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DNA Repair Mechanisms in Other Cancer Stem
Cell Models

Mihoko Kai

Abstract Stem cells are often referred to as the mother of all cells, meaning that
they sit at the apex of a cellular hierarchy and, upon differentiation, give rise to
all the mature cells of a tissue. DNA damage constantly arises from DNA replica-
tion, spontaneous chemical reactions and assaults by external or metabolism-derived
agents. Therefore, all living cells must constantly contend with DNA damage. It is
particularly crucial for survival of organisms how DNA damage is handled in stem
cells, including tissue specific stem cells. While tissue-specific stem cells share the
same purpose of maintaining organ functionality, recent studies have shown that the
mechanisms of their response to DNA damage, the outcome of their DNA damage
response, and the consequence of DNA repair for genomic stability vary greatly be-
tween tissues. Striking differences in the outcome of DNA damage response (DDR)
have been seen in hematopoietic stem cells from different species and at different de-
velopmental stages. Furthermore cell cycle and metabolic states of stem cells seem to
affect choices of DNA repair pathways and a choice between cell survival and death.

7.1 Introduction

The cancer stem cell (CSC) model of tumor development and progression states
that tumors, like normal adult tissues, contain a subset of cells that both self renew
and give rise to differentiated progeny [1]. A number of CSCs have been identified,
including leukemia, breast, brain, melanoma, prostate, head and neck squamous cell
carcinomas (HNSCC), colon and pancreatic tumors [2–13]. The cellular origin of
CSCs remains elusive. However, these CSCs functionally resemble tissue specific
stem cells, and share surface markers with adult stem cells. Therefore, it is believed
that CSCs are derived from tissue specific stem cells or converted from progenitor
cells. Recent studies indicate that CSCs may take advantage of the mechanisms of
DNA repair used by tissue specific stem cells to mediate resistance to chemo- and
radiotherapy [14]. Understanding of DNA damage response controls in CSCs has
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emerged particularly in glioblastoma and breast CSCs (see Chaps. 5 and 6). However,
it is still largely unknown how CSCs respond to DNA damage despite its importance
in therapies. Unlike tissue specific stem cells, cancer cells are heterogeneous in
nature, and often carry mutations in DNA repair and damage response genes. The
background mutations might affect the DNA damage response of CSCs. This chapter
focuses on various CSCs giving overviews of their DNA damage responses (DDR).

7.2 Cancer Stem Cells in Leukemia

Leukemia was the first disease for which human cancer stem cells, or leukemic
stem cells (LSCs) were isolated through the groundbreaking work of Bonnet and
Dick [15]. The hematopoietic system is one of the best tissues for investigating
cancer stem cells, since the developmental hierarchy of normal blood formation is
well defined and distinct subsets of mature and immature hematopoietic cells can be
isolated by fluorescence-activated cell sorting (FACS) based on expression of known
surface markers [16].

Leukemias often arise due to deregulated hematopoietic stem cell (HSC) func-
tions or acquisition of extended self-renewal capabilities by more mature progenitor
cells [14, 17]. Existence of CSCs in several types of human leukemias have been
shown [15, 18, 19]. Like hematopoietic stem cells (HSCs), the populations of hu-
man LSCs were found to be mainly quiescent [20, 21], and thereby refractory to
most of the conventional treatments and as such relapse [16]. LSCs also use other
prospective mechanisms of HSCs, including localization to hypoxic niche, and DDR
mechanisms, to specifically escape chemo- and radiotherapies that kill the bulk of
the tumor cells [14, 22].

Chronic myeloid leukemia (CML) is sustained by a rare population of primitive,
quiescent BCR-ABL+ cells and represents an excellent example of a malignancy in
which CSCs represent the key to disease eradication [23]. In CML, the expanded
clone is believed to be initiated in a pluripotent hematopoietic stem cell, by chance
occurrence of a rare mutational event, the translocation of t(9;22), giving rise to
the Philadelphia (Ph) chromosome and expression of the oncogenic fusion protein
tyrosine kinase breakpoint cluster region-abelson (BCR-ABL) [24]. Although the
BCR-ABL tyrosine kinase inhibitor imatinib mesylate has revolutionized CML treat-
ment owing to its remarkable clinical efficiency, it does not appear to be fully curative,
owing to the likely survival of BCR-ABL expressing HSCs in patients [16, 23, 25].

CML is a two-stage blood disease that can be separated into chronic and acute
phases. The patients with chronic phase disease usually respond to treatments with
ABL tyrosine kinase inhibitors. However, some patients who respond initially later
become resistant. The pleiotropic effect of constitutive BCR-ABL activity seems to
cause epigenetic changes [26, 27]. Expression studies demonstrated that BCR-ABL
dramatically perturbs the CML transcriptome, resulting in altered expression of genes
[28]. The posttranscriptional, translational, and posttranslational effects of high
BCR-ABL levels result in the constitutive activation of factors with mitogenic, anti-
apoptotic and anti-differentiation activity (e.g. MAPKERK1/2, MYC, JAK2, YES-1,
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LYN, hnRNP-E2, MDM2, STAT5, BMI1, and BCL-2) and inhibition of major key
regulators of cellular processes, such as those regulated by the tumor suppressors
p53, CCAAT/enhancer binding protein-α (C/EBPα), and PP2A [26, 27, 29–31].
Therefore, it is likely that increased BCR-ABL activity promotes clonal evolution
and survival of the tumor. Furthermore, there is a direct correlation between the
levels of BCR/ABL, the frequency of clinically relevant BCR/ABL mutations and
the differentiation arrest of myeloid progenitors [31–34]. It is highly possible that
disease progression and maintenance of the CML stem/progenitor cells are caused
by the right combination of genetic and epigenetic abnormalities.

The transition from the chronic to the acute stage is poorly understood, but the
deregulation of DDR pathways and acquisition of additional chromosomal aberra-
tions and mutations resulting in overall genomic instability in both HSCs and their
downstream progeny are believed to play a crucial role in the transition to the ma-
lignant state. BCR-ABL-expressing cells have been found to accumulate genetic
abnormalities, but the mechanism leading to this genomic instability is controversial
[35]. BCR-ABL-transformed cell lines and CD34+ CML cells contain about 2–6
times more reactive oxygen species (ROS) than their normal counterparts, and ac-
cumulate 4–8 times more double-strand breaks (DSBs) [36–38]. Unfaithful and/or
inefficient DNA repair of ROS-induced oxidized DNA bases and DSBs could lead
to a variety of chromosome aberrations [39]. Effects of BCR-ABL on many DNA
repair pathways have been described.

7.2.1 Double-Strand Break Repair in BCR-ABL Cells

It is well documented that partial deletions, duplications and translocations are com-
monly observed in patients with the acute stage disease [40]. These chromosomal
aberrations could arise from unfaithful repair of DSBs. Effects of BCR-ABL in DSB
repairs have been demonstrated.

Enhanced homologous recombination repair efficiency as well as sister-chromatid
exchange frequency in BCR-ABL expressing cells have been shown [41–43]. Indeed
the fusion tyrosin kinase-dependent upregulation of Rad51 expression is reported
[42]. Furthermore, c-Abl kinase phosphorylates Rad51 in response to ionizing
radiation (IR) [44]. Interestingly downregulation of BRCA1, which is a regulator
of Rad51, was observed [43].

Non-homologous end joining (NHEJ) repair usually occurs in a cell cycle de-
pendent manner. It is a preferred pathway when cells are in G0/G1 phase of cell
cycle. Therefore, the CML cells, which are in a quiescent state, might utilize this
pathway preferentially to repair double-strand breaks (DSBs). In fact, NHEJ activity
was approximately two-fold higher in BCR-ABL expressing 32Dcl3 cells compared
to the parental cells, and four-fold higher in the case of 5′ overhang repair activity.
Additionally, more frequent small additions and larger deletions were found in the
BCR-ABL expressing cells [41]. Another group confirmed these results in CML
patient cells. BCR-ABL-expressing CML patient samples and K562 cells exhibited
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a three- to five-fold increase in end-ligation efficiency compared to normal CD34+
cells. Larger deletions, 30–400 bp, were observed in the CML cells. It remains con-
troversial whether the activated NHEJ pathway is a cause for genomic instability
in CML cells or not. In other studies, no difference in blunt-end repair was seen
between K562 myeloid leukemia cells with a p53 mutation and normal human lym-
phocytes. However, the p53-negative K562 cells induced fewer repair products with
5′ overhangs than normal lymphocytes [45]. Downregulation of DNA-PKcs but not
Ku70 and Ku80 were observed by one group [46]. It is not clear whether elevated
levels of DNA damage are driving error-prone repair by NHEJ in CML cells or CML
cells activate the NHEJ pathway inducing genomic instability.

7.2.2 Other Repairs in BCR-ABL Cells

BCR/ABL oncogenic tyrosine kinase exhibits two complementary roles in cancer
development. The first and best-characterized role is stimulation of signaling path-
ways that eventually induce growth-factor independence and affect the adhesive
and invasive capability of leukemia cells. The second is modulation of response to
DNA damage rendering cells resistant to genotoxic therapies and causing genomic
instability as described above. BCR/ABL-induced genomic instability may lead to
mutations and chromosomal translocations frequently observed during the transition
from a relatively benign CML chronic phase (CML-CP) to an aggressive blast crisis
(CML-BC) [26, 37, 47, 48]. Mechanisms leading to resistance include amplification
of the BCR/ABL gene and acquired additional genomic alterations, which are likely
to be caused by deregulation of DSB repair pathways as discussed above. Beside
these gross chromosomal changes, numerous small mutations are detected in the
BCR/ABL gene itself encoding for resistance to imatinib mesylate [37, 49, 50].
ROS induced by BCR/ABL expression and clonal selection during evolution of the
disease seems to be a cause of the mutations that are detected in patient cells.

It has also been reported that BCR/ABL inhibits mismatch repair (MMR) lead-
ing to accumulation of mutations. Impaired MMR activity is associated with better
survival, accumulation of p53 and lack of activation of Caspase 3 after N-methyl-
N′-nitro-N-nitrosoguanidine (MNNG) treatment [51]. Microsatellite instability was
observed in CML-BC but not in relatively benign CML-CP. This microsatellite
instability seems to reflect multiple replication errors due to defective MMR [52].

Connections between nucleotide excision repair (NER) and BCR/ABL have been
indicated. Interaction between XPB and p210 BCR/ABL (but not p185 BCR/ABL)
has been shown. It was later suggested that NER defect seen in BCR/ABL cells might
be a result of BCR/ABL interfering with overall formation of TFIIH complex for-
mation [53–56]. Ectopic expression of p210 BCR/ABL in murine lymphoid cell line
inhibits NER activity in vitro, promoting hypersensitivity of these cells to ultraviolet
(UV) treatment and facilitating a mutator phenotype. However, expression of p210
BCR/ABL in human and murine myeloid cell lines and primary bone marrow cells
resulted in the increased NER activity and resistance to UV irradiation [57]. Further-
more, it was shown that stably expressing BCR/ABL human hematopoietic cell lines
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as well as fibroblast cell lines repaired UV-induced damage much more quickly and
showed markedly reduced apoptosis compared to their parental counterparts [58].
However, these results have not been confirmed in fresh patient cells.

7.2.3 Cell Cycle Checkpoint in BCR-ABL Cells

Studies have shown that CD133+-glioma stem cells activate cell cycle checkpoint
pathway more efficiently compared to CD133− cells ([59], see Chap. 5). BCR/ABL-
positive CML cells can repair DSBs more efficiently than the normal counterparts
and eventually survive genotoxic treatment. Elevated levels of drug-induced DSBs
are associated with higher activity of checkpoint kinase ATR, and enhanced phos-
phorylation of histone H2AX. This gamma H2AX eventually starts to disappear in
BCR/ABL cells, while continues to increase in parental cells. In addition, expres-
sion and ATR-dependent phosphorylation of Chk1 kinase on serine 345 are often
more abundant in BCR/ABL cells [55]. Furthermore, BCR/ABL stimulates expres-
sion of Nbs1, a member of Mre11-Rad50-Nbs1 complex that plays crucial roles in
DNA repair and checkpoint activation. Enhanced ATM-dependent phosphorylation
of Nbs1 on serine 343 was observed after damage [60]. A number of other reports
have also shown that BCR/ABL-positive cells display enhanced G2-M checkpoint
activation in response to various DNA damaging agents including cisplatin, MMC,
etoposide and daunorubicin. This enhanced activation of the checkpoint seems to
cause resistance to chemotherapies [42, 55, 61–64]. This effect might be due to
ATR- and ATM-mediated phosphorylation of p53, leading to its accumulation caus-
ing upregulation of p21Waf1 and GADD45 [65]. In fact, increased p53 accumulation
after DNA damage has been reported in CML primary cells [66]. This effect was
associated with ABL kinase-dependent stimulation of ATR/ATM and p53 phospho-
rylation. Moreover, a checkpoint kinase ATM is shown to phosphorylate c-Abl in
response to irradiation [44]. However, in contrast to these observations, one report
shows an opposite result. BCR/ABL kinase protein translocates to the nucleus, asso-
ciates with ATR and disrupts ATR-dependent intra-S-phase checkpoint, leading to a
radio-resistant phenotype and prolonged G2-M checkpoint after etoposide treatment
[67]. Although the reason for this discrepancy is unknown, the differences in the cells
and cell lines used in these studies might be responsible. The latter used an inducible
model, and the others used stably expressing BCR/ABL cell lines and/or primary pa-
tient cells. Constitutive but not inducible expression of BCR/ABL might better mimic
the conditions in established Philadelphia chromosome-positive leukemia cells [60].

As described above, different results have been reported on similar experiments for
investigation of DDR pathways in BCR/ABL-expressing cells. It is highly possible
that this was caused by differences in cell/cell line system utilized in those studies.
The majority of experiments are performed with CD34+-fresh or short-term cultured
patient cells from bone marrow, comparing to CD34+ cells from healthy donors.
This setting is probably the best for understanding DDR regulation in leukemia and
also in leukemia stem/progenitor cells in vitro. In some cases, similar results were
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obtained from fibroblasts or transformed cells with artificial expression of BCR/ABL,
indicating that overexpression of the oncoprotein itself effects DDR. Alteration of
this response could be caused by the direct effects of BCR/ABL on DNA damage
response proteins and/or gene expression, or by induction of DNA damage such as
ROS. There have not been comprehensive studies to investigate DDR in true LSCs
comparing to progenitor and differentiated cells to date. Such studies will be valuable
in unraveling reasons why chemotherapies fail and cause relapses in some cases.

7.3 Cancer Stem Cells in CNS Tumors

The most common and well-characterized CNS tumor is glioblastoma. It still remains
controversial, however an enhanced DNA repair capacity and preferential activation
of DNA damage checkpoint pathway have been reported in CD133+ glioma stem
cells ([59], see Chap. 5). Similar results were demonstrated in another CNS tu-
mor, atypical teratoid/rhabdoid tumor (AT/RT) [68]. AT/RT is a rare, aggressive,
and highly malignant tumor that commonly occurs in infancy and childhood [69–
72]. In the past, the majority of AT/RTs were misclassified as primitive dermal
tumors (PNET) and medulloblastoma (MB) at supratentorial sites because of the
similarities in radiological and histological features of these tumors [73, 74]. As
the word teratoid indicates, AT/RTs show multiple-lineage developmental charac-
teristics of malignant teratomas of neuroectodermal, mesodermal, and endodermal
lineages [73–75]. Clinical data have indicated that the amount of CD133+ cells in
AT/RTs correlated positively with degrees of resistance to radiation therapies. In-
creased phosphorylation of checkpoint proteins, ATM, RAD17 and CHK1 as well as
increased expression of BCL-2 in CD133+ cells as compared to CD133− cells were
observed after radiation. Furthermore, CD133+ cells were found to be more resis-
tant to ionizing radiation (IR) in combination with cisplatin-and/or TRAIL-induced
apoptosis [68].

Another pediatric CNS tumor medulloblastoma contains CSCs in a perivascular
niche. It has been speculated that the CSC population gives rise to recurrence follow-
ing radiation. A mouse medulloblastoma model showed that the nestin-expressing
perivascular stem cells survive radiation, activate PI3K/Akt pathway, undergo p53-
dependent cell cycle arrest, and reenter the cell cycle, whereas the proliferating cells
in the tumor bulk undergo radiation-induced p53-dependent apoptotic cell death.
Activation ofAkt signaling via PTEN loss transforms these cells to a non-proliferating
extensive nodular morphology [77]. Effects of Akt activation on DNA repair and
checkpoint responses were not investigated in the study. However, involvements of
Akt in DDR pathways have been demonstrated. Activation of Akt in response to
IR and temozolomide depends on ATM and ATR [78, 79]. Activation of the Akt
pathway has been linked to chemoresistance in colon and breast cancer cells as well
as in CD133+ hepatocellular carcinoma [79, 80]. However, another study reported
that Akt activation suppresses Chk2-mediated temozolomide-induced G2 arrest in a
glioma cell line [81].
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7.4 Cancer Stem Cells in Pancreatic and Prostate Cancer

Increased expression of DNA repair genes were found in invasive human pancre-
atic cancer cells [82–86]. The same trend was observed in other cancers including
cervix [87], head and neck [88], brain [89], kidney [90] and bladder [91]. Similar
results were obtained from invasive human prostate cancer cells. These cells un-
dergo an epithelial to mesenchymal transition during the process of invasion [92].
In the invasive pancreatic cells, the upregulated genes included BRCA1, FANCI
and RAD51. It was demonstrated that the invasive prostate cancer cell population
exhibited cancer stem cell-like properties such as high tumorigenicity in mice and
elevated expression of stem cell markers [82]. Cells overexpressing RAD51 showed
higher rate of survival compared to cells that expressing basal levels of RAD51 after a
DSB-inducing drug [93]. Furthermore, overexpression of Rad51 causes dysregulated
homologous recombination (HR) and elevated genetic instability [94, 95]. Therefore,
Rad51 overexpressing cancer stem cells might acquire survival advantage and accu-
mulate genomic instability leading to progression of tumors. An enhanced level of
BRCA1 foci without damage and faster repair after a cytotoxic pyrimidine-analog
drug, gemcitabine, treatment were observed [82]. The link between an invasive pop-
ulation of cancer cells and CSCs alls fits within “the cancer stem cell hypothesis” (see
Chap. 1). The small population of CSCs has the ability to survive after chemo- and
radiotherapies leading to aggressiveness and relapse of tumors. In fact, resistance
to gemicitabine was shown to be associated with cancer stem cell-like phenotype,
although causes of the resistance were not addressed [96]. One possible reason is
enhanced DNA repair and damage response capacity in the population.

7.5 Cancer Stem Cells in Colon Cancer

Consistent with reports in glioma and breast CSCs (see above Chaps. 5 and 6), pref-
erential activation of the checkpoint in CD133+ colon cancer stem cells was recently
observed [97]. In this study, enhanced activation of Chk1 was observed after treat-
ment with the intra-crosslinking agent mitomycin C. Inhibition of the ATR but not
ATM pathway depleted CD133+ tumorigenic cells in vitro and in vivo. Caffeine, a
non-specific inhibitor of checkpoint-modulating phosphoinositide 3-kinase related
(PIK) kinases, increased proliferation and apoptosis of CD133+ colon CSCs. Induc-
tion of stalled replication forks by mitomycin C increased the effect of ATR/Chk1
inhibition on the CD133+ population. The Fanconi anemia pathway is required for
intra-crosslink DNA repair, and is mediated by the ATR pathway [98, 99]. How-
ever, no significant differences in the CD133+ population in FANCC and FANCG
deficient cells were observed [97]. ATR has also been shown to be required for
normal stem cell maintenance, and furthermore, ATR is an essential gene for embry-
onic development [100]. However, ATR conditional knockout mice exhibit dramatic
reduction of tissue-specific stem and progenitor cells and exhaustion of tissue re-
newal and homeostatic capacity [101]. Similarly, ATM is required for self-renewal



132 M. Kai

of hematopoietic stem cells, but is not important for proliferation or differentiation
of progenitors. ATM knockout mice older than 24 weeks showed progressive bone
marrow failure from a defect in HSC function that was associated with elevated ROS
[102]. Requirement of ATR but not ATM for tumorigenicity of colon CSCs might
be due to its requirement for cell survival. Enhanced activation of the ATM pathway
might be observed with different damaging agents such as radiation in the CSCs.

7.6 Cancer Stem Cells in Lung Cancer

Preferential activation of the checkpoint and faster repair were reported in non-small-
cell lung cancer (NSCLC) stem cells as compared to differentiated progenies [103].
The authors compared Chk1 activation and gamma H2AX status of NSCLC stem cells
and differentiated cells after treatments with various chemotherapeutic agents. Chk1
was activated more efficiently, and much fewer gamma H2AX foci were detected
in the CSCs compared to the differentiated counterparts. Furthermore, chemother-
apy resistance of NSCLC stem cells was associated with rapid and sustained Chk1
activation regardless of their p53 status. Combination of chemotherapeutic drugs
with Chk1 inhibitors prevented DNA repair, suggesting that NSCLC stem cells lose
the ability to repair damaged DNA in the presence of Chk1 inhibitors. In contrast,
differentiated progenies died after long exposure to chemotherapeutic agents inde-
pendently of the presence of the Chk1 inhibitors. These data were further confirmed
in mouse xenograft models in vivo.

CD133+ epithelial specific antigen positive (CD133+ ESA+) NSCLC stem cells
were shown to be highly tumorigenic and were spared by cisplatin treatment [104].
In this study, the DNA damage response in the cancer stem cells was not investigated,
but association of the drug resistance with expression of multidrug transporters of the
ATP-binding cassette (ABC) superfamily protein ABCG2 was described. In another
study, association of radiation resistant cells with presence of ALDH1 but not with
other stem cell markers CD133, Sox2 and Oct4 was found [105]. ALDH1 has been
discussed as a putative CSC marker for various cancer entities, such as breast, brain,
and HNSCC [5, 106–109]. The authors enriched radioresistant cells from a lung
cancer cell line, and then investigated whether the radioresitant cells present with
CSC characteristics, including enhanced DNA damage response. The radioresitent
cells exhibited enhanced DSB repair judged by lower amount of gamma H2AX foci
formation after irradiation. Phosphorylation of DNA-PKcs at S2056 was enhanced
in the resistant cells compared to the parental cells although the expression level of
DNA-PKcs was comparable in both cells [105].

7.7 Future Directions

DDR controls in tissue specific stem cells came into view by recent studies [110–
113]. These studies clearly demonstrated the existence of common mechanisms
to limit the amount of DNA damage, to restrain them from undergoing massive
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apoptosis and being exhausted following DNA damage, and to preserve overall
tissue function [14]. Quiescent stem cells choose to survive by inhibiting apoptotic
pathways and repair damaged DNA by error-prone repair pathways such as NHEJ,
leading to accumulation of genomic instability. This mechanism is important to
maintain tissue function in the short term, but might meet the long-term consequences
such as cancer development, aging, and tissue atrophy. Proliferating stem cells in the
cases of umbilical cord blood hematopoietic stem cells, which are still considered
to be of fetal origin, and intestinal stem cells choose to undergo massive apoptosis
after damage, avoiding accumulation of genomic instabilities.

The cellular origins of CSCs are still under debate. However, speculation exists
that CSCs are derived from tissue specific stem or progenitor cells. If that is the
case, CSCs might inherit the preferences of DDR pathways of their origin. However,
proliferation statuses of CSCs are generally not determined in vivo, except in some
cases such as leukemic stem cells which have been sown to be quiescent similar to
hematopoietic stem cells. It is possible that quiescent stem cells acquire a proliferative
status during the process of tumorigenesis. It is an important question to address in
order to understand evolution of tumors and also to develop efficient therapies which
are toxic to CSCs but not to the normal counterpart.

Unlike tissue specific stem cells, situations in cancer stem cells are much more
complicated due to heterogeneous features of cancer cells. DDR and cell proliferation
genes are often mutated in cancer cells. The background mutations of tumors might
change DDR of cancer stem cells greatly. Furthermore, isolation methods and stem
cell markers for solid cancers are not as well defined as LSCs. In most cases, unlike
the hematopoietic system, the normal tissue developmental hierarchy has not been
identified or characterized. This makes the selection of candidate markers more
difficult. These factors might lead to controversial results. Future studies on defined
CSCs are required in order to obtain clear results.

Most experiments on DDR of CSCs are performed in vitro. However, existence
of tissue specific stem cells as well as CSCs require stem cell niches which are
often found in perivascular regions. The regions are known to be hypoxic and might
induce high levels of ROS, changing the physiology of the cells found in this area.
Environments around the stem cell niche might affect DDR of CSCs. Therefore, it
is essential to confirm in vitro results further in vivo.

Although further intensive studies are required, we now recognize enhanced DDR
activities in many types of CSCs. It is well accepted that CSCs are a cause of failures
and relapses of chemo- and radiotherapies. Chemotherapeutic agents are often DNA
damaging agents, and radiation causes DSBs and ROS. The next stage in this field
is to compare DDR of malignant (aggressive and invasive) versus benign, primary
versus recurrent, and primary versus metastatic or secondary CSCs.

Addressing the questions above will lead us understanding the mechanism of
tumor development and revolutionize cancer therapies.



134 M. Kai

References

1. Ailles LE, Weissman IL (2007) Cancer stem cells in solid tumors. Curr Opin Biotechnol
18(5):460–466

2. Hope KJ, Jin L, Dick JE (2004) Acute myeloid leukemia originates from a hierarchy of
leukemic stem cell classes that differ in self-renewal capacity. Nat Immunol 5(7):738–743

3. Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF (2003) Prospective
identification of tumorigenic breast cancer cells. Proc Natl Acad Sci USA 100(7):3983–3988;
PMCID: 153034

4. Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J, Hide T et al (2004) Identification of
human brain tumour initiating cells. Nature 432(7015):396–401

5. MatsuiW, Huff CA,Wang Q, Malehorn MT, Barber J,TanhehcoY et al (2004) Characterization
of clonogenic multiple myeloma cells. Blood 103(6):2332–2336

6. Prince ME, Sivanandan R, Kaczorowski A, Wolf GT, Kaplan MJ, Dalerba P et al (2007)
Identification of a subpopulation of cells with cancer stem cell properties in head and neck
squamous cell carcinoma. Proc Natl Acad Sci USA 104(3):973–8; PMCID: 1783424

7. Li C, Heidt DG, Dalerba P, Burant CF, Zhang L, Adsay V et al (2007) Identification of
pancreatic cancer stem cells. Cancer Res 67(3):1030–1037

8. Dalerba P, Dylla SJ, Park IK, Liu R, Wang X, Cho RW et al (2007) Phenotypic characteriza-
tion of human colorectal cancer stem cells. Proc Natl Acad Sci USA 104(24):10158–10163;
PMCID: 1891215

9. O’Brien CA, Pollett A, Gallinger S, Dick JE (2007) A human colon cancer cell capable of
initiating tumour growth in immunodeficient mice. Nature 445(7123):106–110

10. Reynolds BA, Weiss S (1996) Clonal and population analyses demonstrate that an EGF-
responsive mammalian embryonic CNS precursor is a stem cell. Dev Biol 175(1):1–13

11. Fang D, Nguyen TK, Leishear K, Finko R, Kulp AN, Hotz S et al (2005) A tumorigenic
subpopulation with stem cell properties in melanomas. Cancer Res 65(20):9328–9337

12. Collins AT, Berry PA, Hyde C, Stower MJ, Maitland NJ (2005) Prospective identification of
tumorigenic prostate cancer stem cells. Cancer Res 65(23):10946–10951

13. Singh SK, Clarke ID, Terasaki M, Bonn VE, Hawkins C, Squire J et al (2003) Identification
of a cancer stem cell in human brain tumors. Cancer Res 63(18):5821–5828

14. Blanpain C, Mohrin M, Sotiropoulou PA, Passegue E (2011) DNA-damage response in tissue-
specific and cancer stem cells. Cell Stem Cell 8(1):16–29

15. Bonnet D, Dick JE (1997) Human acute myeloid leukemia is organized as a hierarchy that
originates from a primitive hematopoietic cell. Nat Med 3(7):730–737

16. Passegue E, Weisman IL (2005) Leukemic stem cells: where do they come from? Stem Cell
Rev 1(3):181–188

17. Passegue E (2005) Hematopoietic stem cells, leukemic stem cells and chronic myelogenous
leukemia. Cell Cycle 4(2):266–268

18. Jamieson CH,Ailles LE, Dylla SJ, Muijtjens M, Jones C, Zehnder JL et al (2004) Granulocyte-
macrophage progenitors as candidate leukemic stem cells in blast-crisis CML. N Engl J Med
351(7):657–667

19. Guzman ML, Jordan CT (2004) Considerations for targeting malignant stem cells in leukemia.
Cancer Control 11(2):97–104

20. Guan Y, Gerhard B, Hogge DE (2003) Detection, isolation, and stimulation of quiescent
primitive leukemic progenitor cells from patients with acute myeloid leukemia (AML). Blood
101(8):3142–3149

21. Holyoake T, Jiang X, Eaves C, Eaves A (1999) Isolation of a highly quiescent subpopulation
of primitive leukemic cells in chronic myeloid leukemia. Blood 94(6):2056–2064

22. Guzman ML, Jordan CT (2009) Lessons learned from the study of JunB: new insights for
normal and leukemia stem cell biology. Cancer Cell 15(4):252–254

23. Elrick LJ, Jorgensen HG, Mountford JC, Holyoake TL (2005) Punish the parent not the
progeny. Blood 105(5):1862–1866



7 DNA Repair Mechanisms in Other Cancer Stem Cell Models 135

24. Wong S, Witte ON (2004) The BCR-ABL story: bench to bedside and back. Annu Rev
Immunol 22:247–306

25. Peggs K, Mackinnon S (2003) Imatinib mesylate—the new gold standard for treatment of
chronic myeloid leukemia. N Engl J Med 348(11):1048–1050

26. Calabretta B, Perrotti D (2004) The biology of CML blast crisis. Blood 103(11):4010–4022
27. Melo JV, Barnes DJ (2007) Chronic myeloid leukaemia as a model of disease evolution in

human cancer. Nature Rev Cancer 7(6):441–453
28. Yong AS, Melo JV (2009) The impact of gene profiling in chronic myeloid leukaemia. Best

Pract Res Clin Haematol 22(2):181–190
29. Radich JP, Dai H, Mao M, OehlerV, Schelter J, Druker B et al (2006) Gene expression changes

associated with progression and response in chronic myeloid leukemia. Proc Natl Acad Sci
USA 103(8):2794–2799; PMCID: 1413797

30. Oehler VG, Guthrie KA, Cummings CL, Sabo K, Wood BL, Gooley T et al (2009) The
preferentially expressed antigen in melanoma (PRAME) inhibits myeloid differentiation in
normal hematopoietic and leukemic progenitor cells. Blood 114(15):3299–3308; PMCID:
2759652

31. Perrotti D, Jamieson C, Goldman J, Skorski T (2010) Chronic myeloid leukemia: mechanisms
of blastic transformation. J Clin Invest 120(7):2254–2264; PMCID: 2898591

32. Schultheis B, Szydlo R, Mahon FX, Apperley JF, Melo JV (2005) Analysis of total phospho-
tyrosine levels in CD34+ cells from CML patients to predict the response to imatinib mesylate
treatment. Blood 105(12):4893–4894

33. Barnes DJ, Palaiologou D, Panousopoulou E, Schultheis B, Yong AS, Wong A et al (2005)
Bcr-Abl expression levels determine the rate of development of resistance to imatinib mesylate
in chronic myeloid leukemia. Cancer Res 65(19):8912–8919

34. Perrotti D, Cesi V, Trotta R, Guerzoni C, Santilli G, Campbell K et al (2002) BCR-ABL
suppresses C/EBPalpha expression through inhibitory action of hnRNP E2. Nat Genet
30(1):48–58

35. Burke BA, Carroll M (2010) BCR-ABL: a multi-faceted promoter of DNA mutation in chronic
myelogeneous leukemia. Leukemia 24(6):1105–1112

36. Cramer K, Nieborowska-Skorska M, Koptyra M, Slupianek A, Penserga ET, Eaves CJ
et al (2008) BCR/ABL and other kinases from chronic myeloproliferative disorders stim-
ulate single-strand annealing, an unfaithful DNA double-strand break repair. Cancer Res
68(17):6884–6888; PMCID: 2531069

37. Koptyra M, Falinski R, Nowicki MO, Stoklosa T, Majsterek I, Nieborowska-Skorska M et al
(2006) BCR/ABL kinase induces self-mutagenesis via reactive oxygen species to encode
imatinib resistance. Blood 108(1):319–327; PMCID: 1895841

38. Nowicki MO, Falinski R, Koptyra M, Slupianek A, Stoklosa T, Gloc E et al (2004) BCR/ABL
oncogenic kinase promotes unfaithful repair of the reactive oxygen species-dependent DNA
double-strand breaks. Blood 104(12):3746–3753

39. Bernstein C, Bernstein H, Payne CM, Garewal H (2002) DNA repair/pro-apoptotic dual-role
proteins in five major DNA repair pathways: fail-safe protection against carcinogenesis. Mutat
Res 511(2):145–178

40. Bernstein R (1988) Cytogenetics of chronic myelogenous leukemia. Semin Hematol
25(1):20–34

41. Slupianek A, Nowicki MO, Koptyra M, Skorski T (2006) BCR/ABL modifies the kinetics and
fidelity of DNA double-strand breaks repair in hematopoietic cells. DNA Repair 5(2):243–
250; PMCID: 2856314

42. Slupianek A, Hoser G, Majsterek I, Bronisz A, Malecki M, Blasiak J et al (2002) Fusion
tyrosine kinases induce drug resistance by stimulation of homology-dependent recombina-
tion repair, prolongation of G(2)/M phase, and protection from apoptosis. Mol Cell Biol
22(12):4189–4201; PMCID: 133854

43. Deutsch E, Jarrousse S, Buet D, Dugray A, Bonnet ML, Vozenin-Brotons MC et al
(2003) Down-regulation of BRCA1 in BCR-ABL-expressing hematopoietic cells. Blood
101(11):4583–4588



136 M. Kai

44. Chen G, Yuan SS, Liu W, Xu Y, Trujillo K, Song B et al (1999) Radiation-induced assem-
bly of Rad51 and Rad52 recombination complex requires ATM and c-Abl. J Biol Chem
274(18):12748–12752

45. Pastwa E, Poplawski T, Czechowska A, Malinowski M, Blasiak J (2005) Non-homologous
DNA end joining repair in normal and leukemic cells depends on the substrate ends. Z
Naturforsch C 60(5–6):493–500

46. Deutsch E, Dugray A, AbdulKarim B, Marangoni E, Maggiorella L, Vaganay S et al (2001)
BCR-ABL down-regulates the DNA repair protein DNA-PKcs. Blood 97(7):2084–2090

47. Skorski T (2002) BCR/ABL regulates response to DNA damage: the role in resistance to
genotoxic treatment and in genomic instability. Oncogene 21(56):8591–8604

48. Shah NP, Sawyers CL (2003) Mechanisms of resistance to STI571 in Philadelphia
chromosome-associated leukemias. Oncogene 22(47):7389–7395

49. Flamant S, TurhanAG (2005) Occurrence of de novoABL kinase domain mutations in primary
bone marrow cells after BCR-ABL gene transfer and Imatinib mesylate selection. Leukemia
19(7):1265–1267

50. von Bubnoff N, Barwisch S, Speicher MR, Peschel C, Duyster J (2005) A cell-based screen-
ing strategy that predicts mutations in oncogenic tyrosine kinases: implications for clinical
resistance in targeted cancer treatment. Cell Cycle 4(3):400–406

51. Stoklosa T, Poplawski T, Koptyra M, Nieborowska-Skorska M, Basak G, Slupianek A et al
(2008) BCR/ABL inhibits mismatch repair to protect from apoptosis and induce point
mutations. Cancer Res 68(8):2576–2580

52. Wada C, Shionoya S, FujinoY, Tokuhiro H, Akahoshi T, Uchida T et al (1994) Genomic insta-
bility of microsatellite repeats and its association with the evolution of chronic myelogenous
leukemia. Blood 83(12):3449–3456

53. MaruY, Kobayashi T, Tanaka K, Shibuya M (1999) BCR binds to the xeroderma pigmentosum
group B protein. Biochem Biophys Res Commun 260(2):309–312

54. Takeda N, Shibuya M, MaruY (1999)The BCR-ABL oncoprotein potentially interacts with the
xeroderma pigmentosum group B protein. Proc Natl Acad Sci USA 96(1):203–255. PMCID:
15117

55. Nieborowska-Skorska M, Stoklosa T, Datta M, Czechowska A, Rink L, Slupianek A et al
(2006) ATR-Chk1 axis protects BCR/ABL leukemia cells from the lethal effect of DNA
double-strand breaks. Cell Cycle 5(9):994–1000

56. Maru Y, Bergmann E, Coin F, Egly JM, Shibuya M (2001) TFIIH functions are altered by the
P210BCR-ABL oncoprotein produced on the Philadelphia chromosome. Mutation Research
483(1–2):83–88

57. Canitrot Y, Falinski R, Louat T, Laurent G, Cazaux C, Hoffmann JS et al (2003) p210
BCR/ABL kinase regulates nucleotide excision repair (NER) and resistance to UV radiation.
Blood 102(7):2632–2637

58. Laurent E, Mitchell DL, Estrov Z, Lowery M, Tucker SL, Talpaz M et al (2003) Impact of
p210(Bcr-Abl) on ultraviolet C wavelength-induced DNA damage and repair. Clin Cancer
Res 9(10 Pt 1):3722–3730

59. Bao S, Wu Q, McLendon RE, Hao Y, Shi Q, Hjelmeland AB et al (2006) Glioma stem
cells promote radioresistance by preferential activation of the DNA damage response. Nature
444(7120):756–760

60. Rink L, Slupianek A, Stoklosa T, Nieborowska-Skorska M, Urbanska K, Seferynska I et al
(2007) Enhanced phosphorylation of Nbs1, a member of DNA repair/checkpoint complex
Mre11-RAD50-Nbs1, can be targeted to increase the efficacy of imatinib mesylate against
BCR/ABL-positive leukemia cells. Blood 110(2):651–660; PMCID: 1924483

61. Bedi A, Barber JP, Bedi GC, el-Deiry WS, Sidransky D, Vala MS et al (1995) BCR-
ABL-mediated inhibition of apoptosis with delay of G2/M transition after DNA damage:
a mechanism of resistance to multiple anticancer agents. Blood 86(3):1148–1158

62. Nishii K, Kabarowski JH, Gibbons DL, Griffiths SD, Titley I, Wiedemann LM et al (1996) ts
BCR-ABL kinase activation confers increased resistance to genotoxic damage via cell cycle
block. Oncogene 13(10):2225–2234



7 DNA Repair Mechanisms in Other Cancer Stem Cell Models 137

63. Stiewe T, Parssanedjad K, Esche H, Opalka B, Putzer BM (2000). E1A overcomes the apopto-
sis block in BCR-ABL+ leukemia cells and renders cells susceptible to induction of apoptosis
by chemotherapeutic agents. Cancer Res 60(14):3957–3964

64. Higginbottom K, Cummings M, Newland AC, Allen PD (2002) Etoposide-mediated deregu-
lation of the G2M checkpoint in myeloid leukaemic cell lines results in loss of cell survival.
Br J Haematol 119(4):956–964

65. Stoklosa T, Slupianek A, Datta M, Nieborowska-Skorska M, Nowicki MO, Koptyra M et al
(2004) BCR/ABL recruits p53 tumor suppressor protein to induce drug resistance. Cell Cycle
3(11):1463–1472

66. Goldberg Z, Levav Y, Krichevsky S, Fibach E, Haupt Y (2004) Treatment of chronic myeloid
leukemia cells with imatinib (STI571) impairs p53 accumulation in response to DNA damage.
Cell Cycle 3(9):1188–1195

67. Dierov J, Dierova R, Carroll M (2004) BCR/ABL translocates to the nucleus and disrupts an
ATR-dependent intra-S phase checkpoint. Cancer Cell 5(3):275–285

68. Chiou SH, Kao CL, ChenYW, Chien CS, Hung SC, Lo JF et al (2008) Identification of CD133-
positive radioresistant cells in atypical teratoid/rhabdoid tumor. PLoS One 3(5):e2090;
PMCID: 2396792

69. Sobel EL, Gilles FH, Leviton A, Tavare CJ, Hedley-Whyte ET, Rorke LB et al (1996) Survival
of children with infratentorial neuroglial tumors. The Childhood Brain Tumor Consortium.
Neurosurgery 39(1):45–54; discussion 54–6

70. Burger PC, Yu IT, Tihan T, Friedman HS, Strother DR, Kepner JL et al (1998) Atypical
teratoid/rhabdoid tumor of the central nervous system: a highly malignant tumor of infancy
and childhood frequently mistaken for medulloblastoma: a Pediatric Oncology Group study.
Am J Surg Pathol 22(9):1083–1092

71. Tekautz TM, Fuller CE, Blaney S, Fouladi M, Broniscer A, Merchant TE et al (2005) Atypical
teratoid/rhabdoid tumors (ATRT): improved survival in children 3 years of age and older with
radiation therapy and high-dose alkylator-based chemotherapy. J Clin Oncol 23(7):1491–1499

72. Wong TT, Ho DM, Chang KP, Yen SH, Guo WY, Chang FC et al (2005) Primary pediatric
brain tumors: statistics of Taipei VGH, Taiwan (1975–2004). Cancer 104(10):2156–2167

73. ParwaniAV, Stelow EB, Pambuccian SE, Burger PC,Ali SZ (2005)Atypical teratoid/rhabdoid
tumor of the brain: cytopathologic characteristics and differential diagnosis. Cancer
105(2):65–70

74. Cheng YC, Lirng JF, Chang FC, Guo WY, Teng MM, Chang CY et al (2005) Neuroradiolog-
ical findings in atypical teratoid/rhabdoid tumor of the central nervous system. Acta Radiol
46(1):89–96

75. Bergmann M, Spaar HJ, Ebhard G, Masini T, Edel G, Gullotta F et al (1997) Primary malignant
rhabdoid tumours of the central nervous system: an immunohistochemical and ultrastructural
study. Acta Neurochir (Wien) 139(10):961–968; discussion 8–9

76. Ho DM, Hsu CY, Wong TT, Ting LT, Chiang H (2000) Atypical teratoid/rhabdoid tu-
mor of the central nervous system: a comparative study with primitive neuroectodermal
tumor/medulloblastoma. Acta Neuropathol 99(5):482–488

77. Hambardzumyan D, Becher OJ, Rosenblum MK, Pandolfi PP, Manova-Todorova K, Holland
EC (2008) PI3K pathway regulates survival of cancer stem cells residing in the perivascular
niche following radiation in medulloblastoma in vivo. Gene Dev 22(4):436–448; PMCID:
2238666

78. Viniegra JG, Martinez N, Modirassari P, Losa JH, Parada Cobo C, Lobo VJ et al (2005) Full
activation of PKB/Akt in response to insulin or ionizing radiation is mediated through ATM.
J Biol Chem 280(6):4029–4036

79. Caporali S, Levati L, Starace G, Ragone G, Bonmassar E, Alvino E et al (2008) AKT is
activated in an ataxia-telangiectasia and Rad3-related-dependent manner in response to temo-
zolomide and confers protection against drug-induced cell growth inhibition. Mol Pharmacol
74(1):173–183

80. Ma S, Lee TK, Zheng BJ, Chan KW, Guan XY (2008) CD133+ HCC cancer stem cells con-
fer chemoresistance by preferential expression of the Akt/PKB survival pathway. Oncogene
27(12):1749–1758



138 M. Kai

81. HiroseY, Katayama M, Mirzoeva OK, Berger MS, Pieper RO (2005)Akt activation suppresses
Chk2-mediated, methylating agent-induced G2 arrest and protects from temozolomide-
induced mitotic catastrophe and cellular senescence. Cancer Res 65(11):4861–4869

82. Mathews LA, Cabarcas SM, Hurt EM, Zhang X, Jaffee EM, Farrar WL (2011) Increased
expression of DNA repair genes in invasive human pancreatic cancer cells. Pancreas
40(5):730–739; PMCID: 3116046

83. Yu J, Rhodes DR, Tomlins SA, Cao X, Chen G, Mehra R et al (2007) A polycomb repression
signature in metastatic prostate cancer predicts cancer outcome. Cancer Res 67(22):10657–
10663

84. Lapointe J, Li C, Higgins JP, van de Rijn M, Bair E, Montgomery K et al (2004) Gene
expression profiling identifies clinically relevant subtypes of prostate cancer. Proc Natl Acad
Sci USA 101(3):811–816; PMCID: 321763

85. LaTulippe E, Satagopan J, SmithA, Scher H, Scardino P, ReuterV et al (2002) Comprehensive
gene expression analysis of prostate cancer reveals distinct transcriptional programs associated
with metastatic disease. Cancer Res 62(15):4499–4506

86. Varambally S,Yu J, Laxman B, Rhodes DR, Mehra R, Tomlins SA et al (2005) Integrative ge-
nomic and proteomic analysis of prostate cancer reveals signatures of metastatic progression.
Cancer Cell 8(5):393–406

87. Pyeon D, Newton MA, Lambert PF, den Boon JA, Sengupta S, Marsit CJ et al (2007)
Fundamental differences in cell cycle deregulation in human papillomavirus-positive and hu-
man papillomavirus-negative head/neck and cervical cancers. Cancer Res 67(10):4605–4619;
PMCID: 2858285

88. Schlingemann J, Habtemichael N, Ittrich C, Toedt G, Kramer H, Hambek M et al (2005)
Patient-based cross-platform comparison of oligonucleotide microarray expression profiles.
Lab Invest 85(8):1024–1039

89. Albino D, Scaruffi P, Moretti S, Coco S, Truini M, Di Cristofano C et al (2008) Identification
of low intratumoral gene expression heterogeneity in neuroblastic tumors by genome-wide
expression analysis and game theory. Cancer 113(6):1412–1422

90. Yusenko MV, Kuiper RP, Boethe T, Ljungberg B, van Kessel AG, Kovacs G (2009) High-
resolution DNA copy number and gene expression analyses distinguish chromophobe renal
cell carcinomas and renal oncocytomas. BMC Cancer 9:152; PMCID: 2686725

91. Sanchez-Carbayo M, Socci ND, Lozano J, Saint F, Cordon-Cardo C (2006) Defining molec-
ular profiles of poor outcome in patients with invasive bladder cancer using oligonucleotide
microarrays. J Clin Oncol 24(5):778–789

92. Klarmann GJ, Hurt EM, Mathews LA, Zhang X, Duhagon MA, Mistree T et al (2009) Invasive
prostate cancer cells are tumor initiating cells that have a stem cell-like genomic signature.
Clin Exp Metastasis 26(5):433–446; PMCID: 2782741

93. Maacke H, Jost K, Opitz S, Miska S, Yuan Y, Hasselbach L et al (2000) DNA repair and re-
combination factor Rad51 is over-expressed in human pancreatic adenocarcinoma. Oncogene
19(23):2791–2795

94. Shammas MA, Shmookler Reis RJ, Koley H, Batchu RB, Li C, Munshi NC (2009) Dysfunc-
tional homologous recombination mediates genomic instability and progression in myeloma.
Blood 113(10):2290–2297; PMCID: 2652372

95. Pal J, Bertheau R, Buon L, Qazi A, Batchu RB, Bandyopadhyay S et al (2011) Genomic
evolution in Barrett’s adenocarcinoma cells: critical roles of elevated hsRAD51, homologous
recombination and Alu sequences in the genome. Oncogene 30(33):3585–3598

96. Hu G, Li F, Ouyang K, Xie F, Tang X, Wang K et al (2011) Intrinsic gemcitabine resistance
in a novel pancreatic cancer cell line. Int J Oncol 40:798–806

97. Gallmeier E, Hermann PC, Mueller MT, Machado JG, Ziesch A, De Toni EN et al (2011)
Inhibition of ataxia telangiectasia- and Rad3-related function abrogates the in vitro and in
vivo tumorigenicity of human colon cancer cells through depletion of the CD133(+) tumor-
initiating cell fraction. Stem Cells 29(3):418–429

98. Grompe M, D’Andrea A (2001) Fanconi anemia and DNA repair. Hum Mol Genet
10(20):2253–2259



7 DNA Repair Mechanisms in Other Cancer Stem Cell Models 139

99. Andreassen PR, D’Andrea AD, Taniguchi T (2004) ATR couples FANCD2 monoubiquitina-
tion to the DNA-damage response. Gene Dev 18(16):1958–1963; PMCID: 514175

100. Brown EJ, Baltimore D (2000) ATR disruption leads to chromosomal fragmentation and early
embryonic lethality. Gene Dev 14(4):397–402; PMCID: 316378

101. RuzankinaY, Pinzon-Guzman C,AsareA, Ong T, Pontano L, Cotsarelis G et al (2007) Deletion
of the developmentally essential gene ATR in adult mice leads to age-related phenotypes and
stem cell loss. Cell Stem Cell 1(1):113–126; PMCID: 2920603

102. Ito K, Hirao A, Arai F, Matsuoka S, Takubo K, Hamaguchi I et al (2004) Regulation of
oxidative stress by ATM is required for self-renewal of haematopoietic stem cells. Nature
431(7011):997–1002

103. Bartucci M, Svensson S, Romania P, Dattilo R, Patrizii M, Signore M et al (2011) Therapeutic
targeting of Chk1 in NSCLC stem cells during chemotherapy. Cell Death Differ 19:768–778

104. Bertolini G, Roz L, Perego P, Tortoreto M, Fontanella E, Gatti L et al (2009) Highly tu-
morigenic lung cancer CD133+ cells display stem-like features and are spared by cisplatin
treatment. Proc Natl Acad Sci USA 106(38):16281–16286; PMCID: 2741477

105. Mihatsch J, Toulany M, Bareiss PM, Grimm S, Lengerke C, Kehlbach R et al (2011) Selec-
tion of radioresistant tumor cells and presence of ALDH1 activity in vitro. Radiother Oncol
99(3):300–306

106. ChenYC, ChenYW, Hsu HS, Tseng LM, Huang PI, Lu KH et al (2009) Aldehyde dehydroge-
nase 1 is a putative marker for cancer stem cells in head and neck squamous cancer. Biochem
Bioph Res Co 385(3):307–313

107. Ginestier C, Hur MH, Charafe-Jauffret E, Monville F, Dutcher J, Brown M et al (2007)
ALDH1 is a marker of normal and malignant human mammary stem cells and a predictor of
poor clinical outcome. Cell Stem Cell 1(5):555–67; PMCID: 2423808

108. Balicki D (2007) Moving Forward in Human Mammary Stem Cell Biology and Breast Cancer
Prognostication Using ALDH1. Cell Stem Cell 1(5):485–487

109. Rasper M, Schafer A, Piontek G, Teufel J, Brockhoff G, Ringel F et al (2010) Aldehyde
dehydrogenase 1 positive glioblastoma cells show brain tumor stem cell capacity. Neuro
Oncol 12(10):1024–1033; PMCID: 3018920

110. Milyavsky M, Gan OI, Trottier M, Komosa M, Tabach O, Notta F et al (2010) A distinctive
DNA damage response in human hematopoietic stem cells reveals an apoptosis-independent
role for p53 in self-renewal. Cell Stem Cell 7(2):186–197

111. Mohrin M, Bourke E, Alexander D, Warr MR, Barry-Holson K, Le Beau MM et al (2010)
Hematopoietic stem cell quiescence promotes error-prone DNA repair and mutagenesis. Cell
Stem Cell 7(2):174–185; PMCID: 2924905

112. Blanpain C (2010) Stem cells: skin regeneration and repair. Nature 464(7289):686–687
113. Sotiropoulou PA, Candi A, Mascre G, De Clercq S, Youssef KK, Lapouge G et al (2010)

Bcl-2 and accelerated DNA repair mediates resistance of hair follicle bulge stem cells to
DNA-damage-induced cell death. Nat cell Biol 12(6):572–582


	Chapter 7 DNA Repair Mechanisms in Other Cancer Stem Cell Models
	7.1 Introduction
	7.2 Cancer Stem Cells in Leukemia
	7.2.1 Double-Strand Break Repair in BCR-ABL Cells
	7.2.2 Other Repairs in BCR-ABL Cells
	7.2.3 Cell Cycle Checkpoint in BCR-ABL Cells

	7.3 Cancer Stem Cells in CNS Tumors
	7.4 Cancer Stem Cells in Pancreatic and Prostate Cancer
	7.5 Cancer Stem Cells in Colon Cancer
	7.6 Cancer Stem Cells in Lung Cancer
	7.7 Future Directions
	References




