understand the full nature of the microenviroment for the response of stem cells to cancer
therapy.

IV. DNA Damage Sensing and Repair in CICs and Normal Stem Cells
Fractionated radiotherapy maximizes cell killing in tumors by allowing for increased sublethal
damage cellular repair (in the SF2 region) in slowly proliferating tissues (e.g. late-reacting
tissues such as kidney or neural tissues) which have decreased capacity for regeneration. This
repair is increased over that of rapidly proliferating tumor cells during therapy. Normal tissue
cells with rapid proliferation (e.g. gut, skin) will also be killed during radiotherapy, but these
have a high capacity for regeneration. Additionally, at the molecular level the capacity for
DNA repair can be measured using DNA rejoining and DNA repair foci assays. Taken together,
the data available suggest that the relative DNA repair capacity of tumor and normal tissue
clonogens within cell lines or tissues derived from radiotherapy patients can be correlated with
clonogenic survival in vitro 39-41.

It is useful to briefly review the molecular response of cells to ionizing radiation which results
in the production of a variety of DNA lesions including lethal DNA double-strand breaks
(DNA-dsbs). These DNA-dsbs need to be repaired to prevent cellular apoptosis, mitotic
catastrophe and/or terminal growth arrest/senescence 42,43. In response to DNA breaks,
human cells undergo cell cycle checkpoints driven by the ATM-CHK2-p53 and ATR-CHK1
pathways in the G1, S and G2 phases of the cell cycle to allow for the repair of DNA damage
44. IR-induced DSBs are initially sensed by the MRE11 protein which activates ATM, DNA-
PKcs and ATR kinase activity and the phosphorylation of the histone, γH2AX within chromatin
regions distal to the DNA-dsb 44. Gamma-H2AX foci within the nucleus can be used as a
sensitive measure of DNA-dsbs within single cells and this measure is useful for interrogating
DNA damage and repair in rare CIC or stem cell populations 43. Following initial DNA-dsb
sensing, a DNA-dsb is repaired primarily through two pathways: the S- and G2-phase specific
homologous recombination (HR) pathway or the non-homologous end joining (NHEJ)
pathway which predominates in G1 phase 42.

The sensing and repair of DNA damage in normal stem cell and CIC populations relative to
cells without pluripotent potential is of great interest given the potential role of DNA repair in
cellular carcinogenesis and therapeutic response 45. For example, the HR-related, BRCA1
DNA repair protein is required for the differentiation of ER-negative stem progenitor cells to
functional ER-positive luminal cells in breast tissues. The authors of this paper suggested that
a lack of BRCA1 leads to increased carcinogenesis and ultimately breast cancer due to a lack
of protection from genetic instability within stem cell populations 46. Similar observations
were made within hematopoetic stem cell populations derived from DNA-repair deficient mice
in that stem cell function and stability during the process of aging required intact DNA repair
activity 47-49.

Additionally, studies using a variety of cancer cell lines have shown that hypoxia can alter the
expression and function of DNA-dsb and mismatch repair proteins leading to altered radio-
and chemosensitivity and tumor progression50 (reviewed in 51). The proportion of stem cells
may be elevated within hypoxic niches (see below). Importantly, it was recently reported that
hypoxia down-regulates mismatch repair and increases genetic instability in murine and human
stem cells suggesting that the tumor microenviroment might alter DNA repair in normal stem
cells 52.

Inherent alterations in DNA damage sensing and repair was reported by Bao et al who observed
radioresistance in glioma CICs associated with a hyperactive DNA damage response (e.g.
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increased CHK1 and CHK2 phosphorylation in CD133+ cells when compared to CD133- cells)
11. Using the COMET assay and scoring γH2AX foci, the authors observed increased residual
DNA double strand breaks (DNA-dsbs) in CD133- cells compared to CD133+ cells; however,
the data for absolute numbers of DNA-dsbs was not shown (only relative DNA-dsbs were
shown) and tumor cell clonogenic assays were not published for the same cells in order to
directly correlate clonogenicty and the altered DNA damage response in glioma CICs. Whether
CICs have altered initial recognition of DNA-dsbs is not known. Future studies are needed to
rigorously determine initial and residual DNA-dsbs in relation to clonogenic survival in CIC
populations derived directly from patients. This could then be correlated to radiotherapy
outcome within specific tumor sites

There is controversy regarding the capacity of DNA repair in normal stem cells. Woodward et
al 24 observed increased numbers of initial γH2AX foci following 2 Gy in Sca1- murine
mammary cells when compared to Sca1+ cells, but subsequent repair of the DNA-dsbs and
clonogenic survival was not described. Increased clonogenic survival has been observed for
human mesenchymal stem cells in which the HR and NHEJ pathways and ATM activation was
intact, but in contrast to the above glioma CIC studies, these repair pathways were not hyper-
stimulated 53.

Murine ES cells may differ in their DNA-dsb, mismatch and nucleotide excision repair capacity
when compared to differentiated murine cells (reviewed by 54). Two recent reports using
human ES cells for DNA-dsb repair studies differ in their conclusions. Maynard et al 55
reported increased expression of NHEJ and HR genes and more efficient repair of damage
following 3 Gy using the Comet assay when compared to malignant cell lines. However, an
extensive study by Banuelos and colleagues 56 using COMET and γH2AX assays showed that
murine ES cells have a DNA-dsb rejoining defect associated with altered DNA-PKcs kinase
activity. In this study, the capacity for DNA-dsb repair in human ES cells remained intact.
More studies are required in human ES and differentiated cells in order to understand the
relationship of DNA and cellular repair in normal stem cells and acute and late normal tissue
radiotoxicity. Such studies will also determine whether human stem cells respond in a similar
manner as murine stem cells during repopulation to determine the late effects following
experimental radiotherapy.

The capacity for stem cells to repair radiotherapy induced tissue damage is very exciting and
there may be potential for manipulation of neural stem cell niches, either by cell transplantation
or appropriate chemokines and growth factor supplementation, to offset late neurotoxicity
57. Furthermore, studies by Coppes and co-workers 56,57 have used murine models to show
that salivary gland ablation following experimental radiotherapy could be decreased by
mobilization of bone marrow derived stem cells by growth factors (G-CSF) and direct stem
cell transplantation (see also article in this issue). If successful in humans, this could potentially
offset debilitating xerostomia following head and neck radiotherapy. Such approaches may be
able to cross a variety of tissue toxicities given the potential totipotency of embryonic and adult
stem cells.

V. Targeting CICs During Clinical Radiotherapy
There is increasing interest in delivering non-homogenous radiotherapy doses to human tumors
based on the functional imaging of radioresistant subpopulations. The multi-modality use of
PET and functional MRI and CT scanning, along with the use of 4-D image tracking software,
afford clinicians the ability to track and adapt therapy to intra-tumoral changes in tumor cell
death, proliferation, hypoxia or other biological endpoints 58. However, the resolution of these
current imaging technologies may be too low to image single CICs within tumor volumes
unless they aggregate within larger biological niches that are more amenable to serial imaging.
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Examples of biological niches that could contain an increased fraction of CICs amenable for
imaging include hypoxic tumor sub-volumes (imaged by BOLD-MRI or PET-MISO/FAZA)
or vascular and perivascular niches (imaging of tumor angiogenesis (Chan et al; 2007; 10,27,
59,60). The relative radiosensitivity of CICs may further be affected by tumor oxygenation in
that acutely hypoxic cells are 2-3 times more resistant to radiotherapy than oxic cells. Note
that the proportion of CD133+ cells in mixed medulloblastoma and glioma populations can
increase under hypoxia 59,60. Normally, hypoxic CICs would undergo re-oxygenation during
fractionated radiotherapy reducing the fraction of surviving CICs and residual hypoxic volumes
potentially containing CIC niches at the end of a radiotherapy protocol could be targeted with
increased radiotherapy dose. With the development of CIC biomarkers and increasing
resolution of tumor cell imaging (such as MRI techniques to detect single CIC or stem cells;
61), the targeting of CICs during precision radiotherapy, alone or in combination with CIC-
specific molecular-targeting agents, may one day be possible.

VI. Discussion
New markers and isolation techniques for the prospective identification and culture of CICs
as potential cancer stem cells have re-invigorated the interest in solid cancer stem cell biology.
However, many assumptions from the hematopoetic stem cell literature -including the
quiescence of cancer stem cells and the characterization of the cancer stem cell niche - have
been transferred, but not demonstrated, for solid tumors. Nonetheless, the data from
radiobiologic studies contribute enormously to our understanding of cancer stem cell biology.
It is clear that single and fractionated radiotherapy targets clonogenic cells, and possibly also
decreases the bulk of more differentiated cells within 3-D tumor or tissue hierarchies. Highly-
quantitative radiobiologic studies have almost universally incorporated tumor cure and
clonogenic eradication as endpoints, in contrast to more qualitative endpoints that may be solely
representative of the treatment of differentiated tumor cells (e.g. time to progression, growth
delay and clinical or radiographic response). Presumably, all stem cells may be clonogenic in
the right environment with the right stimulus; although the reverse may not be true of all
clonogenic cells and a further understanding of this relationship will no doubt drive the
development and discovery of surrogate biomarkers predictive of therapeutic efficacy.

While many questions are still outstanding, the case for the radioresistance of CICs is growing.
In vitro clonogenic data from primary human AT/RT tumors and primary murine p53+/-

mammary tumors demonstrate classic radiation resistance of cells selected based on CICs
surrogates (CD133+ and mammosphere formation respectively)28,32. In situ pathologic
examination of irradiated murine medulloblastoma models reveals localization of cell death in
proliferating tumor bulk away from the vessels with surviving cells localized to the
perivasculature and associated with markers of undifferentiated cells27. Progenitor and CIC
marked cells are enriched by radiation in normal murine and human cell lines from multiple
tumor types11,24,25,62, and successful radiosensitizing of these populations by targeting stem
cell survival signaling and DNA repair has been described in preclinical work11,25,36.

While the explosion of new data are exciting, many questions remain unanswered (see Table
1) and significant translational work is needed to best determine which patients to treat with
novel agents that could maximize targeted radiosensitization of CICs or radioprotect normal
stem cells. Additional efforts to integrate clonogenicity and stem-ness are required to optimize
screening assays for targeted cancer stem cell radiosensitizers and normal stem cell
radioprotectors. Many patients are clearly cured of cancer with contemporary therapy, and
strategies to select patients for clinical trials will be critical to the success of these agents.
Ultimately, the success or failure of the clinical use of stem cell biomarkers and targeted agents
may determine the verdict on the significance of uncertainty in stem cell biology. Future trials
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that effectively test unique biomarkers for the stratification of patients into subgroups based
on unique stem cell markers will be critical.
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Figure 1.
Potential value of incorporating stem cell promoting culture into clonogenic assays.
Clonogenic assays are performed by digesting tumors or trypsinizing cell lines to isolate single
cells. In this example, the possible single cells (multipotent and terminally differentiated) are
highlighted in the center area (shaded light pink). Possible clonogenic colonies derived from
each type of single cell are highlighted in blue boxes. On the left are in vitro colonies that
would be generated from cells surviving radiation if the culture conditions (standard
monolayer) did not promote the survival or expansion of the stem or progenitor cells. In this
case, all colonies would represent differentiated cells capable of multiple mitoses after plating/
radiation. This would provide no information about the radioresistance of the stem/progenitor
population. On the right are colonies that would be generated in vitro from cells surviving
radiation if the culture conditions (3D serum free growth factor enriched) promote the survival
or expansion of the stem or progenitor cells and differentiated cells. In this case, colonies would
represent differentiated cells capable of multiple mitoses after plating/radiation and colonies
from the stem/progenitor population.
Based on this model, measuring the effect of radiation on the stem/progenitor population would
be possible only in culture that promotes stem/progenitor cells and not the differentiated cells.
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Figure 2.
A model for incorporating functional stem cell information into clinical radiotherapy protocols.
Marrying biomarkers of CIC and normal stem cells and functional imaging of stem cell niches
may allow for the identification and tracking of stem cells and adaptive radiotherapy. Cancer
and normal stem cells may have hyperactivated DNA damage sensing and improved DNA
repair leading to radioresistance. Relative DNA repair could be tracked using DNA repair foci
ex vivo (shown are DU145 prostate cancer cells stained for intranuclear DNA (blue DAPI
signal), γH2AX (green foci) and 53BP1 (red foci) at 30 minutes following 2 Gy). In normal
tissues, intervention with augmentation of this resistance could lead to radioprotection and
decreased acute and late toxicity. In tumor cells, this resistance could be targeted with
radiosensitization protocols using CIC-targeted agents. Assays of both CIC identification and
radiobiological function should be built into any clinical trial that tests these clinical
hypotheses.
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Table 1
Unanswered Questions

• What fraction of clonogenic cells (measured in vitro) are stem (CIC) cells and are all stem cells clonogenic in vitro?

• Are there common stem cell biomarkers that can be used as standard predictors of radiocurability across multiple tumor types?

• Will an understanding of stem cell biology lead to more effective local control following radiotherapy in addition to more effective systemic therapies
where partial responses are common?

• Can we image stem cells and clonogens during therapy and adapt the treatment in real time to alter radiotherapy dose distributions and/or add
molecular-targeted agents

• Are there specific biological niches for stem cells that are relevant for radiocurability (e.g. hypoxic stem cell niches)?

• Can we harness stem cell biology to prevent or lessen acute and late radiotherapy toxicity?
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