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Preface

In recent years, the strides made in understanding and elucidating both the origins and
biological mechanisms responsible for driving cancer progression have been quite
impressive. Specifically, the momentum that has coincided with the discovery and
investigation of cancer stem cells (CSCs), tumor-initiating cells (TICs) or cancer-
initiating cells (CICs) has been enormous. The investigation of every aspect of this
deadly and lethal subpopulation has brought attention to its potential in a therapeutic
light which we hope can translate into the clinic. The cancer stem cell hypothesis was
first described with data from models of human leukemia by John E. Dick from the
University of Toronto. The heterogeneity of human leukemia and the presence of stem
cells in cancer was further translated into solid tumors by Al-Hajj et al. when they
published a provocative paper in Proceedings of the National Academy of Sciences
discussing the ability to distinguish tumorigenic (tumor-initiating) cancer cells from
the nontumorigenic counterpart based on the expression of cell surface markers. The
group reported that as little as 100 cells of this specific population were able to form a
solid tumor when injected into the mammary fat pad of immunocompromised mice.
The most critical aspect of this study was the data demonstrating that even tens of
thousands of cells of the nontumorigenic cancer stem cell depleted fraction failed to
produce a tumor.

Since this study, these cells have been heavily investigated and are now known
to be the most aggressive cells within a solid tumor discovered to date. In recent
years, many groups have demonstrated that in addition to being the most aggres-
sive cells, they are highly resistant to current chemotherapy and radiation regimes
employed in the clinic. The resistant nature of these cells has led many labs down
the path of developing new therapies to eradicate them from patients. An interesting
observation among our lab and others was that isolated CSCs express higher levels
of DNA repair genes, and furthermore, lead to increased expression of crucial genes
and pathways that contribute to their drug resistant characteristics. Thus, we have
assembled a remarkable group of experts in both CSCs and DNA repair to discuss
their research in light of the role of DNA repair genes and pathways in the CSC
population. The common end goal is to contribute to the knowledge base and lead
the field in investigating and studying additional mechanisms for potential therapies
being designed to target this aggressive population of cells.

The concept of DNA repair conferring survival and progression is the overall
theme of this book, and we believe provides a unique contribution to the CSC field
in regards to developing new strategies to target this highly metastatic and resis-
tant population. We hope this book can provide a foundation and support to future
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scientists and clinicians working in the field of cancer resistance and cancer stem
cells.

Lesley Mathews
Stephanie M. Cabarcas
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Chapter 1
Introduction to Cancer Stem Cells

Chengzhuo Gao, Robert E. Hollingsworth and Elaine M. Hurt

Abstract A wealth of data points to the existence of a subset of tumor-initiating cells
that have properties similar to stem cells, termed cancer stem cells (CSCs). CSCs
are thought to be at the apex of a cellular hierarchy, where they are capable of dif-
ferentiating into the other cells found within a tumor. They may also be responsible
for both patient relapse due to their relative resistance to chemotherapy as well as
metastasis. In recent years, much research has focused on these cells, their proper-
ties and potential targets within these cells for cancer treatment. This chapter will
introduce the CSC theory, discuss important properties of these cells, and highlight
the need to target them for improved patient outcome.

1.1 The Etiology of Cancer

Many hypotheses have been put forth through the years that attempt to explain
the etiology of cancer. They have come from divergent fields of study; pathology,
molecular biology and genetics but they all attempt to explain how a normal tissue
can go from homeostatic equilibrium to something that grows without the checks
and balances that govern normal biology. These theories include, but are not limited
to, a viral basis of disease, clonal expansion, and the cancer stem cell hypothesis.
While each of these theories attempts to explain the etiology of cancer, it is most
likely that some of these independent theories work together to give rise to not only
tumors, but tumors that are able to evade treatment strategies.
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1.2 The Cancer Stem Cell Hypothesis

Since the early pathologists could look at tissues microscopically the origins and
progression of cancer has been pondered. It was noted that advanced tumors often
presented with diverse areas of differentiation, proliferation, invasion and vascularity.
It was during this time of early microscopic inspection that led Cohnheim, a student
of Virchow, to propose his embryonal rest hypothesis ([1] and references therein).
Cohnheim had noted that cancer tissues, teratomas in particular, had many of the
same properties as embryonic tissue. This lead him to speculate that carcinogenesis
occurs from dormant remnants of the embryo that are later reactivated. However,
this theory was largely ignored. The spirit of this hypothesis reappeard in the 1970s
when Barry Pierce et al. examined differentiation in teratomas (reviewed in [1]) and
determined that a stem cell was responsible for initiation of the teratomas. They then
furthered these observations into a theory that all epithelial cancers arise as a result
of differentiation-paused adult tissue stem cells [2].

On the heels of this hypothesis, came some of the first evidence that leukemias
may have a CSC origin. John Dick and colleagues showed that a sub-population of
acute myelogenous leukemia (AML) cells, which shared a phenotype with normal
hematopoietic stem cells, could confer cancer when transplanted into immunocom-
promised mice. Furthermore, the cells that did not have the stem cell-phenotype
could not transfer AML to recipient mice [3, 4]. Several years later, CSCs were iden-
tified in breast cancer [5], followed by a myriad of solid malignancies (discussed in
more detail below in “1.4 Identification of CSCs”).

1.3 Properties and Cell of Origin of CSCs

Cancer stem cells are so named because they share many of the same properties as nor-
mal stem cells. They are capable of tumorigenesis, self-renewal and can differentiate
to form the heterogeneous cell types present in tumors (Fig. 1.1a). These functional
properties led to the CSC moniker; however, many argue that “tumor-initiating cells”
would be a better description of these cells. For the purposes of this book, we will
refer to these cells as CSCs, where a CSC has been defined as “a cell within a tumor
that possess the capacity to self-renew and to cause the heterogeneous lineages of
cancer cells that comprise the tumor” [6]. It has also been observed that CSCs are rel-
atively resistant to chemotherapy and therefore may be responsible for patient relapse
following treatment (Fig. 1.1b, discussed in detail in Chap. 3). Thus, the CSC hy-
pothesis attempts to explain several observations of tumors, including the frequency
at which tumor cells can give rise to new tumors, the generation of cells with multiple
genetic alterations, and the heterogeneity of cell types present within tumors.

In theory, cancer arises from a single cell that has somehow subverted normal
growth restrictions. However, experimental evidence has shown a requirement of
many cells in order to seed a tumor. For example the growth of tumor cells in im-
munocompromised mice, typically requires that 1–10 million cells are implanted in
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Fig. 1.1 Schematic representation of CSC-driven tumor formation. (a) CSCs can either divide
symmetrically (self-renewal) to give rise to two CSCs or they can divide asymmetrically (differen-
tiation) giving rise to one CSC and one differentiated progeny. The ability to give rise to a tumor,
to self-renewal and differentiate into the heterogeneous cell populations found in the tumor are the
defining characteristic of a CSC. The differentiated progeny of a CSC are often more proliferative
than the CSC itself, but they have a finite replicative capacity. (b) CSCs are resistant to conventional
therapies, including chemotherapy and radiation. These treatments can eliminate the more rapidly
dividing differentiated cells but leave behind the CSC (discussed in more detail in Chap. 3). Once
treatment is stopped, the remaining CSCs can begin to divide again and form a new tumor resulting
in patient relapse

order to see tumor formation. This observation has many possible explanations, in-
cluding injury to cells upon injection, the requirement for the right microenvironment
(and the difference of this between human and mouse), as well as the requirement
to have a variety of cell types present in order to efficiently induce tumor formation.
However, even in experiments where human cancer patients were reinjected with
their own tumor cells at different sites within their bodies, it took large numbers of
cells in order for a new tumor to establish. Again, this could be consistent with the
role of the tumor microenvironment, this time from one site to another; it is also
consistent with the notion that only a small proportion of cells are capable of giving
rise to a tumor. The idea that only a small proportion of the cells found within a
tumor are capable of giving rise to a tumor is consistent with the CSC hypothesis.
The frequency of CSCs in most cases has been reported to be low (typically less than
5 %) except in the case of melanoma where a variety of cells were shown to have
equally high tumorigenicity [7, 8].

The origin of the cancer stem cell is still under debate. The requirement for
multiple genetic insults in order to drive tumor formation has been recognized for a
long time [9]. It is suggested that in order for a cell to live long enough to sustain
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the genetic insults required to drive tumor formation, it is likely that a normal adult
stem cell is the originator of a CSC phenotype. Mathematical models support this
theory [10]. Furthermore, the leukemic stem cells (LSCs) of CML patients express
BCR-ABL, the common translocation that drives cellular transformation [11]. This
provides experimental evidence that CSCs sustain the genetic insults that are seen
to drive carcinogenesis. The identification in CSCs of oncogenic driver mutations is
also beginning to emerge for solid tumors. For example, the TMPRSS:ERG fusion
has been found in prostate CSCs [12].

However, it is still possible that a more differentiated cell undergoes these genomic
rearrangements and additionally picks up further mutations that impart the ability
to self-renew as well as differentiate. Indeed fibroblasts can acquire the properties
of pluripotent stem cells with the activation of just a few genes [13–15]. Moreover,
it was recently shown that a catastrophic event in the cell can lead to many genetic
alterations at a single time [16]. It may also be that environmental cues can trigger
CSC properties even independent of DNA rearrangements. For example, it has been
noted that cells undergoing epithelial-to-mesenchymal transition (EMT), a normal
developmental process that promotes cancer invasion and metastasis, can acquire
characteristics of CSCs [17]. These ilines of evidence suggest that a cell does not
need to be long-lived in order to sustain many genetic alterations and that CSC
properties can be bestowed by biological processes, and would therefore argue that
any cell may be the fodder for CSCs.

1.4 Isolation of CSCs

Currently, there are several commonly used approaches for the isolation of cancer
stem cells, including: (1) sorting of a side population (SP) by flow cytometry based
on Hoechst dye efflux, (2) sorting of CSCs by flow cytometry based on cell surface
marker expression, (3) enriching of CSCs by non-adherent sphere culture and (4)
sorting of CSCs by flow cytometry based on aldehyde dehydrogenase (ALDH) ac-
tivity (Fig. 1.2). All of these approaches enrich for CSCs to varying degrees, and
each of them has its own advantages and limitations, which will be discussed below.

1.4.1 Side Populations

Goodell and colleagues, while analyzing murine bone marrow cells, discovered a
small and distinct subset of whole bone marrow cells that were unstained by Hoechst
33342, a vital dye [18]. This Hoechst 33342 low population is termed SP. They
found that the SP had the phenotypic markers of multipotential hematopoietic stem
cells and were able to repopulate the bone marrow. Following their work, the SP
has been extended to a variety of cancer types, including leukemia [19, 20], ovar-
ian cancer [21], hepatocellular carcinoma [22], brain tumors [23–25], lung cancer
[26, 27], thyroid cancer [28], nasopharyngeal carcinoma [29], mesenchymal tumors
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Fig. 1.2 Methods of CSC isolation. CSCs have been isolated using one of four methods. This is
a pictorial representation of these isolation techniques and how they are used to identify the CSC
versus the non-CSCs

[30], colon cancer [31], prostate cancer [32], breast cancer [33–35], head and neck
cancer [36] and other cancers [37–40]. The SP cells purified from these tumor types
harbor cancer stem cell-like cells with properties such as a “stemness” gene signature
[23, 26, 28, 29, 35], self-renewal capacity [25, 26, 28, 29, 33, 35] and tumorigenicity
[19, 21, 24–26, 28, 29, 35].

The ATP dependent transporter, ATP-binding cassette sub-family G member 2
(ABCG2, BRCP1), is generally believed to be responsible for Hoechst 33342 efflux
by the SP. Several lines of evidence support this hypothesis. First, ABCG2 knockout
mice show significantly decreased numbers of SP cells in both the bone marrow
as well as in skeletal muscle [41]. Second, overexpression of ABCG2 dramatically
increases the SP percentage of bone-marrow cells and reduces maturing progeny both
in vitro and in vivo [42]. Third, ABCG2 is highly expressed in a wide variety of stem
cells including the SP cells of neuroblastoma patients [23, 42]. Fourth, ABCG2 may
be responsible for conferring drug resistance to the SP and CSCs. ABCG2 is a
multidrug resistant pump expressed at variable levels in cancer cells, which can
bind and expel cytotoxic drugs [43]. Thus, ABCG2 may lower intracellular levels
of anticancer agents below the threshold for cell death in tumors, leaving resistant
cells to repopulate the tumor. Indeed, inhibition of the ABC transporters sensitized
SP cells of various cancer types to chemotherapeutic agents [44, 45].

However, there is not always a correlation between ABCG2 expression and the SP
phenotype. For example, erythroblasts highly express the ABC transporter ABCG2
but do not have an SP phenotype [46]. Furthermore, the expression of ABCG2, and
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the presence of the SP in general, do not always define the CSC population. For
instance, in prostate cancer both purified ABCG2+ and ABCG2− cancer cells have
similar tumorigenicity to the SP cells in vivo, although the SP cells express higher
level of ABCG2 mRNA than the non-SP cells [32]. Additionally, ABCG2 is not the
only multi-drug resistance gene identified in SP stem-like cells. The expression of
P-glycoprotein (ABCB1, MDR1) is also significantly up-regulated in SP cells of an
oral squamous cell carcinoma cell line [47], although Feuring-Buske et al. found
that there is no correlation between the expression of ABCB1 and the SP in acute
myeloid leukemia [19]. Instead, Zhou et al. demonstrated that Hoechst 33342 efflux
activity is compensated by ABCG2 in Abcb1 null mice [42], indicating that SP cells
may utilize different drug transportation machineries in different environments. In
addition, the presence of the SP may instead be the result of inefficient dye uptake as
a reflection of the presence of largely quiescent cells, another characteristic of stem
cells [26, 48].

Compared to other methods, isolation of the side population has two advan-
tages. First, it carries additional information about the functional status of the cells,
since this assay is based on an active metabolic process. Second, it is highly sensi-
tive, with even rare SP events (<0.5 % of the total cell population) detected within
heterogeneous samples [49].

But this method also has many disadvantages. Some of the limitations of this
method have to do with the Hoechst 33342 dye itself. Owing to the fact that Hoechst
33342 is a DNA binding dye, it is toxic to cells. Shen and colleagues found that
Hoechst 33342 staining for a prolonged periods of time increases apoptosis in C6
cells [25]. Furthermore, it is highly sensitive to slight variations in staining conditions.
Hoechst concentration, the staining time, and the staining temperatures all are critical
for the success of this approach.

Other disadvantages of SP isolation are due to the ability of this method to ac-
curately define and purify CSCs. Importantly, the SP is not always necessary or
sufficient for a CSC phenotype. In glioblastoma multiforme (GBM), the SP from
the GBM lines did not enrich for stem-like activity in vitro, and tumorigenicity was
lower in sorted SP compared with non-SP and parental cells [50]. Equally important,
is that SP cells represent a heterogeneous cell population. Wan et al. demonstrated
that SP cells purified from a laryngeal cancer cell line does harbor cancer stem cell-
like properties, but they are heterogeneous indicating that SP cells are not identical
to stem cells [51]. Combining SP detection with cell surface marker selection, may
lead to a more efficient and reliable isolation of CSCs.

Despite the limitations existing in SP isolation, the presence of the SP population
has some clinical relevance in certain disease indications. For example, the SP pop-
ulation can be identified in gastric cancer tissue and correlates with patient survival
[37]. A limited clinical study in ovarian cancer also revealed a higher SP frequency
in recurrent or metastatic tumors compared with primary tumors, suggesting a good
correlation between the presence of SP and recurrence in ovarian cancer [52].

Besides the use in prognosis of cancer, the SP may also serve as a potential thera-
peutic target for cancer. Several studies have pioneered the possibility of specifically
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targeting SP cells by exploiting pathways involved in drug resistance and differenti-
ation [53]. For instance, Praveen et al. have isolated SP cells from multiple cancer
cell lines and found that these SP cells are resistant to cytochrome C release and
apoptosis. Based on this finding, they developed a high-throughput imaging assay,
in which the cytochrome C-EGFP translocation is monitored in the sorted SP cells.
Through this assay, the heat shock protein 90 inhibitors have been identified to sen-
sitize the SP cells to some antitumor agents, such as cisplatin [54]. Moreover, an
autologous vaccine for B-cell chronic lymphocytic leukemia (B-CLL) was made
using a patient’s SP cells. Following vaccination, the study showed an increase in
(B-CLL)-reactive T-cells followed by a corresponding decline in circulating B-CLL
SP cells [55]. This indicates that the SP may be a valid ground for cancer therapy.

1.4.2 Surface Markers

Initially used to identify and isolate normal stem cells, surface markers are now
extensively used for the identification and isolation of CSCs in many malignances.
Lapidot and colleagues were the first to isolate leukemia-initiating cells based on
cell-surface marker expression and found CD34+ CD38− cells, but not the CD34+
CD38+ and CD34− cells, harbored serial leukemic transplantation potential [3].
Following this initial prospective isolation of leukemia stem cells, breast CSCs were
identified as CD44+ CD24−/low by Al-Hajj and colleagues [5]. Later, based on their
surface marker expression, CSCs have been isolated from various tumors (Table 1.1).
Among all the surface markers used for CSCs isolation, CD133 and CD44 are the
most commonly used in a variety of tumor types.

CD133 (Prominin 1), a five transmembrane glycoprotein, was originally identified
both in the neuroepithelium and in various other epithelia of the mouse embryo [77].
Later, a novel monoclonal antibody recognizing the AC133 antigen, a glycosylation-
dependent epitope of CD133, detected that CD133 is restricted in CD34+ progenitor
populations from adult blood, bone marrow and fetal liver cells [78]. In addition,
CD133 expression is rapidly down regulated upon cell differentiation [79]. These
characteristics of CD133 make it a unique cell surface marker for the identification
and isolation of various CSCs (Table 1.1). The biological function of CD133 is
still largely unknown. A single nucleotide deletion, which caused the truncation
of CD133, is linked to an inherited form of human retinal degeneration [80]. A
recent report has linked CD133 with endocytosis. In this study, CD133 knockdown
improved Alexa488-transferrin (Tf) uptake in Caco-2 cells, while cell treatment
with the AC133 antibody resulted in down regulated Tf uptake, [81]. Despite its
utility as a marker of CSCs, CD133 does not appear to play a significant role in
the maintenance of at least some CSCs. In colon cancer cells isolated from patients,
CD133 knockdown did not affect their tumorigenicity in vitro and in vivo [82].
Instead, CD44 knockdown prevented tumor formation of the same cells.

CD44, a single transmembrane glycoprotein, is a major component of the extra-
cellular matrix [83]. Besides acting as an adhesion molecule, it also functions as
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Table 1.1 Cell surface
markers used in the isolation
of various CSCs

Tumor type Phenotype Reference

AML CD34+CD38− [3, 4]
Breast CD44+CD24− [5]
Brain CD133+ [56, 57]

SSEA-1 [58]
Prostate CD44+CD133+α2ßhi

1 [59]
CD44+CD24− [60]

Head and neck CD44+ [61]
Liver CD133+ [62]

CD90+ [63]
Colon CD133+ [64, 65]

EpCAMhiCD44+ [66]
CD44+/CD166+ [67]

Pancreatic CD44+CD24−EpCAM+ [68]
CD133+ [69]

Squamous cell carcinoma Podoplanin [70]
Lung CD133+ [71]
Melanoma ABCB5+ [72]
Gastric CD44+ [73]
Ovarian CD133+ [74]

CD44+/CD177+ [75]
CD44+ [76]

a principle receptor for hyaluronan (HA) [84]. HA is enriched in the pericellular
matrices of many malignant human tumors and plays an important role in tumor
progression via regulation of receptor tyrosine kinases (RTKs), such as ERBB2 and
EGFR [85]. Thus, as a critical receptor for HA, CD44 plays an important role in
cell proliferation and survival via activation of the MAPK and PI3K/AKT pathways,
respectively [85]. Furthermore, CD44 also plays an important role in the invasion
of a variety of cancer cells, including breast [86], prostate [87], hepatoma [88],
and mesotheliomas [89], and has been significantly correlated with the circulating
prostate tumor cells [90]. Therefore, CD44 stands out as a surface marker for CSCs,
as first shown by Al-hajj and colleagues in breast cancer [5]. Following their work,
CD44 has been utilized as a surface marker to isolate CSCs from a variety of different
tumors (Table 1.1).

CD44 was also explored as a potential diagnostic target for cancer detection as
well as a drug target for cancer therapy [91–93]. For instance, in 2003, the humanized
anti-CD44 antibody (bivatuzumab) labeled with rhenium-186 was used in phase I
studies in patients with head and neck squamous cell carcinoma (HNSCC) [94, 95].
In this trial, these radiolabeled CD44 antibodies showed promising anti-tumor effects
with low toxicity. Further, a different trial with the non-radiolabeled CD44 antibody
(bivatuzumab mertansine) also had good patient response rates, although the devel-
opment of this drug was terminated due to the death of a patient [96]. Recently, CD44
was also shown to target CSCs. In 2006, Jin et al. found that interruption of CSCs
interaction with their microenvironment by monoclonal antibody directed against
CD44 markedly decreased the number of the AML LSCs in vivo, indicating a key
regulatory role of CD44 in AML LSCs [97].
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While CD44 and CD133 appear to have broad tumor applicability, the choice of
the cell surface markers tends to be tissue specific and is often based on previous
knowledge of the development of that tissue. For instance, CD34 and CD38, the
markers used for isolation of AML CSCs, are also the markers used to identify
normal early hematopoietic progenitor cells [3, 4]. Another good example is CD138.
CD138 is a marker for terminally-differentiated B cells (plasma cells). It has been
shown that CSCs from multiple myeloma, a plasma cell malignancy, are CD138−.

Compared to other methods of isolation, cell surface marker isolation has a major
advantage of obtaining a precise population. However, the selection of which surface
markers to use is one of the greatest pitfalls of this approach. As discussed earlier,
many times markers selected are based on previous knowledge of the development of
the tissue. For this reason, it may not be easy to find the right markers. For example,
until recently there were no markers identified for CSCs of human primary gastric
tumors [98]. Furthermore, the choice of markers made by researchers has not been
unified, even within the same tumor type. As shown in Table 1.1, different markers
have been used for the same tumor type. To further complicate the picture, many
times there have not been careful comparisons done within the same study of all the
proposed CSC markers in order to definitively test which marker combination is the
best at identifying CSCs. A further complication is that the surface markers may be
heterogeneous between patients even within the same tumor type. A recent study
from 16 AML patients shows that the majority of LSCs are in the minor CD34+
CD38− fraction in 50 % of the subjects, and in the CD34+ CD38+ fraction in the
other 50 % [99]. Similar findings were also obtained from breast cancer patients.
When Park et al. [92] evaluated the expression of stem cell-related markers at the
cellular level in human breast tumors of different subtypes and histologic stages,
they found that the cancer stem cell markers vary according to tumor subtype and
histologic stage [100]. Ali et al. also demonstrated that breast CSC markers, such as
CD44/CD24, ALDH and ITGA6, do not identify identical subpopulations in primary
tumors [101].

Other limitations of choosing surface markers for the identification of CSCs are
methodological. First, a large number of cells is required to sort and the number of
CSCs identified by this approach is usually low (<1 − 10 %). Furthermore, when
using tumor samples, the cells must first be dissociated typically with collagenase
and/or other proteolytic enzymes. This dissociation step may damage the presentation
of the cell surface antigens [102, 103].

1.4.3 Nonadherent Sphere Culture

Initially, nonadherent sphere culture was used to culture neural stem cells [104]. The
cells isolated from the stratum of adult mouse by this method could generate both
neurons and astrocytes. Later, it was shown that purified stem cells were capable of
growing as spheres. For instance, CD133+ cells isolated from normal human fetal
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brain formed spheres in vitro [105]. These observations were then extended to can-
cerous tissues where further studies demonstrated that CD133+ cells from the human
brain tumors are also capable of forming neurospheres [57]. Since then, the ability
of CSCs to form spheres in culture has been shown for most solid malignancies,
including breast [106], melanoma [107], pancreatic [108], prostate [109], ovarian
[75] and colon CSCs [110].

Most importantly, researchers found that the nonadherent sphere culture condition
can enrich cells with CSC phenotypes [106]. They demonstrated that, in breast
cancer, the CSC population with CD44+ CD24− phenotype increased more than
two-fold after culturing under nonadherent sphere culture conditions. In addition,
the spheres were more tumorigenic. Since then, researchers have used sphere to
formation to enrich CSCs from brain [56, 57, 111, 112], colon [110], pancreas [108],
bone sarcomas [113] melanomas [107] and prostate [109]. The enrichment of CSCs
by growing cells under sphere culture conditions has been confirmed by surface
marker expression in all mentioned cases, except bone sarcoma, in which the surface
marker remain to be determined.

Compared to the other methods of isolating CSCs, this method is easy to perform
and allows researchers to obtain a larger number of CSCs. However, like all methods
of isolation, this method also suffers from several disadvantages. The spheres are a
heterogeneous population of cells containing both CSCs and non-CSCs. For example
it has been shown that only a portion of the spheres are capable of self-renewal
[106, 114]. Immunostaining of spheres from prostate cancer cell lines indicated that
the spheres are heterogeneous for CSC markers [115]. Also, the conditions of sphere
formation are critical to the overall success of CSC enrichment. In neurosphere
cultures, it has been shown that the composition of spheres can be different due to
the differences in sphere size, passage, culture medium, and technique [116].

1.4.4 ALDH Activity

In addition to the above three isolation methods, isolation of CSCs based on their alde-
hyde dehydrogenase (ALDH) activity is also commonly used. ALDH is a detoxifying
enzyme responsible for the oxidation of intracellular aldehydes [117]. It functions
in drug resistance, cell differentiation and oxidative stress response [118]. ALDH
activity may be easily assessed in living cells using the ALDEFLUOR kit (Stem Cell
Technologies). This kit utilizes an ALDH substrate BODIPY aminoacetaldehyde
(BAAA), which is converted in the cytoplasm into a florescent molecule by ALDH
enzymatic activity [119]. Recent studies have demonstrated a positive correlation
between ALDH expression and overall survival of patients with different cancers
[120]. To date, ALDH activity has been used to identify and isolate CSCs from AML
[121], breast [122], melanoma [123], prostate [124], liver [71], ovarian [125], lung
[126] and osteosarcoma [127].

Like other isolation methods, ALDH is also not a universal marker for cancer
stem cells in any tumor type. In a CSC marker profiling study, the breast cancer
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cells selected by ALDH activity did not always identify the most tumorigenic cells
[128]. Furthermore, in prostate cancer, Yu et al. [14] found that ALDHlo CD44−
cells were also able to develop tumors with similar frequency as the ALDHhiCD44+
cells, although with longer latency periods [129].

To date, there is not a universal isolation method in the CSC field. Researchers
have to select their isolation method depending on the purpose of their studies, and
sample source. Recently, Zhou et al. demonstrated that SP rather than CD133(+)
cells indicate enriched tumorigenicity in hTERT-immortalized primary prostate can-
cer cells [130]. Sometimes, two different methods may need to be combined to isolate
CSCs. For instance, combining SP determination with cell-surface marker pheno-
typing leads to efficient, reliable characterization of the HSC subset [131]. Further,
Eppert and colleagues found that AML LSCs from different patient samples have
diverse surface marker profiles and frequency [99]. However, these LSCs shared a
core gene signature, indicating that the stemness gene signature might be a more
accurate way to identify CSCs.

1.5 Implications of the CSC Hypothesis for Cancer Treatment

The discovery of cancer stem cells has important implications for oncology, and
many groups are now working to understand and exploit CSC biology to improve
cancer treatment. Despite tremendous progress in the identification of new cancer
targets and drug development, most cancers relapse after treatment and the goal of
increasing overall survival of cancer patients has been largely unmet by most new
drugs [132]. One explanation for this lack of sustained effect is that most current
therapies do not effectively inhibit CSCs.

Indeed, CSCs are resistant to chemo- and radiation therapies that effectively kill
other cells that comprise the tumor (discussed in detail in Chap. 3). It is for this
reason that CSCs are thought to regenerate cancer when therapy is discontinued.
This hypothesis holds that, because CSCs are a small population within the tumor
mass, drugs developed to kill the cells comprising the bulk of the tumor are initially
effective in shrinking tumor size but do not eradicate the cellular source and tumors
with higher CSC content and perhaps harboring additional drug-resistance mutations
regrow. This has been termed the “dandelion hypothesis,” analogous to the regrowth
of a weed if the root is not destroyed [133]. Although this hypothesis has yet to be
fully confirmed using a CSC-directed therapy in cancer patients, numerous studies
have correlated CSCs with poor prognosis in both leukemia and solid malignancies.
For example, glioblastoma multiforme patients whose tumors bear a relatively high
proportion of CD133+ cells, which have been found to possess characteristics of
CSCs, suffer from decreased response to therapy, higher malignancy, and signifi-
cantly lower survival time [134]. Additionally, gene signatures derived from CSCs
are themselves independent predictors of patient survival [99, 135] indicating the
relevance of targeting these cells.
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1.6 Concluding Remarks

A consensus is emerging that the CSC population represents a distinct and clinically
important population. However, there is still a further need to determine the precise
definition and cellular source of CSCs, to elucidate the appropriate cell markers to
isolate them, and to understand the pathways contributing their biological behavior.
In the end there is growing hope that this understanding will translate into clinically
useful treatments against cancer.
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Chapter 2
DNA Repair Pathways and Mechanisms

Thomas S. Dexheimer

Abstract Our cells are constantly exposed to insults from endogenous and ex-
ogenous agents that can introduce damage into our DNA and generate genomic
instability. Many of these lesions cause structural damage to DNA and can alter
or eliminate fundamental cellular processes, such as DNA replication or transcrip-
tion. DNA lesions commonly include base and sugar modifications, single- and
double-strand breaks, DNA-protein cross-links, and base-free sites. To counteract
the harmful effects of DNA damage, cells have developed a specialized DNA re-
pair system, which can be subdivided into several distinct mechanisms based on
the type of DNA lesion. These processes include base excision repair, mismatch re-
pair, nucleotide excision repair, and double-strand break repair, which comprise both
homologous recombination and non-homologous end-joining. Although a complex
set of cellular responses are elicited following DNA damage, this chapter provides
an introduction to the specific molecular mechanisms of recognition, removal, and
repair of DNA damage.

2.1 Overview

It is estimated that each of the ∼1013 cells within the human body incurs tens of
thousands of DNA-damaging events per day [1]. DNA exclusively serves as the
repository for the genetic information in each living cell and its integrity and stability
are of much greater consequence than other cellular components, such as RNA
and proteins. DNA damage can interfere with essential cellular processes, such as
transcription or replication, and can compromise the viability of the cell. Specific
DNA lesions can also induce mutations that cause cancer or other diseases as well
as contribute to the aging process [2]. Thus, cells have evolved a network of DNA
repair mechanisms to remove different types of DNA damage. Regardless of the type
of lesion and the mechanism required for its repair, cells initiate a highly coordinated
cascade of events—collectively known as the DNA damage response (DDR)—that
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senses the DNA damage, signals its presence, and mediates its repair. For example,
the DDR may transiently arrest the cell cycle to allow for efficient DNA damage
repair prior to replication or mitosis [3, 4] or signal cells to activate apoptosis under
circumstances of persistent or irreparable DNA damage [5]. The importance of DDR
is underscored by the prevalence of neurological and cancer susceptibility disorders,
such as Ataxia-telangiectasia, Fanconi anemia, and Xeroderma pigmentosum, that
are caused by DNA repair deficiencies [6]. In this chapter the major types of DNA
damage and the respective molecular pathways that function in their repair will be
introduced (see Fig. 2.1).

2.2 Types of DNA Damage

As a prelude to the repair of damaged DNA, we must first take into consideration the
collection of damage products. DNA, like any other molecule, is subject to chemical
reactions. DNA damage may result from either intrinsic or extrinsic agents. In gen-
eral, the vast majority of DNA modifications are endogenous in origin (for review, see
[7]). The simplest form of endogenous DNA damage is spontaneous hydrolysis [8].
The N-glycosidic bond between the DNA base and the deoxyribose is particularly
prone to acid-catalyzed hydrolysis. Abasic or AP sites (apurinic/apyrimidinic sites),
which are the products of hydrolytic nucleobase loss, are estimated to occur at a rate
of approximately 10,000 per cell per day [8, 9]. In fact, abasic sites are also created
by cellular design during the course of BER (see Sect. 2.3.1). Furthermore, abasic
sites are chemically liable and can undergo β-elimination that results in DNA strand
scission [10]. Another common reaction involving hydrolysis is the deamination of
DNA bases carrying exocyclic amino groups [8, 11]. The most frequent of these
lesions is the formation of uracil from cytosine occurring at an estimated 100–500
times per cell per day [12, 13]. Adenine and guanine, may also spontaneously deam-
inate to form hypoxanthine and xanthine, respectively, although at a much lower rate
[14].

DNA is also susceptible to chemical modification by reactive molecules that are
created during normal cellular metabolism. Among the most important of these
molecules are reactive oxygen species (ROS), which include O2

−, H2O2, and •OH
(for reviews, see [15, 16]). ROS generate over one hundred different oxidative DNA
adducts, such as base modification, deoxyribose oxidation, single- or double-strand
breakage, and DNA-protein cross-links [17]. Endogenous reactive nitrogen species,
primarily nitric oxide (NO•) and its by-products, can also produce similar oxidative
adducts [18]. The most extensively studied oxidative DNA lesion is the 8-oxoguanine,
which is routinely used as an analytical measure of oxidative DNA damage in biolog-
ical systems [19]. An additional type of DNA damage related to endogenous reactive
molecules is alkylation. The putative candidates of such agents include the endoge-
nous methyl donor, S-adenosylmethionine (SAM), nitrosated amines, and methyl
radicals generated by lipid peroxidation [7, 20]. The primary sites of alkylation are
the O− and N-atoms of nucleobases.
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Fig. 2.1 DNA damage and repair mechanisms. The diagram illustrates common DNA damaging
agents, examples of DNA lesions caused by these agents, and the relevant DNA repair mechanism
responsible for their removal. (Figure adapted from [83])

Endogenous genomic damage can also arise due to unavoidable errors resulting
from physiological DNA processing reactions. For example, DNA mismatches as
well as insertions and deletions are occasionally introduced (at a rate of 10−4 to 10−6)
as a result of misincorporation of bases by replicative DNA polymerases [21]. At the
same time, erroneous incorporation of chemically altered nucleotide precursors, such
as 8-oxo-dGTP and dUTP [22], also represents a significant source of replication-
related DNA damage. In addition, abortive topoisomerase activity yields an irregular
type of lesion wherein DNA strand breaks feature covalent linkage of the enzyme to
the DNA termini [23, 24]. Likewise, the DNA repair processes themselves may also
be error prone and introduce supplemental DNA damage [25].

Besides the numerous endogenous sources of DNA damage, cellular DNA is
also under constant attack from exogenous or environmental DNA-damaging agents.
These include physical stresses, such as ultraviolet light (UV) from the sun, which pri-
marily causes two types of DNA lesions, namely cyclobutane pyrimidine dimers and
6–4 pyrimidone photoproducts, both of which consist of an atypical covalent bond
between adjacent pyrimidine bases [26]. Another external, physical source of DNA
damage is ionizing radiation, which can originate from both natural (e.g., cosmic
and gamma radiation) and artificial sources (e.g., medical treatments, such as X-rays
and radiotherapy). Ionizing radiation induces a variety of DNA lesions, the most
harmful of these being double-strand breaks. DNA can also incur damage indirectly
from ionizing radiation through the production of ROS [27].
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In addition to the physical insults, the cell must also contend with several chemical
sources of DNA damage (for reviews, see [28, 29]). For example, a variety of chem-
ical agents (i.e., clinical drugs) have been developed over the years to target DNA as
a means to treat cancer or other diseases. These include alkylating agents, such as
methyl methanesulfonate and temozolomide, which induce alkylation of the DNA
bases as well as bifunctional alkylating agents, such as nitrogen mustards, platinum
compounds, and the natural product mitomycin C, that cause DNA damage in the
form of intrastrand and interstrand cross-links [30]. Chemotherapeutic drugs, such
as topoisomerse I or II inhibitors (e.g., camptothecin or etoposide, respectively),
generate single-strand or double-strand breaks by trapping topoisomerase–DNA co-
valent complexes, respectively [31]. Other well-studied environmentally occurring
DNA-damaging chemicals include N-nitrosoamines, heterocyclic amines, and poly-
cyclic aromatic hydrocarbons (e.g., benzo[a]pyrene), which are commonly found
in the diet, with the latter also being produced in air emissions, such as cigarette
smoke and vehicle exhaust. In general, these types of compounds covalently bond
to various sites on the DNA bases to form the so-called bulky DNA adducts. Similar
adducts are generated between DNA and aflatoxins, which are naturally occurring
toxins produced by fungi in the genus Aspergillus that grow in several types of food
crops [32].

2.3 DNA Repair Mechanisms

To compensate for the many types of DNA damage that occur, cells have developed
multiple repair mechanisms wherein each corrects a different subset of lesions. At
a minimum, most would agree that mammalian cells utilize five major DNA repair
mechanisms: base excision repair (BER), mismatch repair (MMR), nucleotide exci-
sion repair (NER), and double-strand break repair, which includes both homologous
recombination (HR) and non-homologous end joining (NHEJ) (for comprehensive
review, see [33]). For reference, Table 2.1 outlines specific genes that are associated
with each DNA repair mechanism.

2.3.1 Base Excision Repair (BER)

BER, as the name implies, is the predominant mechanism responsible for the repair
of damaged DNA bases that, in contrast to NER (see Sect. 2.3.3), do not signifi-
cantly distort the overall structure of the DNA helix (for detailed review of BER, see
[34]). BER is described as a highly coordinated pathway of consecutive enzymatic
reactions. However, several distinct BER sub-pathways occur, which are contin-
gent on the type of damage encountered at the onset as well as throughout the BER
process. BER is typically initiated by the series of lesion-specific DNA glycosy-
lases that remove the damaged base by cleaving the N-glycosidic bond linking the
base to its corresponding deoxyribose, leading to the production of an AP or abasic
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Table 2.1 Essential genes of the five major DNA repair mechanisms

Base excision repair (BER) DNA glycosylase, APE1, XRCC1, PNKP, Tdp1, APTX,
DNA polymerase β, FEN1, DNA polymerase δ or ε,
PCNA-RFC, PARP

Mismatch repair (MMR) MutSα (MSH2-MSH6), MutSβ (MSH2-MSH3), MutLα
(MLH1-PMS2), MutLβ (MLH1-PMS2), MutLγ
(MLH1-MLH3), Exo1, PCNA-RFC

Nucleotide excision repair (NER) XPC-Rad23B-CEN2, UV-DDB (DDB1-XPE), CSA,
CSB, TFIIH, XPB, XPD, XPA, RPA, XPG, ERCC1-
XPF, DNA polymerase δ or ε

Homologous recombination (HR) Mre11-Rad50-Nbs1, CtIP, RPA, Rad51, Rad52, BRCA1,
BRCA2, Exo1, BLM-TopIIIα, GEN1-Yen1, Slx1-
Slx4, Mus81/Eme1

Non-homologous end-joining (NHEJ) Ku70-Ku80, DNA-PKc, XRCC4-DNA ligase IV, XLF

site. At least twelve DNA glycosylases have been identified to date, each acting
upon a single or small number of partially overlapping base lesions [35]. Despite
their structural diversity, all DNA glycosylases utilize a base-flipping mechanism
in which the target base is ‘flipped’ to an extra helical position for excision from
DNA [36]. The resultant AP site is both an intermediate product of BER and a highly
prevalent DNA lesion produced by spontaneous base loss. In either case, AP sites
are generally repaired by apurinc/apyrmidinic endonuclease 1 (APE1), the second
enzyme in the canonical BER pathway. APE1 hydrolyzes the phosphodiester back-
bone immediately 5′ to the AP site, creating a single-strand break flanked by 3′-OH
and 5′-deoxyribose phosphate (5′-dRP) termini [37]. Alternatively, some DNA gly-
cosylases have an associated AP lyase activity and are also capable of cleaving AP
sites via a β-elimination reaction to produce 3′-phospho-α, β-unsaturated aldehyde
and 5′-phosphate at the margins of the break. A subset of these bifunctional enzymes,
such as the oxidized base-specific DNA glycosylase/lyases NEIL1 and NEIL2, cat-
alyze successive β- and δ-elimination converting the 3′-phospho-α, β-unsaturated
aldehyde to a 3′-phosphate.

Regardless of mechanism, incision of the phosphodiester bond results in a BER
intermediate strand break harboring 3′- and 5′-blocking lesions. To allow completion
of the repair process, these blocked termini must be restored to conventional 3′-OH
and 5′-phosphate ends, which are essential for DNA polymerase and subsequent DNA
ligase reactions. Different DNA end-processing enzymes carry out the removal of
these abnormal ends depending on whether cleavage occurred 3′ or 5′ to the AP
site. APE1, for example, in addition to its major AP endonuclease activity also
has intrinsic 3′-phosphodiesterase activity, permitting restoration of 3′-OH from 3′-
phospho-α, β-unsaturated aldehyde. The 3′-phophate product that is generated by
specific bifunctional DNA glycosylases is converted to a 3′-OH by the 3′-phosphatase
activity of PNKP (polynucleotide kinase 3′-phosphatase). Conversely, removal of the
5′-dRP occurs following template-guided gap filling by DNA polymerase β via its
associated dRP lyase activity.

Besides the scheduled DNA single-strand breaks that arise as BER intermedi-
ates, numerous involuntary DNA single-strand breaks can also occur both through
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direct and indirect mechanisms (see Sect. 2.2). Such single-strand interruptions are
processed and repaired by many of the same enzymes that are responsible for the
later stages of BER. The termini of most, if not all, single-strand breaks contain 3′-
and/or 5′-blocking lesions. For example, the most common blocking lesions at ROS-
induced DNA strand breaks are 3′-phosphoglycolate and 3′-phosphoglycolaldehyde,
which are generally processed by the 3′-phosphodesterase activity of APE1, or 3′
phosphate, which is removed by PNKP. Tyrosyl-DNA phosphodiesterase 1 (Tdp1)
is an end-processing enzyme that repairs several 3′-blocking termini including 3′-
phosphoglycolate; however, its preferred substrate is the 3′-phosphotyrosyl bond,
which stems from dead-end topoisomerase I reactions [38]. Likewise, aprataxin
(APTX) is another specific end-processing enzyme, which specifically repairs
abortive 5′-adenylate intermediates of DNA ligase activity [39]. Thus, DNA end-
processing is perhaps the most diverse, yet often redundant, enzymatic step of BER,
largely due to the broad range of termini that can be generated [40].

The next steps in the BER process involve repair of the DNA strand break through
DNA synthesis and ligation. The synthesis/ligation step is divided into two sub-
pathways, short-patch and long patch BER, based on whether a single or several
nucleotides are incorporated at the DNA strand break site, respectively [41]. The
paradigm for short-patch BER encompasses single nucleotide gap filling and removal
of the 5′-dRP by DNA polymerase β and successive ligation of the DNA ends by
either DNA ligase I or the complex of DNA ligase III and XRCC1. Short-patch BER
represents approximately 80–90 % of all BER. Long-patch BER is normally only
initiated as a result of 5′-blocking lesions that are refractory to DNA polymerase
β lyase activity. Long-patch BER demands several proteins associated with DNA
replication, including DNA polymerase δ or ε, PCNA (proliferating cell nuclear
antigen), RFC (replication factor-C), FEN1 (flap endonuclease-1), and DNA ligase
I. Specifically, DNA polymerase β, δ, or ε accompanied by PCNA elongate the
3′-OH into the repair gap and displace the 5′-lesion as part of a DNA fragment or
‘flap’ oligonucleotide. The flap structure is then removed by FEN1 and DNA ligase
I sequentially seals the nick that has been relocated downstream of the original
nucleotide damage site.

In addition to the factors mentioned above, there are secondary proteins that are
known to play a facilitative role in BER. Most notably among these are X-ray re-
pair cross-complementing protein 1 (XRCC1) and poly (ADP-ribose) polymerase 1
(PARP1). XRCC1 has no known enzymatic activity, but rather functions as a molecu-
lar scaffold that orchestrates the assembly of several enzymatic components involved
in the BER process. For instance, XRCC1 has been shown to interact with several
BER proteins, including multiple DNA glycosylases, DNA polymerase β, APE1,
ligase III, PNKP, Tdp1, and APTX [42]. Although no catalytic function has been as-
cribed to XRCC1, direct binding to nicked and gapped DNA has been demonstrated
via its N-terminal domain [43]. Additionally, PARP-1 also physically interacts with
XRCC1. PARP1 is an abundant nuclear protein that acts as a molecular sensor of
DNA strand breaks. Upon binding to its DNA target, PARP-1 catalyzes the poly
(ADP-ribosyl)ation (PAR) of itself, in addition to several other protein substrates.
Once formed, this PAR modification allows for recruitment of repair proteins, such
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as XRCC1. At the same time, the dense negative charge of PAR results in the release
of PARP-1 from DNA, which permits access of repair proteins to the DNA damage
site [44]. Overall, BER is a multistep process that requires the sequential activity of
several proteins and consists of numerous entry points based on the type of damage
encountered.

2.3.2 Mismatch Repair (MMR)

The MMR system plays an essential role in post-replication repair of misincorpo-
rated bases that have escaped the proofreading activity of replication polymerases. In
addition to mismatched bases, MMR proteins also correct insertion/deletion loops
(IDLs) that result from polymerase slippage during replication of repetitive DNA
sequences. The significance of this pathway is corroborated by the fact that MMR
deficient cells are said to display a mutator phenotype, which is characterized by
invariably microsatellite instability and an elevated mutation frequency. More im-
portantly, germline mutations in MMR genes are predisposed to a variety of cancers,
including hereditary non-polyposis colon cancer, also known as Lynch syndrome
[45]. The MMR pathway can be divided into three principle steps: a recognition step
where mispaired bases are recognized, an excision step where the error-containing
strand is degraded resulting in a gap, and a repair synthesis step, where the gap is
filled by the DNA resynthesis (for detailed reviews of MMR, see [46–48]).

The MMR process is highly conserved from E.coli to humans. The canonical
human MMR pathway is carried out by two major protein complexes, which are so-
called MutS and MutL, based on their homology to the E.coli MMR proteins [49].
While MutS is responsible for mismatch recognition, MutL couples the recognition of
the mispaired bases by the MutS complexes to downstream MMR events, which lead
to the removal of the strand containing the error. In mammalians, the initial mismatch
recognition step is fulfilled by two MutS activities that function as heterodimers.
The MSH2-MSH6 heterodimer, also known as MutSα, preferentially recognizes
base-base mismatches and small IDLs of one or two nucleotides, while MutSβ, the
heterodimer of MSH2 and MSH3 recognizes larger IDLs. Formation of the MutS-
DNA complex is followed by ATP-dependent recruitment of MutL homolog (MLH)
complexes. Three MutL activities have been identified and, like MutS, also function
as heterodimeric complexes. MutLα, a heterodimer of MLH1 and PMS2, which
contains the primary MutL activity (∼90 %) in humans and supports the repair
initiated by both MutSα and MutSβ. The two additional MutL heterodimers consist
of MLH1/PMS2 (MutLβ) and MLH1/MLH3 (MutLγ), which may play minor roles
in MMR.

Assembly of theATP-dependent MutS-MutL-DNA heteroduplex ternary complex
is necessary to activate exonuclease mediated degradation of the error-containing
strand [50]. In humans, this degradation is performed by exonuclease 1 (Exo1)
through its 5′ to 3′ exonucleolytic activity [51]. The entry point for Exo1, which
may be thousands of nucleotides from the mismatch, is generated via single-strand
scission by the PCNA/replication factor C (RFC)-dependent endonuclease activity
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of MutLα [52]. The extensive gap left by Exo1 is then resynthesized by DNA poly-
merase δ, which is accompanied by at least two other proteins, PCNA and replication
proteinA (RPA). Lastly, MMR is completed by DNA ligase I sealing of the remaining
nick.

2.3.3 Nucleotide Excision Repair (NER)

NER is a highly versatile repair pathway that can recognize and remove a wide vari-
ety of bulky, helix-distorting lesions from DNA. The most significant of these lesions
are pyrimidine dimers, such as cyclobutane pyrimidine dimers (CPD) and 6–4 photo-
products, which are produced by the UV component of sunlight. Another noteworthy
substrate of NER is cisplatin-DNA intrastrand crosslinks. NER is mediated by the
sequential assembly of repair proteins at the site of the DNA lesion. While mecha-
nistically similar to BER, the NER pathway is more complex, requiring some thirty
different proteins to carry out a multi-step ‘cut-and-patch’-like mechanism. These
steps involve DNA damage recognition, local opening of the DNA helix around the
lesion, excision of a short single-strand segment of DNA spanning the lesion, and
sequential repair synthesis and strand ligation (for detailed reviews of NER, see [53–
55]). The biological importance of NER is supported by the fact that defects in NER
cause several human genetic disorders, including xeroderma pigmentosum, Cock-
ayne syndrome, and trichothiodystrophy, which are all characterized by extreme sun
sensitivity. In addition, these diseases demonstrate overlapping symptoms associated
with cancer, developmental delay, immunological defects, neurodegeneration, and
premature aging [56, 57].

The NER system consists of two related subpathways, termed global genome
NER (GG-NER) and transcription-coupled NER (TC-NER). As the names imply,
GG-NER eliminates DNA lesions throughout the genome, while TC-NER is pref-
erentially responsible for repairing lesions located on the coding strand of actively
transcribed genes. Both pathways are mechanistically the same, apart from the initial
damage recognition step. In GG-NER, the principle damage recognition factor is the
XPC/HR23B/CEN2 (XP complementation group C/Rad23 homolog B/Centrin-2)
protein complex [58]. HR23B and CEN2 are accessory proteins that increase both
the affinity and specificity of XPC binding to helix-distorting DNA damage. In addi-
tion, the DNA binding affinity of XPC generally correlates with the degree of helical
distortion [59]. For example, XPC has low affinity to lesions that are caused by only
minor distortions, such as UV-induced CPDs. Thus, an auxiliary damage-recognizing
complex called the UV-damaged DNA binding complex (UV-DDB), which consists
of two subunits, DDB1 and XPE (DDB2), initially detects these types of lesions.
The binding of UV-DDB to damaged DNA induces an increase in helix distortion
(i.e., DNA bending), which subsequently facilitates the recruitment of the XPC com-
plex to the damage site [60]. In contrast, damage recognition in TC-NER is initiated
when an elongating RNA polymerase II (RNAPII) is arrested upon encountering a
site of DNA damage [61]. Subsequently, two TC-NER-specific proteins, Cockayne
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syndrome A (CSA) and B (CSB), are thought to displace the stalled RNAPII to allow
NER proteins access to the lesion [62].

Following damage recognition, both GG-NER and TC-NER proceed through the
common ‘core’NER reactions. Initially, either the XPC complex in GG-NER or, pre-
sumably, CSB and CSA in TC-NER recruit the multi-subunit (ten protein complex)
and the multi-functional transcription factor TFIIH to the site of damage. Next, two
TFIIH-associated, ATP-dependent helicases XPB and XPD orchestrate the asym-
metric unwinding of the DNA helix to form a ∼30 nucleotide bubble flanking the
lesion. Initial unwinding permits access of XPA to the damaged region, which pro-
vides a second level of damage recognition in addition to ensuring that undamaged
DNA is not subjected to excision repair. The binding of XPA is accompanied by the
heterotrimeric, single stranded DNA binding protein RPA (replication protein A),
which allows for complete extension and subsequent stabilization of the so-called
pre-incision complex. In the subsequent step, two structure-specific endonucleases
XPG and XPF/ERCC1 cleave the DNA at positions 3′ and 5′ to the damage, re-
spectively, leading to excision of the lesion-containing oligonucleotide of about 30
nucleotides. Lastly, DNA polymerase δ or ε uses the undamaged strand as a template
to resynthesize the resulting gap. The nick of the repaired strand is then sealed by
DNA ligase, thus completing the NER process.

2.3.4 Double-Strand Break Repair

Double-strand breaks (DSBs) are amongst the most biologically hazardous types
of DNA damage. For instance, a single unrepaired DSB is often sufficient to cause
cell death. In addition, inaccurate repair can lead to deletions or chromosomal aber-
rations, events that associated with the development of cancer or other genomic
instability syndromes. Thus, the repair of DSBs is both critical for cell survival and
maintenance of genome integrity [63, 64]. The two main mechanisms by which mam-
malian cells repair DSBs are homologous recombination (HR) and non-homologous
end-joining (NHEJ). These two repair systems differ in their requirement for a ho-
mologous template DNA and in the fidelity of DSB repair. HR-directed repair is
largely an error-free mechanism as it utilizes the genetic information contained in
the undamaged sister chromatid as a template (for review, see [65]). In contrast,
NHEJ is normally error-prone and involves elimination of DSBs by direct ligation
of the broken ends (for review, see [66]). NHEJ is reasoned to be the predominant
pathway in mammalian cells operating in all phases of the cell cycle, while HR is
restricted to the late-S and G2 phases. The basic mechanisms of these pathways and
the factors involved are briefly outlined below.

2.3.4.1 Homologous Recombination (HR)

Much of our current knowledge concerning the mechanism of eukaryotic homology-
directed repair is contributed to studies in bacteria and yeast, where HR is most
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efficient. HR can be conceptually divided into three phases: presynapsis, synapsis,
and postsynapsis. During presynapsis, the DNA ends surrounding the DSB are pro-
cessed through 5′ to 3′ end resection to generate molecules with 3′-single-stranded
tails. The heterotrimeric MRN complex (Mre11-Rad50-Nbs1) together with CtIP
(RBBP8) are responsible for the initiation of resection in which the 5′-ends on ei-
ther side of the DSB are trimmed back to create short 3′-overhangs of single-strand
DNA [67]. The second step in the 5′ to 3′ resection is presumably continued by the
combined action of BLM helicase (Bloom syndrome, RecQ helicase-like) and Exo1
exonuclease [68]. Following end resection, single-stranded DNA tails are bound by
RPA to remove disruptive secondary structures that would otherwise obstruct binding
of Rad51 recombinase. RPA is subsequently replaced by Rad51 in conjunction with
several mediator proteins, such as Rad52, BRCA2, and a group of proteins known
as Rad51 paralogs (RAD51B, RAD51C, RAD51D, XRCC2, and XRCC3) [69]. The
Rad51-coated single-stranded DNA tail, also referred to as the Rad51 nucleoprotein
filament, then executes the DNA sequence homology search, which is the central
reaction of HR. Once the homologous DNA has been identified, Rad51 mediates
DNA strand invasion reaction, wherein the damaged DNA strand invades the tem-
plate DNA duplex (i.e., sister chromatid). Next, DNA synthesis from the 3′-end of
the invading strand is carried out by DNA polymerase η followed by successive
ligation by DNA ligase I to yield a four-way junction intermediate structure known
as a Holliday junction [70]. This recombination intermediate is resolved in one of
three ways, by ‘dissolution’mediated by the BLM-TopIIIα complex, by symmetrical
cleavage by GEN1/Yen1 or Slx1/Slx4, or by asymmetric cleavage by the structure-
specific endonuclease Mus81/Eme1 [71–73], resulting in the error-free correction of
the DSB.

2.3.4.2 Non-Homologous End-Joining (NHEJ)

The molecular mechanism of NHEJ is mediated by a relatively small number of
essential factors that are sequentially recruited to DSB sites. The initial step in the
NHEJ process entails recognition and binding of the Ku70/Ku80 heterodimer (Ku)
to the exposed DNA termini of the DSB. Structurally, Ku adopts a preformed ring-
shaped structure that completely encircles the DNA duplex [74]. Upon binding to
DNA, the Ku-DNA complex recruits the catalytic subunit of DNA-dependent protein
kinase (DNA-PKcs) to generate the so-called DNA-PK holoenzyme, which exhibits
protein kinase activity. The recruitment of DNA-PKcs induces an inward translo-
cation of Ku along the DNA, allowing DNA-PKcs to contact DNA termini [75].
More importantly, the binding of the DNA-PKcs molecules on opposing DSB ends
promotes synapsis or tethering of the two DNA molecules. Synapsis of DNA-PKcs
also results in autophosphorylation of DNA-PKcs, which allows the DNA termini
to become accessible [76]. Like most DNA repair processes, depending on the type
and complexity of the DSB break, DNA ends may require modification prior to liga-
tion. For example, DNA termini containing single-stranded overhangs can be made
ligatable through either DNA polymerase-mediated fill-in or nucleolytic resection.
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The resynthesis of missing nucleotides during NHEJ has been associated with two
members of the X family DNA polymerases, Pol μ and Pol λ [77]. Alternatively, the
NHEJ-specific nuclease Artemis, whose activities include a DNA-PK independent
5′ to 3′ exonuclease activity as well as a DNA-PK dependent endonuclease activity,
which is acquired through phosphorylation by DNA-PK, can excise single-stranded
overhangs [78]. Other candidates that may also participate in DNA end ‘cleaning’
process include several of the lesion-specific BER enzymes, such as APE1, Tdp1,
and PNKP [79] (see above), as well as the two functional exonucleases Exo1 and
WRN, which is mutated in Werner syndrome patients [80, 81]. Consequently, the
same enzymes that participate in the end-processing step of NHEJ are considered to
be responsible for the overhang mispairing and the gain or loss of nucleotides asso-
ciated with NHEJ-mediated repair. After appropriate (or sometimes inappropriate)
processing of the DNA termini, ligation of the DNA ends is carried out by DNA
ligase IV in conjunction with its binding partner XRCC4. An additional factor, XLF
(XRCC4-like factor), interacts with the XRCC4-DNA ligase IV complex to promote
DNA ligation [82].

2.4 Conclusion

The biological significance of DNA repair mechanisms is underscored by the fact
that their deregulation can contribute to the initiation and progression of cancer. On
the other hand, DNA repair can confer resistance to front line cancer treatments (i.e.
chemotherapy and radiation), which rely on the generation of DNA damage to kill
cancer cells. Thus, the sensitivity of cancer cells to DNA damaging agents is most
likely related to intrinsic deficiencies in DNA repair mechanisms. The capacity of
cancer cells (or cancer stem cells) to recognize DNA damage and initiate DNA repair
is a key mechanism for therapeutic resistance or recurrence. The following chapters
will discuss the DNA repair mechanisms that ensure protection of cancer stem cells.
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Chapter 3
Resistance and DNA Repair Mechanisms
of Cancer Stem Cells: Potential Molecular
Targets for Therapy

Aamir Ahmad, Yiwei Li, Bin Bao and Fazlul H. Sarkar

Abstract Cancer stem cells (CSCs) are small subpopulations of cells within tumors
that are intricately related to both de novo and acquired resistance to conventional
therapies leading to tumor recurrence and metastasis. A majority of cancers initially
respond to chemotherapeutic agents, as well as radiation therapy, but eventually
develop resistance. An increased understanding of CSCs has led to the discovery that
current treatments target the differentiated cancer cells leaving the CSCs unscathed
due to their robust signaling pathways. Further, maintenance of genomic fidelity is
important for normal functioning and survival of cells, including cancer cells and the
CSCs. In this chapter, we will discuss several such pathways/phenomena which help
CSCs resist therapies. These include increased quiescence and up-regulated drug
transporters, activated DNA repair mechanisms and activation of several key cellular
signaling pathways (Fig. 3.1). A better understanding of these resistance pathways
is a necessary prerequisite towards the ultimate goal of developing novel strategies
specifically targeting CSCs. Better designed therapies could ultimately reverse their
resistance and thereby eliminate the potential of tumor recurrence and metastasis.

3.1 Introduction

It is estimated that in the United States alone a total of 1,596,670 new cancer cases
will be reported in the current year and 571,950 patients will succumb to this dis-
ease [1]. In 2008, these numbers stood at more than 12 million cases and more than
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7 million deaths globally [2]. These statistics suggest that cancer remains the leading
cause of deaths world-wide. Cancer is a disease characterized by uncontrolled cell
growth which invariably is due to the manifestation of deregulated signaling path-
ways. The aberrations in cellular machinery result from genetic modifications that
are increasingly accumulated. A number of signaling pathways have been implicated
as the causes of cellular transformation of normal cells into tumor cells. It has also
been suggested that a small population of cells, called cancer stem cells (CSCs), are
critically important for the existence of tumors. These specialized cells are intricately
linked with drug resistance, a characteristic of cancer cells that eventually leads to
the development of tumor metastasis that is responsible for the demise of patients
diagnosed with cancer.

3.2 CSCs and Relevant Cell Signaling Pathways

Stem cells are characterized by their ability to differentiate, giving rise to a variety
of cell types. CSCs are found within populations of cancer cells or tumors and they
possesses the capacity to self-renew and produce heterogeneous lineages of cancer
cells [3]. CSCs, by virtue of being stem cells, have tumor-initiating capabilities. CSCs
are now believed to persist in tumors as distinct populations that are fundamentally
associated with drug resistance, tumor recurrence and metastasis. Recent evidence
suggests that conventional therapies which target only the differentiated cells without
affecting CSCs, leave dangerous cells capable of forming tumor masses. The role of
Notch [4–6], Wnt [7] and sonic hedgehog (shh) [8, 9] signaling in cancer cells, and
in particular CSCs, has been advocated for controlling survival signals in these cells
[10, 11]. These signaling pathways offer attractive targets for the killing of CSCs and
are being extensively investigated for their potential role in cancer therapy. Further,
DNA repair mechanisms are also being studied for their role in the survival of CSCs
[12, 13]. Additionally, these survival mechanisms also play an important role in the
CSCs-modulated resistance to various therapies [14].

3.3 How Do CSCs Manage to Survive?

Cancer is a diverse disease with inherent heterogeneity. A number of therapeutic
regimes are employed in clinics to manage cancer patients based on specific tumor
type and subtype. While most of these therapies seem to be effective initially, a
significantly large number of cancer patients eventually develop resistance against
the drugs, also termed acquired chemo-resistance [15]. A number of theories have
been put forward for the development of such acquired chemo-resistance, and the
presence of CSC populations is one of them. There is also a growing acceptance that
CSCs are the determinants of resistance to radiation therapy. It is believed that CSCs
are resistant to drugs and radiation, and although most of the cancer cells are killed
by the drugs, CSCs still survive [16]. Therefore, it is important to fully understand
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the mechanisms that could make CSCs refractory to conventional therapeutics. In
the next sections we have outlined a few mechanisms believed to be responsible for
the survival of CSCs.

3.3.1 Quiescence

Quiescence is a state of temporary inactivity. Since the chemotherapeutic regimes
largely target rapidly proliferating cancer cells, it is believed that the ability of CSCs
to proliferate slowly with intermittent phases of quiescence helps them evade the toxic
effects of conventional anti-cancer therapeutics. It has, therefore, been suggested that
targeting specific signaling pathways that mediate quiescence of CSCs might be an
effective strategy for cancer therapy [17]. While there is some evidence that directly
connects CSCs with the state of quiescence, as described below, the phenomenon
of quiescence is characterized more extensively in normal stem cells [18, 19]. The
connection of quiescence with CSCs stems from the fact that CSCs share many
molecular similarities with normal stem cells [17] and as such, complicates the
development of CSC-specific therapeutics.

In a pancreatic cancer model, there is direct evidence supporting the quiescence
of CSCs. CSC subpopulations in BxPC-3 and Panc03.27 cells, marked either by the
presence of surface antigens CD24 and CD44; or CD133 or by ALDH activity, rep-
resented slow cycling cells [20]. These slowly dividing cells were found to survive
chemotherapeutic treatment, exhibited an increased invasive and tumorigenic poten-
tial, were able to recreate the initial heterogeneous tumor cell population and showed
evidence of epithelial to mesenchymal transition (EMT) through an increase in the
mesenchymal markers vimentin, snail, and twist. In an ovarian cancer model, it has
been demonstrated [21] that the CD24(+) subpopulation of cells, representing the
CSC phenotype, proliferates more slowly than the bulk tumor cells suggesting the
quiescent nature of CSCs. As a proof-of-concept documenting that this subpopula-
tion represented CSCs, CD24(+) cells were increasingly chemo-resistant, exhibited
ability to self-renew and differentiate, and were found to be tumorigenic express-
ing higher levels of genes at the mRNA level that define “stemness” such as nestin,
β-catenin, Bmi-1, Oct3/4, Notch-1 and Notch-4. Moreover, in a melanoma model
[22], a very slow-cycling subpopulation with doubling time of more than 4 weeks
was identified as well, which most likely represents CSCs. This subpopulation was
characterized by the identification of H3K4 demethylase JARID1B as a biomarker.
The knockdown of JARID1B was found to inhibit tumor growth and results in loss
of the proliferation potential which supports the stemness of this subpopulation that
expressed the biomarkers. This study supported the connection between CSCs and
quiescence in melanoma cancer cells.

Thus, it appears that quiescence may represent a distinguishing feature of CSCs
which provides them some degree of survival against the toxic effects of anti-cancer
therapeutics that primarily target rapidly dividing cells. In addition to the pancreas,
ovarian and melanoma cancer models, as discussed above, there is also emerging
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evidence suggesting a link between quiescence and CSCs in leukemia [23, 24] and
intestinal [25, 26] cancers. As evidence continues to emerge, we will be able to gauge
if there is a universal connection between quiescence and CSCs and, if so, there will
be a need to develop appropriate model systems in order to study the processes
of quiescence as potential targets for anti-cancer therapy. To that end, exposure to
hypertonic medium has been suggested as a method to rapidly induce dormancy in
prostate cancer cells [27]. With the development of experimental procedures that
help simulate quiescence, the role of quiescence in sustenance of CSCs will be
better understood, and such understanding will lead to more effective targeting of
these pathways in overcoming therapeutic resistance.

3.3.2 Up-Regulation of ABC Transporters

ATP-binding cassette (ABC) transporters are transmembrane proteins which utilize
the energy of ATP hydrolysis to transport various molecules across cellular mem-
branes. They are named ABC transporters based on the sequence and organization
of their ATP-binding cassette (ABC) domain(s), also known as nucleotide bind-
ing folds (NBFs) [28]. The role of ABC transporters in chemoresistance of cancer
cells has long been advocated [29, 30] and there is ample literature available on the
functionality of ABC transporters.

A number of mechanisms are now known which lead to resistance to anticancer
drugs [29]. Some drug-resistance mechanisms interfere with the delivery of drugs
to tumor cells while other drug-resistance mechanisms arise within the cancer cells
leading to alterations in drug sensitivity. ABC transporters belong to the latter group.
Drug resistance mediated by ABC transporters is not drug-specific and is believed
to mediate resistance against entire classes of drugs. This is the reason why a can-
cer cell exposed to a specific drug might develop resistance not only against that
particular drug, but also against other drugs which are structurally and/or mechanis-
tically related. ABC transporters play important roles in resistance to natural-product
hydrophobic drugs. For example, it has been shown that resistance against natural-
product anticancer drugs paclitaxel, doxorubicin, or vinblastine is frequently due
to increased expression of ABC transporters [29, 31]. Increased expression of ABC
transporters increases the drug efflux from cancer cells leading to diminished in-
tracellular concentrations of the chemotherapeutic drug. The lower concentrations
of drug are not cytotoxic enough to effectively induce apoptosis or other cellular
signaling damage that might otherwise result in cell death.

Early observations suggested that the ABC transporters ABCB1 and ABCG2 are
specially up-regulated in hematopoietic stem cells, which provides strong evidence
supporting the role of the ABC transporter family in conferring a stem cell-like
phenotype [31, 30–34]. Thus, it is not surprising that these transporters are impli-
cated in the drug resistance of CSCs [35, 36]. Since drug resistance of CSCs is
frequently associated with ABC transporters, it can be argued that the inhibition of
ABC transporters could be one of the approaches applied to render CSCs sensitive to
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chemotherapeutic drugs. Indeed, this was observed in squamous cell carcinoma [37]
where blockage of ATP-dependent transporters led to chemo-sensitization of stem
cell-like side populations of cells. Increased activity of ABC transporters in side
populations of glioma has also been reported [38], and this study further showed the
existence of Akt-dependent activation of ABCG2 and the loss of PTEN in CSC side
population. Interestingly, treatment with temozolomide resulted in the enrichment
of these subpopulations because of the up-regulation of ABC transporter ABCG2 in
CSCs leading to resistance to therapy. It is important to note that studies looking
at the side-population as a CSC marker are likely to find effects of the drug trans-
porters since this is how the population is defined. Also, as suggested below, stem
cell markers are known to induce the expression of ABC transporters, which might
also explain the increased activity of these transporters in the side populations.

Studies of hepatocellular carcinoma proposed that the cells dual positive for
CD133 and CD44 represent CSCs [39]. As expected, CD133(+)/CD44(+) cells were
observed to be more resistant to chemotherapeutic agents and the up-regulation of
ABC transporters ABCB1, ABCC1 and ABCG2 was believed to be the mechanism
of drug resistance in these CSCs. Further evidence in support of ABC transporters
in drug resistance of CSCs came from the observation that ABCB1-over-expressing
side populations in ascites are enriched in patients whose ovarian cancer has re-
lapsed following platinum-based chemotherapy compared to chemo-naive patients
[40]. In leukemia, expression of the stem cell marker SALL4 has been shown to
play an important role in determining the drug resistance of CSCs, and manipula-
tions of SALL4 levels was correlated with response to chemotherapy [41]. Moreover,
SALL4 has been shown to directly induce the ABC transporter ABCA3 via direct
binding to its promoter as well indirectly inducing another ABC transporter ABCG2.
The SALL4-induced induction of ABC transporters was also mechanistically linked
with CSCs and their drug resistant phenotype. Although these observations function-
ally link stem cell markers with ABC transporters and suggest an induction of ABC
transporters by stem cell markers, it is important to note that there is no evidence
to suggest that ABC transporters are factors that define the ‘stemness’ of CSCs. In
support of the direct evidence suggesting that ABC transporters do not play a role
in the identity of CSCs, it has been observed that knockouts of genes for ABCG2,
ABCB1, ABCC1 or combinations of these genes result in viable, fertile mice with
normal stem cell populations [30, 42].

The role of ABC transporters in drug resistance of cancer cells has been widely
accepted and more recent data suggests that these transporters are up-regulated in
CSCs as well. ABC transporters work as guardians of CSCs by effectively effluxing
the chemotherapeutic agent out of the cell [43]. Increased levels of ABC transporters
in CSC populations equip them against the effects of chemotherapy, thus, ABC
transporters are being pursued as valid targets for CSC therapies. It is anticipated
that targeting ABC transporters in CSCs would be useful in overcoming therapeutic
resistance, and thus would be useful for effective therapy [44].
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3.3.3 Resistance to Irradiation

Radiation therapy remains the cutting-edge treatment option for multiple human ma-
lignancies. It is believed that the CSC subpopulations within the tumor are able to
resist the damaging effects of radiation [45]. As a result, when the tumors are sub-
jected to radiation therapy as part of the therapeutic regimen, the CSCs still thrive,
contributing to tumor recurrence and metastasis [46]. Accumulating evidence sug-
gests that a higher proportion of CSCs correlates with increased radio-resistance
[47]. A majority of such studies have been carried out in cell lines using CSC mark-
ers, appropriate for a particular type of cancer, and an association between CSC
population and resistance to radiation has been observed in glioma [48] as well as
breast [49, 50] cancer models. Although in vivo validations of these observations are
not readily available owing to the technical challenges associated with the designing
of such studies; the available data strongly support an important role of CSCs in
determining resistance to radiotherapy. We will summarize the biology of radiation
resistance of CSCs in the following paragraphs.

In one of the earlier reports connecting CSCs with resistance to radiation therapy
[48] it was shown that glioma CSCs exhibit increased DNA repair capacity which
helps to reverse the DNA damage induced by radiation. Exposure to radiation re-
sulted in enrichment of cells expressing the CSC marker CD133, and thus this study
provided evidence linking CSCs with DNA damage repair and radio-resistance. Ad-
ditionally, these CSCs also had higher expression of VEGF leading to increased
angiogenesis [51] which could also explain the role of CSCs in response to therapy
[52]. Therefore, DNA damage response and repair machinery represents an attrac-
tive target for enhancing the efficacy of CSCs targeted therapies [53]. In another
report, the authors have suggested increased DNA repair machinery in CSCs lead to
resistance to radiation whereby the DNA double strand break response machinery,
particularly ATM, was reported to be activated in glioma CSCs [54]. ATM was also
found to be induced in CSC subpopulations of breast cancer cells, MCF-7 and MDA-
MB-231 [55]. These subpopulations demonstrated increased sphere forming capacity
and were also resistant to radiation therapy. Interestingly, the non-homologous end
joining DNA repair activity was not observed to be modulated in these subpopula-
tions, suggesting a differential activation of DNA repair machinery in breast cancer
CSCs.

One of the multiple signaling pathways activated in CSCs that determine their
resistance to radiation is heat shock protein 27 (hsp27) that drives radiation resis-
tance of breast CSCs through regulation of EMT and NF-κB signaling [56]. An
earlier report documented similar findings linking EMT and radiation resistance
with ovarian CSCs [57]. A cooperative modulation of gene regulation mediated by
the transcriptional repressors snail and slug led to the induction of EMT, resistance
to p53-mediated apoptosis and maintenance of self-renewal capacity. In rectal CSCs,
expression of CD133, Oct4 and Sox2 were found to be elevated in tumors that are
resistant to radiation therapy, which are associated with CSC markers and poor pa-
tient survival [58]. Finally, the CSC markers CD133, Sox2, Bmi and Nestin have
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been reported to be highly expressed in medulloblastoma CSCs that are increasingly
resistant to radiotherapy, as well as TRAIL-induced apoptosis [58].

In a recent study comparing parental and radio-selected lung cancer cells A549
and breast cancer cells SKBR3 the authors have shown differential expression of
Oct4 and Sox2, however the differences did not correlate with resistance to radiation
[60]. The only CSC marker that was found to be correlated with radiation-resistance
was ALDH1. These results highlight differences in individual CSC markers that
might be relevant in a context-dependent manner, although the involvement of CSCs
and radio-resistance is becoming clearer. Another report has also identified elevated
ALDH levels in breast cancer CSCs and it was found to be responsible for radiation
resistance [61]. The other factors that have been linked with radio-resistance of CSCs
are nicotinamide N-methyltransferase expression [62], maternal embryonic leucine
zipper kinases [63] and STAT3 signaling [64].

Glioma remains one of the highly investigated malignancies in the context of
resistance to radiation therapy where CSCs are involved, as previously mentioned
[48]. The CSC markers CD133, Nestin and Musashi were reported to be induced
in gliomas exposed to radiation, which clearly suggested the functional significance
of these markers in radio-resistance [65]. Furthermore, lymphocyte-specific protein
tyrosine kinase (LCK) was determined to be important for this phenomenon be-
cause selective targeting of LCK resulted in the suppression of activation of not only
these three CSC markers, but also other CSC markers such as Notch-2 and Sox2.
The role of cyclooxygenase-2 (cox-2) in the enrichment of CD133 positive CSCs
after radiation therapy has been reported where a cox-2 inhibitor, celecoxib, was
found to significantly inhibit CD133 expressing cells leading to radio-sensitization
of glioblastoma cells [66]. Another recent report has suggested defective autophagy
to be a factor that contributes to radio-resistance of glioma CSCs [67]. It has been
shown that the use of rapamycin could induce autophagy in glioma CSCs, thereby
increasing their sensitivity to radiation therapy.

In addition to factors discussed above, a few other molecules/pathways have also
been suggested to influence the resistance to radiotherapy in CSCs. For example, the
Wnt signaling pathway has been associated with CSC phenotype, especially because
activation of Wnt pathway was found in glioma cells isolated from mice after in vivo
radiation [68]. These cells were also enriched for the CSC marker Sox2. This study
provided direct evidence implicating the Wnt signaling pathway in mediating drug
resistance of CSCs. In a recent study, the role of microRNAs (miRNAs) has been
implicated in radiation resistance of CSCs where cells transfected with miR-145
were found to exhibit reduced tumorigenicity and stemness, leading to the reversal
of radio-resistance [68]. This investigation was based on the realization that miR-145
is a suppressor of the CSC markers Oct4 and Sox2. We have discussed the role of
miRNAs in CSC phenotype later in this chapter in relation to their regulation by
natural agents.

Deregulated expression of many genes, including developmentally regulated
genes, is the “hallmark” of CSCs. In addition, these cells are highly resistant to
conventional therapeutics, and thus molecules that are involved in cell cycle regula-
tion, DNA damage and repair are considered important targets for overcoming such
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resistance [68]. Therefore, it has been proposed that targeting CSCs might be an
effective strategy to overcome resistance to radiation [68–68] and other therapeutics
as summarized above.

3.3.4 DNA Damage-Repair in CSCs

Summarized in Chap. 2, it is clear that a number of factors are believed to cause DNA
damage including chemicals, UV radiation, viruses and reactive oxygen species
(ROS). DNA can be ‘damaged’ in many different ways including the loss of purine
or pyrimidine bases leading to formation of ‘abasic sites’, the bases may lose their
amino groups, bases may be oxidized, bases may be alkylated or there might be
actual strand breaks in the DNA. Cells with irreparable DNA damage either enter
senescence or they are eliminated via induction of apoptosis [77]. DNA damage
involves an actual change in the normal structure of DNA and these changes are
detected by the cellular DNA repair machinery. In the case of DNA damage by
oxidation, alkylation or hydrolysis of bases, a ‘base excision repair’ mechanism
repairs the damage by removing the damaged bases and replacing it with normal
bases through a series of steps catalyzed by specific enzymes. In case of damage
to one DNA strand, the second complimentary strand serves as the template for the
synthesis of normal ‘repaired’strand. In addition to taking care of damaged DNA that
involves just a single strand, there are additional DNA repair mechanisms in place
which repair double strand breaks [78, 79]. In order to ensure a very efficient repair
of DNA damage, CSCs have multiple DNA repair mechanisms in place involving a
multitude of factors/proteins [12]. Cancer cells evade cell cycle check points leading
to uncontrolled DNA replication and cell growth, therefore, it is not surprising that in
addition to CSCs, cancer cells are characterized by their capacity for highly efficient
DNA repair mechanism [80, 81]. Consequently, DNA repair capacity is a subject of
clinical assessment to determine cancer development and response to therapy [82].

It is interesting to note that the well-organized DNA repair machinery which plays
a key role in ensuring genomic stability of embryonic stem cells (ESCs), thereby
being a ‘life-saver’, actually has a dark side when studied in the context of CSCs
[83]. The very cellular machinery which makes sure that the correct information is
relayed to differentiated cells and cell lineages in ESCs turns evil in CSCs wherein
it works to reverse the DNA damage induced by therapeutic regimes. The role of
CSCs in metastases as well as in drug resistance of human cancers is becoming more
and more apparent, and the importance of DNA repair mechanisms in CSCs is being
recognized.

3.3.4.1 DNA Repair and Drug Resistance in Cancer and CSCs

A number of anti-cancer drugs used in the clinic for the treatment of cancer patients
are known to target genomic stability. This approach stems from the realization that
cancer cells have an increased rate of DNA replication. Targeting genomic stability



3 Resistance and DNA Repair Mechanisms of Cancer Stem Cells 41

should therefore be an effective strategy to drive cancer cells into the path of apoptotic
cell death. For example, cisplatin is a very common and effective chemotherapeutic
agent, wherein platinum binds to the purines in DNA structure and distorts the dou-
ble helix leading to DNA damage. In fact, not only cisplatin, but other ‘platinum’
drugs such as oxaliplatin and carboplatin are capable of inducing DNA damage
as well [84]. The cancer cells that have compromised DNA repair mechanism
are destroyed through apoptotic-induction. However, it is also known that within
6–8 hours, the DNA damage repair mechanisms identify the cisplatin-induced dam-
age to DNA and approximately 2–3 of the platinum-DNA adducts are removed within
21 hours [87], which is believed to be responsible for treatment failure. Moreover,
it has been suggested that several independent DNA repair mechanisms can restore
the integrity of bases that are alkylated by alkylating anti-cancer agents, such as in
the treatment of glioblastoma [86]. Such efficient repair of DNA damage contributes
to drug resistance and subsequent treatment failure.

3.3.4.2 Enhanced DNA Repair in CSCs

It has been postulated that CSCs have more efficient DNA repair mechanisms in
place to ensure genomic stability compared to cancer cells. To effectively target
CSCs, it is prudent to target their DNA repair mechanisms. In a study suggestive of
such action of HDAC inhibitors [85], it was shown that HDAC inhibitors SAHA and
MS-275 had a profound effect on several genes that are involved in various DNA
repair mechanisms in mesenchymal stem cells. As a consequence, the markers of
DNA damage accumulated when these cells were treated with HDAC inhibitors. It
is expected that with increased DNA damage, through impaired repair mechanisms,
CSCs can be made sensitive to anticancer drugs that function through DNA damage.

In a study that was designed to directly evaluate DNA repair in cancer vs. CSCs,
a number of stem and non-stem glioma cell lines were directly compared for their
relative DNA repair potential [73, 81]. Interestingly, none of the DNA repair path-
ways tested; DNA base excision or single strand break repair, were observed to be
elevated in glioma CSCs, compared to glioma cells. Based on the observations re-
garding doubling time and cell cycle regulatory proteins, it was proposed that an
increased expression of cell cycle checkpoint kinases CHK1 and CHK2 leads to a
delayed cell cycle in glioma CSCs. Such delay in cell cycle, in turn, results in a
significantly increased time that is available for DNA repair in CSCs [12]. Activa-
tion of CHK1 has recently been demonstrated in non-small-cell lung cancer CSCs
as well [88]. In a report that further supports this hypothesis, a similar mechanism
was shown to operate in leukemia CSCs [89]. In this model, the role of cell cycle
inhibitor p21 was proposed, suggesting the existence of an effective DNA repair
mechanisms in the CSCs. The p21-mediated inhibition of cell cycle was found to
provide sufficient time for CSCs to repair accumulated DNA damage. These studies
point to an indirect mechanism whereby the CSCs buy more time for an efficient
DNA repair through delayed cell cycle progression.
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Although these initial studies did not find elevated DNA repair mechanisms
in CSCs, a later study [54] reported elevated DNA double strand break response
machinery in glioma CSCs, thus providing direct evidence to suggest increased
DNA repair activity in CSCs. In this study, a polycomb group protein was re-
ported to be enriched in glioma CSCs where it co-purified with multiple factors
from DNA double strand break response and non-homologous end joining repair
mechanisms. Its deficiency led to severely impaired DNA repair in CSCs ren-
dering them sensitive to radiation. In another report on the elevated DNA repair
mechanisms in CSCs [90], the role of a DNA-dependent protein kinase catalytic
subunit (DNA-PKcs) was suggested during DNA double strand repair process. In
breast cancer CSCs derived from MCF-7, MDA-MB-231 cell lines, as well as pri-
mary cultures of patient breast cancer cells, activation of the DNA double strand
break response via ATM was reported in CSCs with no significant changes ob-
served in non-homologous end joining repair response machinery [55]. The CSCs
in this study were identified on the basis of CD44(+)/CD24(− or low) expres-
sion. Additionally, the DNA single strand break repair pathway was found to be
significantly active in another investigation that looked at CD44(+)/CD24(−/low)
mammospheres derived from MCF-7 cells [91]. Interestingly, this study did
not find any significant changes in DNA double strand break repair machin-
ery. Finally, in an earlier study involving breast CSCs, the CSC subpopulation
[Lin(-)CD29(H)CD24(H)] was reported to express up-regulated levels of genes
involved in DNA damage response and repair [92].

Experimentally induced pluripotent cells and embryonic stem cells have signifi-
cantly enhanced levels of DNA repair mechanisms [93]. Emerging evidence indicates
that the CSCs are also characterized by such elevated levels of efficient DNA repair
processes [12]. As summarized above, studies in several different cancer models
generally support this notion, although the evidence seems to be contradictory at
times. One observation that stands out is that CSCs have markedly reduced DNA
damage, which is either due to the direct activation of DNA repair processes or
through delayed cell cycle which allows extra time for DNA repair. Even within the
DNA repair processes, different mechanisms are being validated to be functional in
different model systems, as well as within the same model. It is quite possible that
the efficient DNA repair in CSCs is a result of several such processes that operate
in harmony. Inclusion of inhibition of DNA repair mechanisms as a component in
combinational therapy is therefore likely to target CSCs with increased efficacy.

3.4 Targeting CSCs with Natural Compounds

Compounds that are found in plants and other natural resources are well-established
as anticancer agents [92–95]. Since these compounds are part of a normal diet, they
present much reduced systemic toxicity when compared to synthetic compounds.
With the acceptance of an important role of CSCs in the sustenance of human cancers,
emerging data points towards the ability of natural compounds for targeting CSCs
[98, 99].
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One such compound, the naturally occurring phytochemical, parthenolide (PTL)
has been documented to target CSCs in multiple human cancer models [100]. In an
earlier report, PTL was observed to preferentially target acute myelogenous leukemia
progenitor and stem cell populations in a leukemia model through inhibition of NF-
κB, activation of p53 and induction of reactive oxygen species (ROS) [101]. Other
reports have further verified such CSC-targeting action of PTL in leukemia models
[102, 103]. Involvement of NF-κB signaling in mediating the biological effects of
PTL against breast CSCs has also been reported [104]. In addition, PTL has been
found to inhibit the growth of CSC side populations derived from breast cancer cell
lines, MCF-7 and MDA-MB-231 [105]. Subsequent to these findings, PTL has been
shown to be cytotoxic against prostate CSCs that were isolated from prostate cancer
cell lines DU145, PC3, VCAP and LAPC4, as well as from the primary prostate tumor
initiating cells [106]. The non-receptor tyrosine kinase src, and several src signaling
components such as Csk, FAK, β1-arrestin, FGFR2, PKC, MEK/MAPK, CaMK,
ELK-1 and ELK-1-dependent genes were found to be the targets of PTL against
prostate CSCs. More recently, PTL has been shown to target CSCs in osteosarcoma
[107] and myeloma [108] models.

In addition to studies on the effect of PTL on prostate derived CSCs [108], the
Farrar group has reported the ability of another natural compound, gossypol to target
prostate CSCs [109]. Gossypol, the phytochemical produced by cotton plants, ef-
fectively inhibited prostate tumor-initiating cell-driven tumor growth in a non-obese
diabetic/severe combined immune-deficient xenograft model through induction of
DNA damage and activation of p53. As discussed above, the DNA repair machinery
in CSCs is particularly efficient and its effective targeting is one of the mechanisms
through which any putative agent could target CSCs, and as such could become a
useful strategy for the killing of CSCs and thereby eliminate tumors.

Another natural compound that has been shown to target CSCs in the last couple of
years is the anticancer agent resveratrol. Chemically, resveratrol is 3,5,4′-trihydroxy-
trans-stilbene, a naturally occurring polyphenol and a phytoalexin produced by
several plants. It is typically found in the skin of red grapes and is present in red
wines. In normal stem cells, there is evidence to support the role of resveratrol in
accelerating DNA repair mechanisms thereby helping stem cells survive [110]. The
initial report on CSCs-targeting activity of resveratrol suggested its ability to inhibit
medulloblastoma CSCs-associated proliferation and tumorigenicity [111]. Later,
resveratrol was reported to inhibit glioma CSCs-induced tumorigenicity through
its inhibitory action on STAT3 signaling, which led to increased radio-sensitivity
[112]. Finally, resveratrol has been observed to inhibit mammosphere formation
by CD24(–)/CD44(+)ESA(+) CSCs isolated from estrogen receptor-positive as well
as estrogen receptor-negative breast cancer cells [113]. In human pancreatic CSCs,
characterized by CD133(+)/CD44(+)/CD24(+)/ESA(+), resveratrol has been shown
to inhibit self-renewal capacity [114]. Resveratrol also inhibited Nanog, Sox-2,
c-myc and Oct-4, the markers of ‘stemness’, as well as ABC transporter, ABCG2 in
CSCs. Furthermore, resveratrol inhibited CSC’s migration and invasion and attenu-
ated the markers of EMT. The inhibition of stem cell markers is direct evidence in
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support of the biological action of resveratrol against CSCs and additionally, down-
regulation of ABC transporter further supports the anti-CSC activity of resveratrol
because ABC transporters, as discussed above, are frequently up-regulated in CSCs.

Sulforaphane, found in cruciferous vegetables, is another natural compound that
has been investigated for its action against CSCs [99]. In breast cancer CSCs, sul-
foraphane has been found to be very effective in inhibiting ALDH-positive CSC
population that is mediated through down-regulation of wnt/β-catenin signaling path-
way [115]. Sulforaphane has also been shown to inhibit ALDH activity of pancreatic
CSCs [116]. This study identified NF-κB signaling as the major target of sulforaphane
leading to the potentiating effect of this natural compound on the activity of kinase in-
hibitor sorafenib. In another report, the authors have documented potentiating effects
of sulforaphane leading to effective inhibition of CSCs [117] where it was shown to
synergistically induce the cytotoxic effect of cisplatin, gemcitabine, doxorubicin and
5-flurouracil against CSCs of prostate and pancreatic origins. The combinations were
observed to be significant in inhibiting the ALDH1 activity and also Notch-1 and
c-Rel expression, indicators of “stemness” of CSCs. In yet another study, the syner-
gistic effect of sulforaphane has been reported in combination with another natural
agent, quercetin, in inhibiting pancreatic CSCs [118]. An involvement of stem cell
marker Nanog was suggested based on the observation that silencing of Nanog fur-
ther enhanced the inhibitory action of these natural compounds on the self-renewing
capability of CSCs mediated through the targeting of EMT. The natural compound
quercetin, a flavonoid obtained from many dietary fruits and vegetables, has been
shown to be active by itself against pancreatic CSCs [119]. In addition to its synergis-
tic effects in combination with sulforaphane, as discussed above, quercetin has also
been reported to show synergistic activity when combined with green tea polyphenol,
epigallocatechin-3-gallate (EGCG), which led to cytotoxic activity against prostate
[120] and pancreatic CSCs [121].

The one natural compound that has been extensively studied in relation to its
ability to affect CSCs is the turmeric-derived compound, curcumin. A number of
investigations, including studies from our own laboratory, have described such action
of curcumin as well as its novel synthetic derivative. In one of the earliest reports
on this topic, Wicha and co-workers demonstrated the ability of curcumin to inhibit
ALDH activity, mammosphere formation and inhibition of Wnt signaling in breast
CSCs [122]. Curcumin was also reported to be effective against colon CSCs as
evidenced by decreased CD44 and CD166 positive colon cancer HCT-116 and HT-
29 cells [123]. Further, it inhibited the side populations of glioma cells, suggesting
its activity against glioma CSCs [124]. While such action of curcumin is promising,
curcumin suffers from limited bioavailability in vivo, and thus the use of curcumin
in human patients has been disappointing. To overcome this limitation, we have
synthesized a derivative of curcumin, the difluorinated curcumin, CDF [125] which
showed improved bioavailability and tissue distribution [126]. This novel synthetic
derivative has actually demonstrated increased activity against colon CSCs than
its precursor curcumin, whereby we observed reduction of CD44 and CD166 in
chemo-resistant colon cancer cells [127]. We also showed, for the first time, the
effects of CDF against pancreatic CSCs [128], whereby we have shown that this
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compound can significantly inhibit pancreatospheres and reduce CSC markers CD44
and EpCAM in gemcitabine resistant pancreatic cancer cells MIAPaCa-2 with high
proportions of CSCs. Further, in another recent report, we have demonstrated the
ability of CDF to inhibit gliomas methyltransferase EZH2, a determinant of stem cells
survival and function, leading to an effective inhibition of pancreatic CSCs [129].
Mechanistically we found that re-expression of the miRNA miR-101 was sufficient in
limiting EZH2 expression, and that the administration of CDF inhibited tumor growth
in vivo through reduced expression of EZH2, Notch-1, CD44, EpCAM and Nanog
(all determinants of “stemness”), which was mediated by increased expression of let-
7, miR-26a and miR-101. Our study, on one hand, demonstrated the ability of CDF
to effectively target CSCs, and on the other hand, also underscores the importance
of miRNAs in regulating CSCs integrity and function. Consistent with our findings,
other investigators have also shown the potential of curcumin formulations [130] as
well as curcumin analogue [131] in the inhibition of CSCs of gliomas and colon
origin, respectively.

In summary, the data from our laboratory and others clearly suggests that natural
compounds could be very effective in targeting CSCs by attenuating multiple targets,
especially by re-expression of miRNAs that are typically lost in cancer and in CSCs.
The relative non-toxic nature of these compounds is very attractive for further clinical
investigation in the targeted elimination of CSCs to eradicate tumors.

3.5 Conclusions and Perspectives

CSCs are hard to kill by conventional therapeutics, although they account for less
than 1 % of total cell population in a tumor, which is believed to be the cause of tumor
recurrence and metastasis. In this chapter we have discussed some of the mechanisms
that help CSCs survive cancer therapies and these include quiescence, up-regulated
ABC transporters, efficient DNA repair machinery and several up-regulated cellular
signaling pathways as succinctly illustrated in Fig. 3.1. Moreover, CSCs are also
enriched after conventional therapy, suggesting that better understanding of resis-
tance mechanisms of CSCs would be useful for further development of novel and
targeted therapies for the killing of CSCs. As discussed here, significant progress
has been made in the last few years; however, the challenges are mounting because
of the complexity of multiple signaling pathways in the self-renewal, survival and
proliferation of CSCs. Interestingly, natural agents are multi-targeting and therefore
it is highly promising that natural agents could become an innovative approach for
targeted killing of CSCs directly or by attenuating cellular signaling in order to make
CSCs sensitive to conventional therapeutics. Among many signaling molecules, the
roles of miRNAs are an emerging area of intense research especially because natural
agents could be useful for the re-expression of miRNAs that are typically lost in can-
cers, and especially in CSCs. Therefore, targeted re-expression of miRNAs would
likely be a novel approach for targeting “stemness” markers for the elimination of
CSCs. The evidence so far is indicative of an important role of multiple mechanisms
that define resistance of CSCs. It is essential to fully elucidate the intricate cross-talk
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Fig. 3.1 Mechanisms that determine resistance of cancer stem cells to chemotherapy and radiation
therapy

and molecular regulation of these mechanisms to develop effective treatment strate-
gies. Further in-depth molecular pre-clinical and clinical investigations are warranted
in order to exploit the role of novel therapeutic agents against resistance pathways
in CSCs, which would likely be useful for eradication of human malignancies in the
near future.
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Chapter 4
DNA Repair in Normal Stem Cells

Olga Momčilović and Gerald Schatten

Abstract Stem cells are self-renewing cells with the ability to differentiate into one
or more somatic cell types. Pluripotent stem cells (PSCs) can form any type of so-
matic cell and play essential roles during development, whereas multipotent stem
cells produce a limited number of closely related cell types and are responsible for
tissue homeostasis during an organism’s lifetime. It is essential for stem cells to
maintain genomic integrity, as alterations of their DNA sequence would be transmit-
ted to daughter cells. This might affect developmental processes, tissue cellularity
and function, and lead to aging and malignant transformation. The fast pace of the
cell cycle in PSCs exposes them to the risk of accumulation of replication errors,
whereas the long life of multipotent stem cells predisposes them to accumulation of
mutations. PSCs employ several mechanisms to minimize mutational burden, such
as low mitochondrial activity and reactive oxygen species (ROS) production, high
activity of efflux pumps, expression of telomerase, efficient DNA repair, as well
as triggering apoptosis at a lower threshold than other cell types. Quiescence of
multipotent stem cells may minimize chances of accumulation of replication errors,
and protect them from oxidative stress due to low metabolic activity, mitochondrial
respiration, and ROS production. However, quiescence may act as a double-edged
sword, since resting in the G0 phase of the cell cycle limits the choice for DNA
double strand break repair to error prone non-homologous end joining.
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54 O. Momčilović and G. Schatten

EGC Embryonic germ cell
HSC Hematopoietic stem cell
HR Homologous recombination
ICM Inner cell mass
IR Ionizing radiation
MEF Mouse embryonic fibroblasts
NHEJ Non-homologous end joining
NSC Neural stem cell
PSC Pluripotent stem cell
ROS Reactive oxygen species
UV Ultraviolet radiation

4.1 Introduction

One of the foundations for the existence of life is that genetic information is stable
and heritable. Thus, following the discovery of the function of DNA as a carrier
of genetic information and the subsequent elucidation of its structure, it became
apparent that alterations in DNA could be deleterious for the species. The possible
existence of DNA repair mechanisms was initially overlooked and another more
intuitive hypothesis was postulated—that the primary structure of DNA is stable and
not prone to chemical changes. Only the discovery of DNA secondary structure led
to the development of the concept of DNA repair as means of safeguarding genetic
information [1].

We now know that DNA is a very metabolically active molecule. It exists in a
cellular environment rich in water and reactive oxygen, surrounded by a plethora of
metabolic products that can cause hydrolytic and oxidative modifications in DNA
bases, phosphodiester bonds, and pentose moieties. Normal products of metabolic
processes, such as S-adenosylmethionine, can serve as donors of alkylating groups
in enzymatic and non-enzymatic reactions, thereby modulating the pairing of DNA
bases, whereas errors during DNA replication can change DNA primary structure.
The net result of the chemical alterations of DNA building blocks includes base pair
transitions, hydrolytic cleavage of N-glycosyl bonds and creation of abasic sites,
which collectively create variation in the DNA sequence.

In addition to the endogenous sources of DNA lesions, DNA can be damaged
by exogenous (environmental) factors, such as ionizing (IR) and ultraviolet (UV)
radiation, as well as a myriad of chemicals and drugs. Exogenous factors can induce
DNA damage both directly and indirectly. For example, IR may directly ionize bases
and/or deoxyribose groups that absorb radiation energy. However, the most damaging
effect of IR is indirect, through radiolysis of water and the production of reactive
oxygen species (ROS), such as oxygen superoxide, hydroxyl ions, electrons, and
hydrogen peroxide, all of which cause oxidative damage.

Many sources of DNA damage have been present since the beginning of the evo-
lution of life on our planet. Cellular genomes are continuously exposed to DNA
damaging agents, therefore in order for life to proliferate, multiple DNA damage



4 DNA Repair in Normal Stem Cells 55

response pathways have evolved. Many of these cellular DNA damage defense mech-
anisms have been studied in somatic cells, and a considerable body of work is now
available. However, far less is currently known and understood about the maintenance
of genomic integrity in stem cells.

In this chapter, we review DNA repair in normal stem cells. We start our discussion
with a description of different stem cell types, followed by a description of DNA
damage responses in these cells. We focus on a review of the different DNA repair
pathways in pluripotent stem cells (PSCs), followed by brief description of adult
stem cells’ DNA damage responses.

4.2 Stem Cells

Stem cells are defined by two key properties: (1) the ability to proliferate and create
more of the same cell type through the process of self-renewal, and (2) the potential
to acquire specialized cellular function(s) through the process of differentiation. All
stem cells have the capability to self-renew, but their differentiation spectrums vary
considerably, and based on this criterion they are typically categorized as pluripotent
or multipotent. PSCs can give rise to the over 200 different cell types present in the
human body; they can differentiate into virtually any cell type of an organism. In
contrast, multipotent stem cells have restricted differentiation potential and can give
rise to a family of closely related cell types.

The zygote and individual cells of the early embryo (more specifically, the two
to four cell stage embryos) can form both the embryo proper and extraembryonic
tissues and are referred to as being totipotent. At the blastocyst stage, the outer
layer of cells, termed trophoblast, forms and contributes to the placenta following
implantation of the embryo into the intrauterine wall, whereas the inner cell mass
(ICM) gives rise to the embryonic tissues. Although PSCs generate all cell types
of the developing organism, they cannot form the extraembryonic tissues necessary
for the development of an embryo. Therefore, PSCs are not capable of developing
into an organism themselves. During ontogeny, developmental (and differentiation)
potential becomes progressively restricted, shifting from totipotent, to pluripotent,
to multipotent and, finally, terminally differentiated cells (Fig. 4.1). In this section
we will introduce the different kinds of stem cells in greater detail.

4.2.1 Pluripotent Stem Cells

The ability of PSCs to produce any differentiated cell type in an organism makes
them invaluable for studying early human developmental stages, which otherwise
is unavailable due to ethical and technical concerns. PSCs hold great promise for
clinical applications as a source of differentiated cells for cell replacement therapies.
However, they can also be used as a tool for generating transgenic animals, and in
various other commercial and basic research applications. There are several types
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Fig. 4.1 Developmental potential becomes restricted during ontogeny. Following fertilization, a
single cell embryo (zygote) is formed. The zygote undergoes cleavage, which increases the cell
number unaccompanied by cell growth. The zygote and 2–4 cell stage embryo are totipotent, which
means they can form the entire organism. At the blastocyst stage, the outer layer of cells forms the
trophoblast, and a small group of cells in the center forms the inner cell mass (ICM), from which
embryonic stem cells (ESCs) are derived. During subsequent development, the trophoblast gives rise
to the placenta, whereas the ICM produces all tissues of the developing embryo. Note that the ICM
is no longer totipotent, since it cannot form the placenta. Epiblast stem cells and embryonic germ
cells behave similar to ESCs and are also pluripotent. As development of an organism progresses,
the developmental potential of stem cells becomes increasingly restricted, and after birth, only
multipotent stem cells exist

of PSCs, including embryonic stem cells (ESC), embryonic carcinoma cells (ECC),
embryonic germ cells (EGC), epiblast stem cells (EpiSC), and induced pluripotent
stem cells (iPSC) (summarized in Table 4.1). Except for iPSCs, all PSCs are of
embryonic origin. Embryonic stem cells are the most studied PSC type, and are used
as a gold standard for comparisons with other types of PSCs, however, they were not
the first isolated type of PSCs. ECCs were historically the first PSCs available. They
were derived from teratocarcinomas (also called teratomas) in the 1960s and 1970s
[2, 3]. Teratocarcinomas are usually benign tumors composed of tissues belonging
to three germ layers (ectoderm, mesoderm, and endoderm) and an undifferentiated
stem cell compartment responsible for the tumor growth. Embryonic carcinoma
stem cells are derived from the stem cells present in teratocarcinomas and represent
the first known type of cancer stem cells. However, ECCs are genetically unstable
and differentiate relatively poorly in comparison to ESCs [4]. Thus, they are not
frequently used for studying early development, and are not likely to be used as a
source of cells for clinical therapies.

Mouse EGCs are derived from primordial germ cells (PGC), localized in germinal
ridges of 9.0–12.5 d.p.c. mouse embryos [5, 6]. Although they share numerous simi-
larities with mouse ESCs, including cellular morphology, expression of pluripotency
markers, and comparable contribution to chimeric mice [7, 8], EGCs retain some
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Table 4.1 Summary of pluripotent stem cell (PSC) types. The table lists the origins and years of
derivation for different PSC types

PSC type Isolated from Year Reference

Mouse embryonic carcinoma cells (ECC) Teratocarcinomas 1964 [2, 3]
Human embryonic carcinoma stem cells (ECC) Teratocarcinomas 1977 [13]
Mouse embryonic stem cells (ESC) Inner cell mass (ICM) 1981 [14, 15]
Mouse embryonic germ cells (EGC) Primordial germ cells 1992 [5, 6]
Human embryonic stem cells (ESC) Inner cell mass (ICM) 1998 [16]
Mouse induced pluripotent stem cells (iPSC) Somatic cells 2006 [17]
Human induced pluripotent stem cells (iPSC) Somatic cells 2007 [18]
Mouse epiblast stem cells (EpiSC) Epiblasts 2007 [11, 12]

properties of PGCs, such as global genome demethylation, X-chromosome reacti-
vation, and erasure of imprints that are not present in mouse ESCs [8, 9]. Human
EGCs have been isolated from five to seven week old embryos, and can be directed
to multilineage development, but have very limited proliferation capacity in in vitro
culture [10].

EpiSCs are derived from the epiblast (a layer of cells that gives rise to the en-
tire embryo proper) of early mouse and rat post-implantation embryos (E5.5–E6.5)
[11, 12]. These cells are almost identical to human ESCs in terms of morphology,
pluripotency marker expression, and requirement of growth factors for maintenance
of pluripotent state. Mouse EpiSCs can form teratocarcinomas upon injection into
immunocompromised mice, but unlike mouse ESCs, poorly contribute to chimeras.
Human EpiSCs and EGCs with properties of mouse EGCs have not been isolated to
date due to ethical concerns and technical difficulties, but significant effort has been
put in place to derive these types of cells from non-human primates.

Embryonic stem cells are extracted from the inner cell mass (ICM) of pre-
implantation embryos at the blastocyst stage (about 5 days old human embryo and
2–3.5 d.p.c. mouse embryo) [14–16]. ESCs express proteins present in the ICM,
undergo unlimited self-renewal (some human ESCs lines are continually grown in
in vitro culture for multiple years), and can be directed to differentiate into many cell
lineages [14–16]. Mouse studies have proven the differentiation potential of ESCs
by injection of mouse ESCs into the blastocyst of the recipient embryo. Injected
donor ESCs are able to contribute to the three germ layers and germ line of the
resulting chimeric embryo [19]. An even more stringent test of the developmental
potential of ESCs is the tetraploid complementation assay. Fusion of cells at the two
cell stage mouse embryo produces a tetraploid embryo that cannot develop past mid
gastrulation, but can form the blastocyst and extraembryonic tissues. When diploid
mouse ESCs are combined with the tetraploid embryo at the morula or blastocyst
stage, and transferred into the uterus, normal development proceeds. Tetraploid cells
form the extraembryonic tissues, whereas the entire embryo proper is formed by the
ESCs, thereby confirming their pluripotency [20–22]. Since these experiments are
impossible and unethical in humans, proof of human ESC differentiation potential
comes from the injection of ESCs into immunocompromised mice in which they
form teratocarcinomas composed of three germ layers.
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Table 4.2 Comparison of mouse and human embryonic stem cell (ESC) properties

Property Mouse ESC Human ESC

Unlimited self-renewal Yes Yes

Pluripotency tested by
Tetraploid complementation Yes No
Chimera formation Yes No
Teratoma formation Yes Yes
Directed in vitro differentiation Yes Yes

High nucleus to cytoplasm ratio Yes Yes
Tolerance of single cell state Yes No (require addition of ROCK
(clonal propagation) inhibitor, Y-27632)
Telomerase activity Yes Yes
Alkaline phosphatase Yes Yes

Core transcriptional regulators of pluripotency
POU5F1 (OCT4) Yes Yes
NANOG Yes Yes
SOX2 Yes Yes

Cell surface markers
SSEA1 Yes No
SSEA3 No Yes
SSEA4 No Yes
TRA1-60 No Yes
TRA1-81 No Yes

Growth factor requirement for self-renewal
LIF and BMP Yes No
FGF2 and TGFβ/ACTIVIN/NODAL No Yes

X chromosome activation Yes Line-dependent
Imprinting Commonly lost Yes

Mouse and human ESCs share numerous similarities, including unlimited self-
renewal and broad differentiation potential, but are not identical. For example, mouse
and human ESCs differ in cell surface marker expression, growth factor requirements,
clonogenicity, genetic, and epigenetic signatures (summarized in Table 4.2). These
dissimilarities may reflect species-specific differences between human and mouse
early development. However, an alternative hypothesis has been recently postulated:
the observed differences may be caused by the slightly different developmental stage
at which mouse and human ESCs are derived. As described above, mouse EpiSCs are
remarkably similar to human ESCs, and distinct from mouse ESCs [11, 12]. Mouse
ESCs and EpiSCs may represent two different pluripotent states: naı̈ve and primed,
respectively [23]. With regard to developmental age, human ESCs would then corre-
spond to mouse primed EpiSCs. However, there is an important distinction—mouse
EpiSCs are derived from post-implantation embryos, whereas human ESCs are iso-
lated from pre-implantation embryos. Thus, more studies are necessary to establish
the true state of pluripotency in human ESCs. Interestingly, “re-wiring” of human
ESCs to a naı̈ve pluripotent state by genetic (ectopic expression of OCT4, KLF4, and
KLF2) and pharmacological (addition of LIF and inhibitors of GSK3β and ERK1/2)
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manipulation was achieved recently [24]. The naı̈ve human ESC state seems to be un-
stable, and cells quickly revert to the primed mouse EpiSC-like state upon withdrawal
of expression of genetic factors and chemical inhibitors.

Pluripotency of both mouse and human ESCs is maintained by the core transcrip-
tion factors, namely POU5F1 (OCT4), NANOG, and SOX2 [25–29]. These master
regulators form the transcription network that maintains the undifferentiated state of
ESCs and control early development. OCT4, NANOG, and SOX2 bind to promoters
of a number of genes and activate expression of genes that promote self-renewal
and the undifferentiated state, while repressing expression of genes involved in dif-
ferentiation. In addition, they promote expression of each other, thereby creating a
positive autoregulatory feedback loop [25].

Multiple studies have shown that cellular identity may be changed by forced
expression or repression of key transcription factors that specify cell fate [30–32].
This suggests that with the understanding of the master regulatory transcription
network in ESCs, it may be possible to “reprogram” fully differentiated somatic
cells into an ESC-like state. Furthermore, reprogramming of somatic cells into ESC-
like cells has been achieved previously by somatic cell nuclear transfer (SCNT) [33],
as well as by fusion of somatic cells with PSCs [9, 34]. These experiments made
it clear that oocytes and PSCs contain factors that can reprogram somatic cellular
genomes into a pluripotent state.Yamanaka and his team successfully reprogrammed
mouse somatic cells into a pluripotent-like state by overexpressing a set of four
genes, namely, OCT4, KLF4, SOX2, and cMYC [17]. The resulting cells form
ESC-like colonies, express ESC markers, contribute to all three germ layers in a
mouse chimera, and are therefore termed induced pluripotent stem cells (iPSC). This
finding was transferred to human somatic cells a year later, when two independent
teams reprogrammed human somatic cells into iPSCs using two different cocktails of
transcription factors. Yamanaka’s team used the same combination of transcription
factors as for reprogramming of mouse cells to enable human cell reprogramming
[18], whereas Thomson and colleagues used OCT4, NANOG, SOX2, and LIN28
[35] to achieve the same goal. Since these pioneering experiments, iPSCs have been
derived from numerous species, using refined protocols, as well as from patients
with various genetic diseases [36–42].

4.2.2 Multipotent Stem Cells

Multipotent stem cells share with PSCs the ability to self-renew. However, multipo-
tent stem cells have restricted differentiation potential in comparison to PSCs, and
can give rise only to several closely related cell types. For example, neural stem
cells (NSCs) can give rise to neurons and glial cells of the nervous system, whereas
hematopoietic stem cells (HSCs) can differentiate into any blood cell type. However,
NSCs cannot contribute to blood, and HSCs do not give rise to nervous tissue.

All tissues of an organism are exposed to varying degrees of “wear and tear”
and depend on the action of multipotent stem cells for the replacement of dead and
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Table 4.3 Comparison of pluripotent and multipotent stem cells’ properties

Pluripotent stem cells Multipotent stem cells

Differentiation potential All cell types Restricted; related cell type
Self-renewal capacity Unlimited in cell culture Limited in cell culture
Life span in vivo Short lived; several days Long lived; multiple years
Origin Embryonic Embryonic and adult
Function Generate all cell types Maintenance of tissue homeostasis

damaged cells in order to maintain tissue cellularity and function. Since multipo-
tent stem cells are specialized to a certain extent, every organ system has its own
set of multipotent stem cells (a few examples being HSCs, NSCs, muscle stem
cells, corneal stem cells, skin stem cells, bone stem cells, mesenchymal stem cells,
and spermatogonial stem cells). Different tissues have varying level of regenerative
potential, which is reflected by the proliferative capacity of resident stem cells. For
example, in high turnover tissues, such as the hematopoietic system, proliferation and
differentiation of HSCs into specialized progeny has been well documented. In con-
trast, in organs with lower regenerative potential, such as heart or brain, identification
of resident stem cells has been more challenging [43].

Unlike ESCs, whose in vivo counterpart, ICM, exists for very short period of time
during embryonic development, multipotent stem cells are present in organs after
birth, and are frequently referred to as adult stem cells (a comparison between ESCs
and adult stem cells is summarized in Table 4.3). They reside in a specialized niche
that is composed of supporting cells and extracellular molecules, and their long-term
maintenance depends to a large extent on interaction between stem cells and their
niche.

Under optimal physiological conditions, most adult stem cells reside in the G0

stage of the cell cycle. In the presence of mitogenic signals stem cells re-enter the
cell cycle and undergo asymmetrical division, giving rise to one stem cell and one
progenitor, or transient-amplifying (TA) cell (Fig. 4.2) [44]. TAs undergo several
rounds of division, thereby expanding the pool of differentiating cells. Adult stem
cells can switch to symmetrical cell division giving rise to two stem cells at times
when the stem cell pool needs to be expanded, such as during growth or wound
healing. In this hierarchical model, adult stem cells are rare, quiescent cells respon-
sible for tissue repopulation, and are greatly outnumbered by the dividing progenitor
population from which differentiated cells arise [45].

Adult stem cells are vital for organ function throughout the life of an organism.
Therefore, it appears intuitive that the existence of a pool of self-renewing multipotent
stem cells with robust potential for differentiation into specialized progeny is of
utmost importance for an organism’s optimal health and survival.Another implication
is that impaired function and depletion of adult stem cells with aging or disease
will lead to reduced proliferative response, misdirected differentiation, and overall
impaired regeneration of an organ. Finally, these long-lived, self-renewing stem cells
may accumulate mutations during their life time and represent a preferred cellular
compartment for malignant transformation [43, 46].
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Fig. 4.2 Asymmetric division
of multipotent stem cells.
Most of the multipotent stem
cells are rare, quiescent, tissue
specific stem cells. When
drawn into the cell cycle,
multipotent stem cells divide
asymmetrically producing
one stem cell and one
progenitor cell. Progenitors
undergo several cellular
divisions thus amplifying the
pool of differentiating cells

Progenitor/
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4.3 DNA Damage in Stem Cells

The continuous challenge of cellular genomes with genotoxic stressors has acted as
an evolutionary pressure for organisms to develop protective mechanisms to coun-
teract these challenges. The two main strategies for the limitation of DNA alterations
and maintenance of pristine cellular populations are: (1) the suppression of muta-
tion, and (2) the elimination of cells that have acquired DNA mutations. The very
metabolic processes that keep us alive also produce a plethora of genotoxic stressors
that introduce a significant DNA damage burden in each cell every day (Table 4.4).
However, most of these lesions do not become permanent alterations of DNA se-
quence due to mutation suppression mechanisms. DNA lesions normally activate
cell cycle checkpoints that arrest cell cycle progression and provide time for DNA
repair mechanisms to remove DNA damage, preventing the transmission of genetic
changes to daughter cells. However, if DNA damage cannot be repaired, or over-
whelms cellular repair capacity, cells may exit the cell cycle permanently and senesce
or undergo cell death. In cases when cells fail to repair DNA damage, or exit the cell
cycle, genetic alterations become permanent and are transmitted to daughter cells
in the next round of replication. Most mutations do not have deleterious effects, but
given the size of the genome, and number of replications through the ontogeny, mu-
tations do accumulate and eventually impair cellular function leading toward disease.
Thus, it is essential for cells to safeguard their genomic integrity in order to prevent
mutagenesis, as well as to avoid extensive cell death.

As discussed in the introduction, “DNA damage is an inescapable aspect of life”
[1], and stem cells are not spared from DNA lesions. Since stem cells produce
differentiated cells, they face unique challenges in maintaining the fidelity of ge-
netic information. For example, cells that comprise ICM, and from which ESCs are
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Table 4.4 Endogenous DNA damage frequencies [1]

Type of DNA damage Frequency (number of
lesions per cell per 24 hours)

Oxidation of guanosine (8-oxoG) 1,000–2,000
Cytosine deamination 100–500
Depurination 18,000
Depyrimidination 600
Methylation by S-adenosylmethionine (7-Methylguanine) 6,000
Methylation by S-adenosylmethionine (3-Methyladenine) 1,200

isolated, undergo rapid proliferation. This may expose them to accumulation of mu-
tations due to errors in replication, and/or replicative stress. Mutations in the ICM
would affect multiple lineages, and lead to major disruption in the development of
an organism, resulting in birth defects and death. Therefore, these cells may favor
maintenance of genomic integrity over cell survival. In contrast, mutations in mul-
tipotent stem cells would affect a limited number of cell lineages. Since these cells
are responsible for tissue homeostasis throughout an organism’s lifetime, they need
to balance between mechanisms that safeguard genomic integrity and their ability to
self-renew and differentiate. Elimination of stem cells with mutations would main-
tain pristine cell population, but would eventually lead to the depletion of the stem
cell pool.

A great body of literature describes DNA damage responses (DDR) in somatic
cells, but far less is known about DDR in stem cells. In the following sections we
will focus on repair of DNA damage by stem cells. We will first discuss DNA repair
in pluripotent stem cells (ESCs and iPSCs), followed by an overview of DDR in
multipotent adult stem cells.

4.3.1 DNA Repair in Pluripotent Stem Cells

DNA repair is a part of the cellular DDR, which also includes checkpoint activation,
cell death, and senescence. Therefore, in order to put in context findings about DNA
repair in the ESCs and iPSCs, we first need to describe some of their unique DDR.

ESCs are primary immortal cells that do not undergo senescence or contact inhi-
bition in culture. Mouse, nonhuman primate, and human ESCs proliferate rapidly,
similar to cells in the early embryos; ESCs have an abbreviated cell cycle, mainly
due to shortening of the G1 phase [47–51]. In mouse ESCs, most of the cell cycle
regulators are expressed in a cell cycle independent manner [47–49, 52]. In con-
trast, in human ESCs, most of the regulators demonstrate phase-specific activity (for
detailed review of cell cycle regulation in ESCs see [53]).

The vast majority of ESCs (50–60 %) are in the S phase of the cell cycle [50,
54]. In healthy ESC cultures, all cells are positive for the proliferative marker Ki-67,
demonstrating the absence of quiescent cells [50]. ESCs of different species exhibit
the absence of functional G1/S cell cycle checkpoint and arrest in the G2/M phase of
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the cell cycle following DNA damage [54–57]. The absence of G1/S arrest in ESCs
suggests that cells with damaged DNA may enter the S phase when DNA dam-
age would be exacerbated and promote apoptosis. Indeed, both mouse and human
ESCs are hypersensitive to genotoxic insults and undergo apoptosis within hours of
exposure to DNA damage [54, 55]. The lack of G1/S cell cycle arrest and DNA dam-
age hypersensitivity in mouse ESCs have been attributed to aberrant localization of
CHEK2 and TP53 to the cytoplasm following DNA damage where they are unable to
perform their normal function [55]. However, in human ESCs and iPSCs these check-
point signaling molecules are phosphorylated and localized to the nucleus where they
appear to perform their normal function [54]. One group has recently demonstrated
that following UV irradiation of synchronized human ESCs in G1 phase, a G1/S block
is established, TP53 is phosphorylated and localized to the nucleus, but CDKN1A
(p21) protein level remains the same (although mRNA level increases) [58]. At the
molecular level, G1/S arrest appears to be executed by CHEK1/CHEK2 dependent
CDC25A degradation, rather than CDKN1A activation. However, G1/S arrest was
not detected following ionizing radiation of asynchronous human ESCs, although
TP53 and CHEK2 phosphorylation was evident [54, 57]. This discrepancy remains
to be elucidated. Finally, DNA damage induced differentiation of ESCs has been
proposed as a unique response of ESCs to radiomimetic drug-induced DNA lesions.
Under this hypothesis, cells with damaged DNA differentiate and are therefore elim-
inated from the pool of cycling PSCs [59, 60]. This hypothesis is still being tested,
particularly in light of newer studies that show continuous expression of pluripo-
tency markers and no loss of differentiation potential (our unpublished results and
[61]) and pluripotent marker expression after acute DNA damage [54, 61, 62]. It is
possible that radiomimetic drugs induce differentiation by continuous infliction of
DNA damage and persistent DNA damage signaling. Comparison of DDR between
somatic cells and ESCs is summarized in Fig. 4.3.

Multiple mechanisms that maintain genomic integrity are active in ESCs, and
include G2/M cell cycle arrest, efficient DNA repair, and enhanced stress defense
pathways. Overall, both mouse [63] and human [64] ESCs have increased capacity
for DNA repair in response to various genotoxic treatments, which will be discussed
below. We and others have shown that human ESCs and iPSCs have elevated expres-
sion of genes that encode proteins that participate in multiple DNA repair pathways
[62, 64]. During differentiation of mouse [63] and human [65] ESCs, expression
of antioxidant and DNA repair genes are reduced, while the frequency of γH2AX
(a marker of DSBs) positive cells increases. High levels of antioxidant proteins in
ESCs can neutralize the toxic effect of ROS, whereas P-glycoproteins acting as ef-
flux pumps can eliminate toxic chemicals. Finally, ESCs express both RNA and
protein components of telomerase (TR and TERT) that maintain the length of telom-
eres during ESC proliferation. Following differentiation, mouse ESCs acquire G1/S
checkpoint arrest, mitochondrial mass and ROS production increase, whereas expres-
sion of antioxidant enzymes and TR and TERT decreases [55, 62, 63, 65]. Therefore,
the strategies for maintenance of genomic integrity in ESCs are dramatically different
from those employed by somatic cells.
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Fig. 4.3 DNA damage responses in somatic cells and pluripotent stem cells (PSCs). DNA dam-
age evokes numerous cellular responses in somatic cells: checkpoint signaling arrests cell cycle
progression allowing time for repair of DNA. When DNA damage is excessive, cells may undergo
apoptosis, or exit the cell cycle permanently and become senescent. DNA damage responses in
PSCs are far less understood, but the data demonstrate activation of DNA damage signaling and
cell cycle arrest. DNA repair of at least some types of DNA lesions is more efficient than in somatic
cells, although the threshold for apoptosis is very low. Differentiation is another possible response
to the presence of DNA damage in PSCs

4.3.1.1 Double Strand Break Repair

Double strand breaks (DSBs) are the most difficult type of DNA damage to repair
due to the loss of integrity of both DNA strands. Therefore, DSBs are extremely
toxic for cells and even one DSB can be potentially lethal [66]. It is not surprising,
then, that cells have evolved several DSB repair pathways, with two main pathways
being: homologous recombination (HR) and non-homologous end joining (NHEJ).

HR is critically dependent on the presence of the homologous regions because it
uses the genetic information on undamaged sister chromatid as a template to restore
the original sequence of a broken DNA molecule. Consequently, it is predominant
in the late S and in G2 phases of the cell cycle when the duplicated chromatids are
present [67, 68]. The homologous chromosome can be used as a template during
the G1 phase, but this would result in loss of heterozygosity, which can be more
deleterious than error-prone NHEJ.

NHEJ is an error-prone repair process that involves processing of DNA ends which
may lead to loss of nucleotides on both ends of a DSB [69–71]. It does not require
the presence of the sister chromatid in the cell as a template for repair; hence, it is
active in all phases of the cell cycle, and represents the main repair pathway during
G1 and early S phases [72, 73]. NHEJ also has a physiological role during normal
development of the immune system where it is essential for V(D)J recombination in
immunoglobulin genes. Mutations in genes that encode NHEJ proteins lead to severe
combined immunodeficiency (SCID) and increased radiosensitivity.
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The choice of DSB repair pathway depends on the cell cycle stage, source of
DSBs, kinetics of repair, and cell type. The majority of cells in an organism are
post-mitotic, hence a sister chromatid is not present, and cells rely mainly on NHEJ
for DSB repair. Furthermore, the availability of pathway-specific proteins regulates
the choice of pathway: when NHEJ-specific proteins are absent, HR is stimulated,
and when NHEJ proteins are overexpressed, HR is repressed [74]. In vivo analysis
of recruitment of DNA repair factors to the sites of laser-induced DSBs reveal tem-
porary localization of NHEJ components in an attempt to immediately repair DSBs,
followed by prolonged occupancy by HR proteins [75]. Association of RAD51, a
primary eukaryotic recombinase, with chromatin during the S phase and its role in
repair of replication fork collapse induced DSBs has been well documented [76].
Therefore, DSBs associated with errors during replication are primarily repaired by
HR, whereas NHEJ plays a pivotal role in radiation induced DSB repair [68, 77–79].

DSB repair is thus far the most studied form of DNA damage in ESCs because of
the lethality of a single DSB. ESCs are particularly exposed to the risk of formation of
DSBs at the sites of collapsed replication forks due to rapid proliferation; in fact, the
predominant cause of DSBs in proliferating cells are errors during replication, which
are typically repaired by HR as discussed above. When assessing the relative roles
of HR and NHEJ in DSB repair in ESCs, it appears intuitive that HR would be the
preferential mechanism: at any point of time, the majority of ESCs (more than 80 %
of cells) are in the S or G2/M phases of the cell cycle when the sister chromatid is
present in the cell [50, 54]. It also appears intuitive that there would be an evolutionary
selection mechanism against PSCs that have accumulated incorrectly repaired DNA.
Mutation in the DNA of ESCs would have detrimental consequences, not only for
an organism, but for the entire species, since they would impair preservation of the
species identity. Thus, the principal hypothesis is that HR plays pivotal role in DSB
repair in ESCs.

The initial insight into the roles of HR and NHEJ during development came from
mouse knock out studies. In general, mice with a complete lack of RAD51, MRE11,
NBS1, and RAD50 are early embryonic lethal [80]. RAD51, RAD50, MRE11, and
NBS1 null ES cells cannot be isolated from knock out mouse embryos, nor generated
in vitro, suggesting that the MRN complex and RAD51 are required for normal cellu-
lar function, proliferation, and growth [81–84]. RAD52 and RAD54 knock-out mice
are viable and show no impaired viability, fertility, or immune system deficiency,
suggesting that RAD52 and RAD54 are not essential for normal mouse development
[85]. Mouse RAD52 nullizygous ES cells do not show signs of radiosensitivity, and
exhibit a 30–40 % reduction in homologous recombination, unlike yeast mutant
Scrad52 cells which are not viable [86]. RAD54 inactivation in mouse ES cells leads
to decreased homologous recombination and increased radiosensitivity. Together,
these results indicate that there are functionally related genes in mammalian cells
that can compensate for the absence of RAD52 and RAD54.

Mice lacking any of the genes involved in NHEJ are either viable, or die late
in embryonic development. Nullizygous LIG4 (Ligase IV) and XRCC4 mice are
late embryonic lethal due to massive TP53 dependent neuronal apoptosis, arrested
lymphogenesis and other cellular defects [87–89]. TP53 null background rescues
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embryonic lethality, but not lymphocyte development or radiosensitivity. XRCC5
(KU80) or XRCC6 (KU70) inactivation in mice results in growth retardation, pro-
found immunodeficiency, as well as marked radiosensitivity and inability to perform
end-joining at the cellular level [90–93]. Mice lacking PRKDC (DNA-PKcs) are
immunodeficient, but do not exhibit growth retardation [90].

Several research groups demonstrated differences in expression of HR and NHEJ
proteins and repair capacities between mouse ESCs and somatic cells (Fig. 4.4).
For example, expression of multiple proteins involved in HR, such as members
of the RAD52 epistasis group (RAD51, RAD52, and RAD54), were elevated in
mouse ESCs relative to MEFs [94, 95]. At the same time, the expression of NHEJ
proteins appeared more varied: KU70 and KU80 were elevated, whereas LIG4 and
DNA-PKcs were downregulated in mouse ESCs in comparison to fibroblasts [94–
96]. Use of HR and NHEJ reporter plasmids enabled Tichy et al. to show that
mouse ESCs possess a greater capacity to repair DSBs by HR than somatic cells.
When ESCs were induced to differentiate, NHEJ became the predominant DSB
repair pathway, whereas HR was significantly reduced [95]. Similar results were
obtained by Serrano et al. using in vitro HR and NHEJ assays with whole cell
extracts [94]. These authors also investigated localization of RAD51 during the cell
cycle. Localization of RAD51 to the foci is commonly used as a surrogate marker
for HR, and coupled with incorporation of nucleotide analogs BrdU or EdU, allows
for the following of RAD51 distribution during the cell cycle. These experiments
revealed that in fibroblasts, RAD51 localized to the foci only during the S phase
(presumably assisting in collapsed replication fork recovery) so that only 4 % of
RAD51 foci were found in fibroblasts outside the S phase, whereas in mouse ESCs,
RAD51 foci were found in 58 % of cells outside the S phase. Following cell cycle
synchronization, RAD51 foci were present in 68 % of ESCs in the G1 phase in
the absence of exogenous DNA damage, and in 100 % of G1 cells after ionizing
irradiation. Finally, FACS analysis confirmed non-phasic RAD51 expression during
all stages of the cell cycle in mouse ESCs, unlike in fibroblasts where it peaked during
the S phase. Therefore, RAD51 is recruited to DSBs that originate from replication
fork collapse, as well as from other sources in mouse ESCs [94].

Collectively, these studies overwhelmingly document role of HR in repair of
DSBs during all stages of the cell cycle in mouse ESCs. Nevertheless, NHEJ activity
still contributes to mouse ESCs’ survival, as demonstrated by studies in wild type,
H2AX−/, ATM−/− and DNA-PKcs−/− mouse ESCs [96]. Mouse ESCs defective in
ATM or H2AX exhibited faster DSB repair, higher level of DNA-PKcs, and inability
to form foci of phosphorylated ATM (although ATM was autophosphorylated) in
comparison to wild type mouse ESCs. In addition, mutant H2AX and DNA-PKcs
mouse ESCs were more radiosensitive than wild type cells. Inhibition of DNA-PK
activity resulted in reduced DSB rejoining in H2AX knock-out, but not in wild
type mouse ESCs, suggesting that DNA-PK has an important role in DSB repair in
H2AX deficient mouse ESCs. In wild type mouse ESCs, DNA-PKcs activity still
contributed to their survival following irradiation, because inhibition of DNA-PKcs
with its specific inhibitor, NU7026, reduced survival of both wild type and H2AX
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Fig. 4.4 Relative contributions of homologous recombination (HR) and non-homologous end join-
ing (NHEJ) to double strand break repair (DSB) and expression of pathway-specific proteins in
embryonic stem cells (ESCs). Mouse ESCs exhibit increased expression of HR-specific proteins
and depend mostly on HR for DSB repair. In human ESCs, both pathways appear to be active and
expression of both HR- and NHEJ-specific proteins is elevated in comparison to differentiated cells

mutant mouse ESCs. Taken together, it appears that DNA-PK dependent DNA repair
is not the main pathway for repair of DSBs, but still contributes to survival of mouse
ESCs following DNA damage. In instances when homologous recombination is
impaired, mouse ESCs can redirect DSB repair toward NHEJ [96].

Finally, although mouse ESCs possess a low capacity to repair DSBs by NHEJ,
and utilize HR for repair of DSBs in all stages of the cell cycle, they still express high
level of KU70 and KU80 [95, 96]. The level of these proteins was found to reduce
during differentiation. It is possible that KU proteins perform functions other than
NHEJ in mouse ESCs, such as maintenance of telomere ends (prevention of end-to
end fusion of chromosomes), assist in loading of pre-replication complexes to the
origins of replication, or inhibition of apoptosis [95, 96]. However, these functions
still need to be confirmed.

Several groups have demonstrated that human ESCs have fewer γH2AX foci per
cell relative to differentiated cells [65, 97], and that they have increased capacity to
repair multiple forms of DNA damage [64]. We and others have documented that
similar to the findings in mouse ESCs, human ESCs and iPSCs show elevated ex-
pression of HR repair proteins (summarized in Fig. 4.4), including RAD51, RAD52,
RAD50, MRE11, and NBS1, relative to somatic cells [62, 97]. We have also shown
that both human ESCs and iPSCs efficiently repair DSBs, as revealed by removal of
ionizing radiation induced γH2AX foci within 4–6 hours of DNA lesions. Further-
more, these DSBs are removed at least in part by HR, as evidenced by formation
of RAD51 foci and sister chromatid exchanges after DNA damage [62]. Another
group has confirmed these findings. Adams et al. demonstrated that a high percent-
age of isogenic human ESCs and neural progenitors (NPs) form RAD51 foci after
irradiation (75 and 65 %, respectively, 6 hours post-irradiation), whereas only 3 %
of astrocytes contained RAD51 foci. HR appeared to be ATR dependent, since ATR
siRNA reduced formation of γH2AX foci by 70 % in irradiated human ESCs. In
contrast, DSB repair in astrocytes was largely dependent on ATM, and ATM inhi-
bition strongly reduced the number of γH2AX foci in these cells, unlike in human
ESCs [98].
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Expression of the NHEJ proteins XRCC4 and LIG4 were found to be higher in
human ESCs and iPSCs, whereas DNA-PKcs and KU70 protein levels were simi-
lar to those in somatic cells [62, 96, 97]. In comparison to mouse ESCs, however,
expression of multiple NHEJ proteins was significantly elevated [62, 97]. Interest-
ingly, following ionizing irradiation, a proportion of γH2AX foci co-localized with
RAD51, and a proportion of γH2AX foci co-localized with KU70, indicating that
both HR and NHEJ were active in human ESCs and iPSCs [97]. An in vitro assay for
DSB repair using linearized plasmid and human ESC or iPSC whole cell extracts,
followed by sequencing of DNA junction in repaired plasmids, unveiled that both cell
types exhibited an elevated efficiency of DSB repair relative to differentiated cells
[97]. The repaired junctions in recovered plasmids were relatively accurate, with
loss of a few nucleotides at the broken DNA ends in ESCs and iPSCs, in contrast
to differentiated counterparts in which deletion of more than 20 nucleotides was
frequently detected [97]. One group recently reported that DSB repair efficiency
depends on both chromosomal location of the single DSB and the stage of differen-
tiation [99]. This group utilized zinc-finger nucleases (ZFN) to target double-repeat
(DR)-GFP reporter plasmids to different genomic loci. The plasmids carried two
non-functional copies of GFP, each interrupted by a recognition site for the I-SceI
restriction enzyme. Following transduction of the restriction enzyme into cells, only
accurate resolution by HR would restore the GFP gene, which could be measured by
FACS. Relative contribution of NHEJ and single strand annealing could be estimated
by sequence analysis of the genomic locus carrying the reporter plasmid. These stud-
ies demonstrated that DSB repair efficiency can vary 20–260-fold between different
chromosomal sites in isogenic human ESC lines. Importantly, the accuracy of DSB
repair was elevated in human ESCs relative to differentiated cells, suggesting that the
contribution of DSB repair pathways dramatically change during development [99].

While the role of accurate NHEJ in repair of DSBs in human ESCs has been well
documented, the role of DNA-PKcs is still unclear. In two recent papers Adam et al.
demonstrated that DNA-PKcs were dispensable for accurate NHEJ [98, 100]. These
authors have engineered a human ESC line with lentivirus carrying a repair cassette
in which DsRed start ATG codon was preceded by an out of frame ATG flanked by
two I-SceI recognition sites. Following transduction of adenovirus expressing I-SceI,
decoy ATG was excised and after NHEJ repair, DsRed was expressed from its start
codon. The repair of DSB was measured by FACS, and accuracy was revealed by
sequencing, which determined the extent of modifications at the repair site. During
differentiation of human ESCs to NPs, little change in NHEJ efficiency was ob-
served, whereas NHEJ kinetics was significantly increased (2.6-fold) in terminally
differentiated astrocytes. The accuracy of repair decreased during differentiation of
human ESCs to NPs (1.4-fold), and to astrocytes (2.6-fold). Furthermore, NHEJ
was unaffected by inhibition of ATM and DNA-PKcs in ESCs; in contrast, NPs and
astrocytes exhibited progressively increasing dependency on ATM and DNA-PKcs
for DSB repair. Elimination of XRCC4 greatly impaired efficiency of NHEJ, sug-
gesting that repair of I-SceI induced DSB depended on XRCC4 and canonical NHEJ
in human ESCs. Thus, it appears that human ESCs are capable of executing accurate
NHEJ of DSBs, and that efficiency of repair by NHEJ increases during differentiation
with concomitant loss of accuracy [100].
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Interestingly, there is a general difference between mouse and human somatic
cells in their dependence on NHEJ. For example, DNA-PK activity [101] and KU70
expression [102] are higher in human relative to mouse somatic cells, and KU80 is
an essential protein in human, but not mouse cells [103]. In addition, human ESCs
rejoin DSBs faster than mouse ESCs [96] suggesting there might be a difference
between mouse and human ESCs’ choice of repair pathway.

More recently, a novel DSB repair pathway termed microhomology mediated end
joining (MMEJ), or backup NHEJ (B-NHEJ) has been described. This DSB repair
mechanism leads to deletion of multiple nucleotides at the both ends of the break,
until repeat sequences are encountered and utilized in repair. Therefore, MMEJ is
highly mutagenic, unlike NHEJ, which depends on activities of DNA-PKcs, LIG4
and XRCC4, MMEJ relies on poly (ADP-ribose) polymerase 1 (PARP-1), Ligase
III/XRCC1 and histone H1 for DSB repair. When the level of these proteins was
quantified, Ligase III, XRCC1, and PARP-1 were found to be elevated in mouse
ESCs relative to MEF. However, the measured activity of MMEJ was found to be
similarly low in both cell types, suggesting that mouse ESCs and differentiated cells
did not utilize MMEJ frequently for repair of DSBs [95]. In human ESCs, MMEJ
also did not appear to play a major role in DSB repair, since inhibition of PARP-1 had
no effect on repair of I-SceI induced DSBs [100].

In aggregate, multiple studies strongly demonstrate that human ESCs and iPSCs
utilize both HR and accurate form of NHEJ pathways for repair of DSBs, whereas
mouse ESCs rely mostly on HR (Fig. 4.4).

4.3.1.2 Nucleotide Excision Repair

Nucleotide excision repair (NER) is involved in the removal of bulky lesions that
cause local distortion in DNA molecules. The most studied NER substrates are
UV-induced photoproducts cyclobutane pyrimidine dimers (CPD) and pyrimidine-
pyrimidone (6–4) adducts (6–4 photoproduct). NER is initiated by recognition of
a distorted DNA helix, followed by unwinding of strands surrounding DNA dam-
age, and excision of 24–32 long oligonucleotides containing the altered nucleotide.
Excision is followed by repair synthesis of DNA to fill in the gap, and the repair is
completed by ligation of the remaining nick. In cases where DNA damage occurs in
the transcribed strand of the active gene, a variation of NER, termed transcription-
coupled nucleotide excision repair (TC-NER), is employed. TC-NER enables more
efficient (and faster) repair of a transcribed DNA strand. It is worth mentioning that
TC-NER repairs the same kind of bulky lesions as “global” NER (global genome
NER, GG-NER), but requires additional factors to couple NER to the transcriptional
machinery.

Early studies of NER in mouse ESCs showed that within a 24 hour period, CPD
could not be removed from transcribed or non-transcribed strands of active genes,
or from inactive genes. Clearing of 6–4 photoproducts reached maximum at 30 %
for both strands within a 4 hour repair period. Measurement of unscheduled DNA
synthesis (UDS), which is commonly used as an indicator of DNA repair, revealed
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that saturation of the repair capacity occurred at a much lower dose in ESCs (5
J/m2) relative to MEFs (15 J/m2); only at a very low dosage of UV irradiation
(2.5 J/m2) was the level of repair synthesis in ESCs similar to the one in MEFs.
The role of NER in protection from UV-induced cytotoxicity was confirmed by
comparing survival responses of wild type and NER defective (ERCC1−/−) ESCs,
when the latter exhibited two fold lower survival to the same dose. Thus, NER
has a protective effect in ESCs against DNA damage induced with lower dosage of
UV, whereas at doses above 5 J/m2 the repair capacity becomes saturated and cells
undergo apoptosis [104].

De Waard et al. compared sensitivity of mouse ESCs and MEFs carrying mu-
tations in various components of the NER pathway: CSB−/− (TC-NER), XPC−/−
(GG-NER), and XPA−/− (total NER) [105]. The most sensitive to UV killing were
cells with a total defect in NER (XPA−/− ESCs and MEFs). However, the rela-
tive contribution of GG-NER and TC-NER was different between ESCs and MEFs:
greater sensitivity was observed in XPC-deficient ESCs than XPC-mutant MEFs,
whereas in fibroblasts, CSB deficiency sensitized cells to UV-induced apoptosis to a
greater extent than in ESCs. Thus, UV sensitivity in MEFs were predominately due to
a TC-NER defect, whereas in ESCs it appeared to be caused by GG-NER deficiency.
XPC−/− and surviving XPA−/− ESCs showed delayed progression through the S
phase and accumulation in G2/M, which may prevent heavily damaged ESCs from
cycling. Further experimentation revealed that CSB and XPA mutant ESCs were
sensitive to Illudin S, a drug that causes damage reparable by TC-NER, and that
TC-NER, but not GG-NER, deficiency caused an elevated mutation rate following
UV irradiation of ESCs, indicating that TC-NER is functional in ESCs.

Human ESCs were reported to have more efficient NER than fibroblasts [64]. The
expression of several genes that encode NER proteins (ERCC2, RPA1, and XRCC1)
were found to be elevated in human ESCs and iPSCs relative to differentiated cells.
However, the expression of ERCC1, XPA and XPC was very similar [62]. No studies
on the efficiency of NER in iPSCs have been reported thus far.

Taken together, these results suggest that TC-NER is operational in ESCs but that
its effects may be “masked” by overwhelming DDR in entire genome. Finally, it is
possible that GG-NER would be critical for the maintenance of the entire genome,
rather than just transcribed genes in ESCs, since ESCs differentiate into all cell
lineages of an organism, each with a distinct transcriptional program. Reliance onTC-
NER in ESCs may be detrimental because it would allow accumulation of mutations
in non-transcribed genes that may become activated later in development [105].

4.3.1.3 Base Excision Repair

Base excision repair (BER) is involved in removal of modified DNA bases, such as
7-methyl-purines, 3-methyl-purines, 8-oxoguanine, O6-alkylguanine, and of uracil.
During BER, DNA glycosylases cleave the N-glycosyl bond, releasing the base and
creating an abasic site (AP). AP endonucleases hydrolyze phosphodiester bonds 5′
to the AP site, creating a deoxyribose-phosphate that is removed by exonuclease.
Finally, the removed nucleotide is replaced and the nick is covalently sealed.
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One study demonstrated that mouse ESCs express high levels of multiple BER
proteins (APE1, DNA ligase III, UNG2, XRCC1). Mouse ESCs appeared more
proficient than MEF in repair of DNA templates containing uracil in in vitro DNA
incision and DNA incorporation assays using nuclear extracts [106]. These findings
parallel those in human ESCs. Following exposure to H2O2 and analysis by comet
assay 6 hours after oxidative DNA damage, human ESCs had significantly shorter
comet tails than fibroblasts. By 24 hours of exposure to H2O2, repair was close to
100 % in all cell lines. In addition, untreated human ESCs had a lower level of
8-oxoguanine than fibroblasts, suggesting that either it is removed faster, or that it
is accumulated at a slower rate in human ESCs. Measurement of OGG1 activity,
the enzyme that removes 8-oxoguanine, showed a similar level of activity in ESCs,
fibroblasts, and in the tumor cell line HeLa. This suggests that there is another enzyme
that accounts for faster repair, or that there is higher antioxidant activity in ESCs that
accounts for slower accumulation of 8-oxoguanine [64]. Expression profiles revealed
higher expression of a number of BER genes in ESCs [62, 64] and iPSCs [62] in
comparison to fibroblasts, which may explain observed high efficiency of repair of
H2O2-induced DNA damage in ESCs.

4.3.1.4 Mismatch Repair

Mismatch repair (MMR) is responsible for repair of mismatched base pairs in DNA.
Components of the MMR pathway are highly conserved and critical for the main-
tenance of genomic stability. Cells with defective MMR are prone to acquiring new
mutations (exhibit hundreds fold higher rate of spontaneous mutations), and have a
so-called “mutator” phenotype. Mismatched base pairs are most commonly produced
by errors in replication. Insertion-deletion loops, formed as a result of slippage of tem-
plate or primer during DNA replication, are also MMR substrates. Insertion/deletion
loops may also form in heteroduplex DNA created, for example, during recombina-
tion of homologous chromosomes. The lack of MMR in cells produces microsatellite
instability and a high rate of recombination events in addition to increased rate of
mutations. Not surprisingly, then, in mammals, loss of MMR proteins increases
susceptibility to cancer.

ESCs are rapidly dividing cells which predisposes them to increased risk of er-
rors during replication. One of the consequences, as already described, is the risk of
collapse of stalled replication forks and formation of DSBs. Another risk is incorpo-
ration of the wrong bases during successive rounds of replication, potentially leading
to accumulation of mutations. These two mutational hazards suggest that ESCs need
efficient mutation suppression mechanisms. Indeed, measurement of the MMR pro-
teins MSH2, MSH6, MLHh1, and PMS2 revealed significantly elevated levels in
wild type and MSH2 mutant ESCs relative to MEFs [106, 107]. Similarly, MSH2
and MSH6 mRNA were increased in ESCs [106, 107]. Higher protein expression
correlated with 30-fold higher MMR activity in ESCs in in vitro reporter assays. In
mutant MSH2−/− ESCs, repair efficiency was four to fivefolds lower than in wild
type ESCs, but still present. Since MSH2 is involved in the earliest stages of MMR
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(binding to a mismatched base), mutant lines are not expected to have detectable
MMR activity. Thus, the observed repair of an in vitro plasmid in MSH2−/− ESC
line is carried out by another repair pathway, most likely by BER, as MMR, BER, and
NER share some molecular components [106]. Another study confirmed these results
and shed some light on the mechanism of methylating genotoxin N-methyl-N-nitro-
N-nitrosoguanidine (MNNG) induced apoptosis in ESCs. MNNG forms multiple
lesions in DNA, including O6-methylguanine (O6-meG). MNNG-induced O6-meG
is repaired by O6-methylguanine DNA methyltransferase (MGMT); in the absence
of MGMT, O6-meG mispairs with thymine during replication, causing GC to AT
transversion. Unrepaired O6-meG is recognized by the MSH2/MSH6 heterodimer
which then triggers apoptosis. Cells lacking either of these proteins are resistant to
killing by MNNG and possess mutator phenotype. When clonogenic survival and
apoptosis in response to MNNG were compared, mouse ESCs exhibited profound
sensitivity relative to fibroblasts. Both cell types demonstrated similar MGMT ac-
tivity, but ESCs expressed higher levels of MSH2 mRNA and protein, and exhibited
stronger MSH2/MSH6 DNA binding in comparison to fibroblasts. Overexpression
of MSH2 in fibroblasts resulted in increased sensitivity to MNNG, indicating that
MSH2/MSH6 binding to damaged DNA was responsible for hypersensitivity to alky-
lating reagents. During differentiation of ESCs, expression of MSH2 and MSH6
proteins decreased followed by a concomitant decrease in MNNG-induced apopto-
sis. The elevated expression of MSH2 and MSH6 appeared to be due to high E2F1
activity in ESCs. In ESCs, RB is hyperphosphorylated resulting in release of active
E2F1, which was found to be strongly bound to MSH2 promoter in ESCs. Finally, in
ESCs treated with MNNG, H2AX was phosphorylated and p53 was localized to the
nucleus, where it activated FAS receptor (Fas/CD95/Apo-1), without cytochrome c
release. Thus, MNNG-induced O6-meG can be repaired by MGMT in ESCs. Unre-
paired O6-meG is bound by MSH2/MSH6 heterodimer that signals to apoptosis via
FAS receptor pathway.

In human ESCs and iPSCs, mRNA levels of multiple MMR proteins (EXO1,
MLH1, MLH3, MSH2, MSH3, MUTYH, PMS1, PMS2, and N4BP2) were highly
elevated relative to differentiated cells [62]. However, no studies on human ESCs
and iPSCs have measured MMR activity thus far.

4.3.1.5 Genomic Integrity in Induced Pluripotent Stem Cells

Advances in iPSC technology in the past six years have created a number of in-
teresting research and clinical opportunities. Since iPSCs are derived from somatic
cells, they are spared of ethical concerns that surround ESC research, yet possess
parallel developmental and differentiation potential (unlike multipotent stem cells).
Derivation of iPSCs from somatic cells enables generation of patient-specific PSCs
that can be differentiated into any desired cell type. Thus, iPSCs offer ethically
unchallenged alternatives to ESCs for cell replacement therapies. Induced PSCs
also provide tools for studying how differentiation can be reversed and how cells
change their morphology, gene expression, function, and epigenetic landscape so
dramatically.
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Concerns about iPSCs’ identity and actual similarity to ESCs were raised recently
based on studies demonstrating the existence of epigenetic memory in iPSCs [108].
Furthermore, while ESCs are isolated from the ICM at the earliest developmental
stage and have “pristine” genetic information, iPSCs that are derived from the adult
somatic cells may have already acquired mutations during an individual’s lifetime.
The most commonly used method for generation of iPSCs is by transduction of so-
matic cells with reprogramming factors carried on integrating retro- and lenti-viruses,
which causes insertional mutagenesis and could promote abnormal gene expression.
Another potential issue is whether the process of reprogramming itself affects ge-
nomic integrity. Multiple studies established that repression of tumor suppressor
pathways during the course of reprogramming significantly improved its efficiency
[109–113]. LIN28, KLF4, and cMYC are known oncogenes that may activate tu-
mor suppression response following their ectopic expression in somatic cells. The
activation of TP53-CDKN1A pathway and INK4/ARF locus may induce cell cycle
arrest, apoptosis, and senescence that hinder reprogramming. Furthermore, Marion
et al. showed that reprogramming triggered DNA damage, which activated the DNA
damage response and induced TP53-dependent apoptosis [112]. Finally, senescence
of fibroblasts and increased age of a donor impaired reprogramming by upregulating
the INK4/ARF locus. Thus, overexpression of oncogenes, integration of viral vectors
into the host genome, induced DNA damage, and advanced donor age may activate
TP53-CDKN1A or INK4/ARF that act as a roadblock during reprogramming by
inducing cell cycle arrest, apoptosis, and senescence [109–113].

Studies in multipotent stem cells have revealed that TP53 plays a role in regulating
cellular differentiation. For example, DSBs induced TP53 acetylation at lysine 320
in the central nervous system (CNS) [114], which was required for the promotion
of neurite outgrowth in the cell culture and axonal regeneration in mice [115]. Loss
of TP53 in neural stem cells (NSCs) in the subventricular zone resulted in increased
NSC proliferation and self-renewal in vivo [116, 117]. Concomitant deletion of TP53
and PTEN in mouse CNS promoted an undifferentiated state with high self-renewal
potential, and impaired expression of glial and neuronal lineage markers [118]. Simi-
larly, both physiological and extrinsically-induced DSBs in developing B cells signal
through ATM to induce B cell specific gene expression. Inhibition of ATM signaling
promoted B-cell proliferation and caused differentiation failure [119]. Correspond-
ingly, TP53 was shown to negatively regulate self-renewal and promote quiescence
in hematopoietic stem cells (HSCs) [120]. Collectively, these studies demonstrate the
role of TP53 in negatively regulating self-renewal and promoting differentiation of
stem cells in multiple tissues, including CNS and hematopoietic systems. Therefore,
loss of TP53 and INK4/ARF may facilitate somatic cell reprogramming by promoting
self-renewal [121]. In this respect, the reprogramming process resembles malignant
transformation, and loss of TP53 may promote formation of cancer stem cells with
the ability of self-renewal. It is very unlikely that iPSCs generated by permanent
knock-down of TP53 will be used in clinical applications due to the increased risk of
genomic instability and malignant transformation [121]. Indeed, when mouse iPSCs
generated from terminally differentiated TP53 deficient T cells were injected into
mouse blastocyst, they contributed to the development of chimeric mice, but these
mice developed tumors and died within seven weeks [109].
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These findings raise further questions—what is the status of TP53 in iPSCs, and
how do iPSCs respond to DNA damage? While the studies outlined above clearly
demonstrate the role of TP53 and INK4/ARF in the suppression of reprogramming,
it remains to be answered whether only cells that have spontaneously mutated or epi-
genetically silenced TP53 or INK4/ARF tumor suppressors can be reprogrammed,
or if the activation of TP53 and INK4/ARF prevents reprogramming of cells with
damaged DNA in order to avoid generation of PSCs with defective DNA repair and
genomic instability [122]. Thus far, few studies have addressed these questions. Our
results demonstrated that human iPSCs were extremely radiosensitive and underwent
extensive apoptosis within hours of exposure to ionizing radiation. Ionizing radiation
treatment induced ATM, CHEK2, and TP53 phosphorylation and their proper local-
ization in human iPSCs [62]. Furthermore, irradiated iPSCs arrested in the G2/M
phase of the cell cycle and repaired DSBs as efficiently as human ESCs. Expression
of a number of DNA repair genes and proteins was elevated in both iPSCs and ESCs
in comparison to their differentiated counterparts [62, 97]. When the accuracy of
NHEJ in human ESCs, iPSCs, and their parent cells was compared, ESCs and iPSCs
showed accurate NHEJ, whereas more than 20 nucleotides were frequently deleted
in parental cells [97]. Thus, the DDR in human iPSCs strongly resembles the one in
human ESCs, and indicates that during reprogramming, the DDR of somatic cells
undergoes dramatic changes.

The genomic integrity of iPSCs has been under investigation recently. Several
studies noticed the presence of large chromosomal rearrangements and copy number
variations (CNVs) in reprogrammed cells that were largely absent in parent fibroblast
lines [123–125]. Sequencing of protein coding genomic regions (exome) of 22 human
iPSC lines and nine matched fibroblast lines identified known and novel variants for
each line, whereas capillary sequencing subsequently validated 124 mutations. The
observed mutational load was tenfold higher in iPSCs than normal cell culture muta-
tional load. Importantly, most of the iPSC lines derived from the same fibroblast line
did not share common mutations [126]. Thus, mutations in iPSCs may (1) pre-exist in
fibroblast population at low frequencies, (2) arise during the reprogramming process,
or (3) arise after reprogramming, during the clone isolation and expansion. The data
suggest that some of the mutations existed in parental fibroblasts, although at very
low frequencies, while the others occurred during reprogramming and subsequent
culturing [126]. For example, large numbers of novel CNVs were detected in early
passages of iPSCs, but subsequent in vitro culturing selected against most of these
changes, indicating that they were deleterious [123]. In iPSC lines generated by ex-
pression of Simian virus 40 large T antigen (a TP53 suppressor) or from RB1 mutant
fibroblasts, mutational burden was similar to other iPSC lines, indicating that tumor
suppression cannot account for the total of reprogramming associated mutations.
However, the possibility that reprogramming is a mutagenic process per se has not
been completely excluded [126]. Finally, it appears that during the culturing of iPSCs,
novel mutations may arise as a result of selection of cells with the growth advan-
tages. Indeed, genes carrying mutations in iPSCs were enriched for genes mutated in
cancers [123, 125, 126]. Nevertheless, the functional significance of the CNVs and
point mutations is still largely unknown since many of them are not associated with
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known disease-related genetic markers [127]. In contrast to these findings, Quinlan
and colleagues reported retroelement stability and rare DNA rearrangements during
MEF reprogramming [128]. De novo structural variants (SVs; insertions, deletions,
duplications, inversions, translocations, and transposition of endogenous retroele-
ments) were detected using whole genome paired-end DNA sequencing and sensitive
SV detection algorithms. Surprisingly, only four variants were found in three iPSC
lines. The observed discrepancy in results between studies on the frequency of de
novo CNVs, SVs, and point mutations in human [123–126] and mouse [128] iPSCs
could reflect either species-specific differences or the difference in reprogramming
method (using adult versus embryonic somatic cells) and study design (comparing
early versus late passage iPSCs, whole genome sequencing versus microarray based
approaches, different algorithms for data analysis).

Thus, before iPSCs can be used in any clinical applications, it will be essential to
reveal which aspects of reprogramming and subsequent culturing might induce the
observed genetic and epigenetic abnormalities in human iPSCs and to understand the
biological significance of these changes. This includes their effects on self-renewal
and proliferation, differentiation, tumorigenicity and functionality of iPSCs and their
progeny [127].

4.3.2 DNA Damage Responses in Multipotent Stem Cells

Multipotent stem cells are long-lived and function to replace damaged or dead cells
over an organism’s life. Their capacity to repair DNA during the lifetime diminishes
and old cells contain more DNA lesions than young cells. This is particularly ex-
acerbated in patients with premature aging syndromes, such as Hutchinson-Gilford
progeria, Werner’s syndrome, or Cockayne’s syndrome. One underlying character-
istic of these syndromes is a greater than normal accumulation of DNA damage.
With the exception of Hutchinson-Gilford progeria, these syndromes are caused by
mutations in DNA repair genes, clearly demonstrating the role of DNA repair in
longevity. Since multipotent stem cells are long-lived, they are exposed to a lifetime
of accumulation of DNA lesions. Accurate DNA repair is essential for maintenance
of stem cell function and tissue homeostasis. Unrepaired DNA damage may induce
apoptosis or senescence leading to depletion of stem cell reserves and aging. How-
ever, if adult stem cells acquire resistance to genotoxic stressors, they may evade
apoptosis and acquire mutations that promote tumorigenesis. Defective DNA repair
can promote accumulation of mutations that interfere with self-renewal and differ-
entiation, or induce malignant transformation (Fig. 4.5). Therefore, there is a keen
interest in mechanisms that safeguard genomic integrity of adult stem cells, and in
particular the function of DNA repair mechanisms.

Most adult stem cells are quiescent (but not all—intestine stem cells are actively
cycling), and spend most of their life in the G0 phase of the cell cycle. It has been
postulated that quiescence preserves the genomic integrity and function of stem
cells by limiting the risk of replication errors [129]. In addition, most of the adult
stem cells have low metabolic activity and low production of ROS. This is mainly
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Fig. 4.5 DNA damage responses in multipotent stem cells. In response to genotoxic stress, quiescent
multipotent stem cells may undergo senescence or apoptosis. This would maintain a pristine cellular
population, but might cause depletion of the stem cell reserves and have adverse effect on tissue
homeostasis. Accurate DNA repair protects damaged multipotent stem cells from accumulation of
mutations and contributes to their survival and function. However, quiescence of adult stem cells
limits their choice of double strand break repair pathway, and cells may have to rely on inaccurate
repair. Defective DNA repair would allow for accumulation of mutations that may interfere with
the self-renewal and differentiation, or may promote malignant transformation

because adult stem cells, similar to ESCs, rely on the glycolytic pathway to produce
ATP, whereas differentiated somatic cells depend on mitochondria to meet their
energy demands. Mitochondrial respiration is a major source of cellular ROS, and
by relying on glycolysis for energy production, stem cells minimize production of
ROS and oxidative stress [130–132]. Stem cells also have high ABC transporter
activity which provides efficient efflux of genotoxins. Quiescence, however, may
have adverse effects on the genomic integrity of adult stem cells, because checkpoint
function and some repair pathways are cell cycle dependent [75, 79]. Stem cells that
reside in the G0 phase of the cell cycle have NHEJ as their only option for repair of
DSBs. As we already discussed, NHEJ is regarded as an error prone repair pathway,
and may lead to acquisition of new mutations in stem cells [79]. Indeed, irradiation of
quiescent mouse HSCs leads to formation of chromosomal rearrangements, whereas
irradiation of HSCs which are driven into the cell cycle results in lower frequency of
genomic rearrangements due to utilization of high fidelity HR [133]. Nevertheless,
NHEJ has an essential role in DNA repair in HSCs, and lack of XRCC4 or LIG4 is
associated with the reduced repopulation potential of HSCs [134, 135].



4 DNA Repair in Normal Stem Cells 77

Quiescence may contribute to resistance to apoptosis following irradiation [136].
Tissues with high turnover, such as intestine and embryonic tissue, are very sensitive
to radiation-induced DNA damage [137, 138], whereas many quiescent tissue-
specific stem cells and cancer stem cells are more resistant to killing by irradiation
[139, 140]. For example, mouse HSCs are quiescent and more resistant to irradi-
ation in comparison to downstream progenitors, but the short-term radioresistance
and rapid DNA repair by error-prone NHEJ abrogate repopulation potential of ir-
radiated HSCs in serial transplantation assay [133]. Studies on HSCs with defects
in DNA repair pathways revealed that mutant HSCs have decreased ability to re-
constitute bone marrow in competitive transplantation assays, which becomes more
prominent with the increasing age of the donor and elapsed time post transplantation
(long-term reconstitution was most affected). Interestingly, the endogenous DNA
damage was replication independent, since genomes of quiescent HSCs contained
more γH2AX foci than genomes of proliferating progenitor cells. There are two pos-
sible explanations: (1) progenitors are more likely to have a sister chromatid available
in comparison to quiescent HSCs and can utilize HR for DNA repair; (2) progenitors
are more prone to apoptosis than HSCs. Thus, HSCs are quiescent cells, relatively
resistant to apoptosis and rely on error-prone DNA repair; longevity and error-prone
DNA repair promote accumulation of DNA changes in HSCs. Conversely, prolif-
erating progenitors are more prone to apoptosis leading to loss of cells with DNA
damage. The net result is enrichment of bone marrow with HSCs that have accumu-
lated DNA mutations and have impaired self-renewal and proliferation, and loss of
progenitors that give rise to differentiated cells, ultimately leading to hypocellularity
and aging, or malignant transformation [134, 135, 141].

Interestingly, human HSCs derived from umbilical cord blood are more radiosen-
sitive than downstream progenitor cells. Human HSCs also show slower kinetics of
DSB repair. Irradiation abrogated human HSCs potential to repopulate bone marrow
of recipient NOD/SCID mice. Knock-down of TP53, or overexpression of prosur-
vival factor BCL2 rescued repopulation capacity of irradiated human HSCs in the
short term, but irradiated HSCs lacking TP53 were unable to sustain hematopoiesis
and contained persistent DSBs in secondary recipients [142]. Increased expression
of BCL2, reliance on NHEJ for DSB repair, and resistance to irradiation have also
been reported in hair follicle bulge stem cells of mouse epidermis [143].

The differential sensitivities of adult stem cells to DNA damage-induced apoptosis
may modulate cancer predisposition of a particular tissue. For example, in high
turnover tissues with low apoptotic threshold such as intestine, damaged cells are
efficiently eliminated thereby shielding intestine from accumulation of cells with
unrepaired DNA damage and cancer development [144]. In contrast, colon stem
cells are more resistant to apoptosis in the presence of DNA damage, which may
explain increased frequency of colon cancers relative to intestine [145]. However, a
lower apoptotic threshold may adversely affect the regenerative potential of an organ
due to depletion of stem cell reserves.

Oxidative stress and ROS can introduce significant DNA damage burden, and
greatly affect stem cell genomic stability, viability, and function. For example, FOXO
proteins regulate expression of anti-ROS defense enzymes and reduce ROS levels.
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Mice that lack all three FOXO proteins show depletion of HSCs and NSCs [146–
148]. HSCs of FOXO null mice exhibit poor transplantation potential, whereas NSCs
undergo poor proliferation and differentiation. Similarly, loss ofATM causes progres-
sive bone marrow failure in adult mice due to increased ROS production [149, 150].
Treatment of ATM-null and FOXO-null mice with antioxidants can reverse stem cell
defects, clearly demonstrating the role of increased ROS concentration in stem cell
compromise [147, 149]. Another important stem cell regulator, BMI1, is involved in
regulation of mitochondrial function: deletion of BMI1 is associated with decreased
mitochondrial function and increased ROS production, which adversely affect stem
cells [151, 152]. BMI1 overexpression can enhance ATM recruitment to the sites
of DSBs in human NSCs after UV treatment [153]. Thus, BMI1 plays dual role in
stem cells by negatively regulating ROS levels and by promoting ATM localization
to DSBs [152, 153]. ROS are also important signaling molecules that can modu-
late lineage commitment, and increased ROS levels may promote differentiation of
HSCs [154].

4.4 Conclusions

Stem cells have remarkable capabilities to undergo self-renewal and differentiation.
PSCs, such as ESCs and iPSCs, can undergo self-renewal indefinitely in cell culture,
and yet are able to form any type of somatic cell. Multipotent stem cells are adult
stem cells that form a limited number of related cell types, but are present in tissues
and organs throughout an organism’s lifespan. While PSCs exist only short-term
during development, multipotent stem cells are long-lived and are responsible for the
replacement of damaged and dead somatic cells. Therefore, any genetic alterations
in stem cells would be passaged to the daughter cells and could affect one or more
cell lineages. It is therefore essential, for stem cells to safeguard their genomes and
prevent acquisition of DNA mutations. In PSCs this is achieved in part by minimizing
induction of DNA lesions by maintaining low levels of ROS, high activity of the
efflux pumps, expression of telomerase, and by efficient DNA repair. Both mouse
and human ESCs exhibit elevated expression of DNA repair proteins and proficiently
repair DNA lesions. Mouse ESCs mostly depend on HR for accurate DSB repair,
whereas human ESCs utilize both HR and NHEJ for repair of DSBs. Preservation of
pristine populations of ESCs is also facilitated by a low threshold for apoptosis.

Induced PSCs closely resemble ESCs in many aspects, but we are only beginning
to elucidate similarities and differences between iPSCs and ESCs. An important
distinction between these two PSC types is that ESCs are derived from the blastocyst
stage embryos, whereas iPSCs are produced from adult somatic cells that could
have accumulated genetic changes during the lifetime. Therefore, it is important
to elucidate the genomic integrity and mutational burden in iPSCs. Available data
suggest that iPSCs acquire ESC-like responses to DNA damage and exhibit extreme
radiosensitivity, elevated expression of DNA repair proteins, and efficient DNA
repair. Nevertheless, numerous challenges in understanding the nature of iPSCs and
the impact of reprogramming on their genomic stability remain.
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Multipotent stem cells differ significantly from ESCs. Unlike ESCs, most of the
multipotent stem cells are slow dividing quiescent cells. A quiescent state allows mul-
tipotent stem cells to maintain low levels of metabolic activity and ROS production,
thereby minimizing cellular oxidative stress. In addition, multipotent stem cells have
high activity ofABC transporters, aiding in efflux of potentially genotoxic chemicals.
Furthermore, quiescence reduces the risk of replicative errors, which are particularly
dangerous in rapidly proliferating ESCs. Although mostly protective, quiescence of
multipotent stem cells has an adverse effect on DNA repair—while they are resting
in the G0 phase of the cell cycle, multipotent stem cells cannot perform HR, and have
to rely on error-prone NHEJ for DSB repair. Long life and error-prone DNA repair
may predispose multipotent stem cells to acquisition of mutations that interfere with
their normal function, and may lead to aging, disease, or malignant transformation.
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82 O. Momčilović and G. Schatten

57. Filion TM, Qiao M, Ghule PN, Mandeville M, van Wijnen A J, Stein JL, Lian JB, Altieri DC,
Stein G.S (2009) Survival responses of human embryonic stem cells to DNA damage. J Cell
Physiol 220:586–592

58. Barta T, Vinarsky V, Holubcova Z, Dolezalova D, Verner J, Pospisilova S, Dvorak P, Hampl
A (2010) Human embryonic stem cells are capable of executing G1/S checkpoint activation.
Stem Cells 28:1143–1152

59. Lin T, Chao C, Saito S, Mazur SJ, Murphy ME, Appella E, Xu Y (2005) p53 induces dif-
ferentiation of mouse embryonic stem cells by suppressing Nanog expression. Nat Cell Biol
7:165–171

60. Qin H, Yu T, Qing T, Liu Y, Zhao Y, Cai J, Li J, Song Z, Qu X, Zhou P, Wu J, Ding M, Deng
H (2007) Regulation of apoptosis and differentiation by p53 in human embryonic stem cells.
J Biol Chem 282:5842–5852

61. Wilson KD, Sun N, Huang M, Zhang WY, Lee AS, Li Z, Wang SX, Wu JC (2010) Effects of
ionizing radiation on self-renewal and pluripotency of human embryonic stem cells. Cancer
Res 70:5539–5548

62. Momcilovic O, Knobloch L, Fornsaglio J, Varum S, Easley C, Schatten G (2010) DNA
damage responses in human induced pluripotent stem cells and embryonic stem cells. PLoS
One 5:e13410

63. Saretzki G, Armstrong L, Leake A, Lako M, von Zglinicki T (2004) Stress defense in murine
embryonic stem cells is superior to that of various differentiated murine cells. Stem Cells
22:962–971

64. Maynard S, Swistikowa AM, Lee JW, LiuY, Liu ST, A DAC, Rao M, de Souza-Pinto N, Zeng
X, Bohr VA (2008) Human embryonic stem cells have enhanced repair of multiple forms of
DNA damage. Stem Cells 26:2266–2274

65. Saretzki G,Walter T,Atkinson S, Passos JF, Bareth B, KeithWN, Stewart R, Hoare S, Stojkovic
M, Armstrong L, von Zglinicki T, Lako M (2008) Downregulation of multiple stress defense
mechanisms during differentiation of human embryonic stem cells. Stem Cells 26:455–464

66. Rich T, Allen RL, Wyllie AH (2000) Defying death after DNA damage. Nature 407:777–783
67. Haber JE (2000) Partners and pathwaysrepairing a double-strand break. Trends Genet 16:259–

264
68. Rothkamm K, Kruger I, Thompson LH, Lobrich M (2003) Pathways of DNA double-strand

break repair during the mammalian cell cycle. Mol Cell Biol 23:5706–5715
69. Lees-Miller SP, Meek K (2003) Repair of DNA double strand breaks by non-homologous end

joining. Biochimie 85:1161–1173
70. Lieber MR, Ma Y, Pannicke U, Schwarz K (2003) Mechanism and regulation of human

non-homologous DNA end-joining. Nat Rev Mol Cell Biol 4:712–720
71. Mahaney BL, Meek K, Lees-Miller SP (2009) Repair of ionizing radiation-induced DNA

double-strand breaks by non-homologous end-joining. Biochem J 417:639–650
72. Lee SE, Mitchell RA, Cheng A, Hendrickson EA (1997) Evidence for DNA-PK-dependent

and -independent DNA double-strand break repair pathways in mammalian cells as a function
of the cell cycle. Mol Cell Biol 17:1425–1433

73. Takata M, Sasaki MS, Sonoda E, Morrison C, Hashimoto M, Utsumi H, Yamaguchi-Iwai Y,
Shinohara A, Takeda S (1998) Homologous recombination and non-homologous end-joining
pathways of DNA double-strand break repair have overlapping roles in the maintenance of
chromosomal integrity in vertebrate cells. Embo J 17:5497–5508

74. Pierce AJ, Hu P, Han M, Ellis N, Jasin M (2001) Ku DNA end-binding protein modulates
homologous repair of double-strand breaks in mammalian cells. Genes Dev 15:3237–3242

75. Kim JS, Krasieva TB, Kurumizaka H, Chen DJ, Taylor AM, Yokomori K (2005) Independent
and sequential recruitment of NHEJ and HR factors to DNA damage sites in mammalian cells.
J Cell Biol 170:341–347

76. Lundin C, Schultz N, Arnaudeau C, Mohindra A, Hansen LT, Helleday T (2003) RAD51 is
involved in repair of damage associated with DNA replication in mammalian cells. J Mol Biol
328:521–535



4 DNA Repair in Normal Stem Cells 83

77. Shrivastav M, Miller CA, De Haro LP, Durant ST, Chen BP, Chen DJ, Nickoloff JA (2009)
DNA-PKcs and ATM co-regulate DNA double-strand break repair. DNA Repair (Amst)
8:920–929

78. Mao Z, Bozzella M, Seluanov A, Gorbunova V (2008) DNA repair by nonhomologous end
joining and homologous recombination during cell cycle in human cells. Cell Cycle 7:2902–
2906

79. Mao Z, Bozzella M, Seluanov A, Gorbunova V (2008) Comparison of nonhomologous end
joining and homologous recombination in human cells. DNA Repair (Amst) 7:1765–1771

80. Tsuzuki T, Fujii Y, Sakumi K, Tominaga Y, Nakao K, Sekiguchi M, Matsushiro A, Yoshimura
Y, Morita T (1996) Targeted disruption of the Rad51 gene leads to lethality in embryonic mice.
Proc Natl Acad Sci USA 93:6236–6240

81. Lim DS, Hasty P (1996) A mutation in mouse rad51 results in an early embryonic lethal that
is suppressed by a mutation in p53. Mol Cell Biol 16:7133–7143

82. Xiao Y, Weaver DT (1997) Conditional gene targeted deletion by Cre recombinase demon-
strates the requirement for the double-strand break repair Mre11 protein in murine embryonic
stem cells. Nucl Acids Res 25:2985–2991

83. Zhu J, Petersen S, Tessarollo L, Nussenzweig A (2001) Targeted disruption of the Nijmegen
breakage syndrome gene NBS1 leads to early embryonic lethality in mice. Curr Biol 11:105–
109

84. Luo G, Yao MS, Bender CF, Mills M, Bladl AR, Bradley A, Petrini JH (1999) Disruption
of mRad50 causes embryonic stem cell lethality, abnormal embryonic development, and
sensitivity to ionizing radiation. Proc Natl Acad Sci USA 96:7376–7381

85. Essers J, Hendriks RW, Swagemakers SM, Troelstra C, de Wit J, Bootsma D, Hoeijmakers
JH, Kanaar R (1997) Disruption of mouse RAD54 reduces ionizing radiation resistance and
homologous recombination. Cell 89:195–204

86. Rijkers T, Van Den Ouweland J, Morolli B, Rolink AG, Baarends WM, Van Sloun PP,
Lohman PH, Pastink A (1998) Targeted inactivation of mouse RAD52 reduces homologous
recombination but not resistance to ionizing radiation. Mol Cell Biol 18:6423–6429

87. Barnes DE, Stamp G, Rosewell I, Denzel A, Lindahl T (1998) Targeted disruption of the gene
encoding DNA ligase IV leads to lethality in embryonic mice. Curr Biol 8:1395–1398

88. Frank KM, Sharpless NE, Gao Y, Sekiguchi JM, Ferguson DO, Zhu C, Manis JP, Horner J,
DePinho RA,Alt FW (2000) DNA ligase IV deficiency in mice leads to defective neurogenesis
and embryonic lethality via the p53 pathway. Mol Cell 5:993–1002

89. Li Z, Otevrel T, Gao Y, Cheng HL, Seed B, Stamato TD, Taccioli GE, Alt FW (1995) The
XRCC4 gene encodes a novel protein involved in DNA double-strand break repair and V(D)J
recombination. Cell 83:1079–1089

90. GaoY, Chaudhuri J, Zhu C, Davidson L,Weaver DT,Alt FW (1998)A targeted DNA-PKcs-null
mutation reveals DNA-PK-independent functions for KU in V(D)J recombination. Immunity
9:367–376

91. Gu Y, Jin S, Gao Y, Weaver DT, Alt FW (1997) Ku70-deficient embryonic stem cells have in-
creased ionizing radiosensitivity, defective DNA end-binding activity, and inability to support
V(D)J recombination. Proc Natl Acad Sci USA 94:8076–8081

92. Jin S, Inoue S, Weaver DT (1998) Differential etoposide sensitivity of cells deficient in the Ku
and DNA-PKcs components of the DNA-dependent protein kinase. Carcinogenesis 19:965–
971

93. Nussenzweig A, Sokol K, Burgman P, Li L, Li GC (1997) Hypersensitivity of Ku80-deficient
cell lines and mice to DNA damage: the effects of ionizing radiation on growth, survival, and
development. Proc Natl Acad Sci USA 94:13588–13593

94. Serrano L, Liang L, ChangY, Deng L, Maulion C, Nguyen S, Tischfield JA (2011) Homologous
recombination conserves DNA sequence integrity throughout the cell cycle in embryonic stem
cells. Stem Cells Dev 20:363–374

95. Tichy ED, Pillai R, Deng L, Liang L, Tischfield J, Schwemberger SJ, Babcock GF, Stambrook
PJ (2010) Mouse embryonic stem cells, but not somatic cells, predominantly use homologous
recombination to repair double-strand DNA breaks. Stem Cells Dev 19:1699–1711
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Chapter 5
DNA Repair Mechanisms in Glioblastoma
Cancer Stem Cells

Monica Venere, Jeremy N. Rich and Shideng Bao

Abstract Glioblastomas remain the most common and deadly adult brain tumor
despite numerous advances made in the understanding of tumor biology. One such
advance is the recent appreciation for a cellular hierarchy within the tumor bulk
with only a subpopulation of cells, termed cancer stem cells, able to reinitiate tumor
growth in transplantation assays. With the identification of these cells comes a further
complexity in our consideration of how the heterogeneous cell populations within the
tumor respond to therapeutic intervention. Cancer stem cells within glioblastomas, or
glioma stem cells (GSCs), have been reported to have a chemo- and radioresistance
phenotype as compared to the non-stem cell population. This is critical for patient care
as radiotherapy and chemotherapy with the DNA alkylating agent, temozolomide,
are the current standards of care. Importantly, both of these treatments rely on the
cellular response to DNA damage to elicit their therapeutic benefit. For GSCs, the
field is just beginning to appreciate how these cells respond on a molecular level to
DNA damage. Nonetheless, advances have been made that highlight novel modes of
potential therapeutic intervention and underscore the requirement for further studies
aimed at elucidation of this key cellular pathway in GSC biology. This chapter
summarizes our current understanding of the DNA damage response in GSCs.

5.1 Introduction

Gliomas are the most common primary brain tumors that are characterized by shared
histological features with non-neuronal cell types within the brain. The main types
of gliomas include: ependymomas, astrocytomas, oligodendrogliomas and mixed
gliomas (multiple types of glial tumor cells represented). Further pathological clas-
sification of gliomas is most commonly reported using theWorld Health Organization
(WHO) grading system, which categorizes gliomas into Grades I–IV, within a de-
fined histology. Grade I glioma represents the least advanced disease and the best
prognosis whereas Grade IV astrocytoma, also known as Glioblastoma Multiforme
(GBM), is the most malignant form of the disease and is associated with an extremely
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poor prognosis. The median survival time of patients with GBM is approximately
12–15 months making GBM the most lethal as well as the most common adult brain
tumor [1]. GBM can also be classified as primary or secondary based on the pres-
ence of a preceding low-grade lesion. Primary GBMs represent the majority of cases
(∼60 %) and usually present in older individuals (>50 years) following a very short
clinical history, usually less than a few months. Secondary GBMs typically progress
from a WHO Grade II or III glioma taking anywhere from 1 year to 10 years to
present as a GBM and usually develop in younger patients (<45 years).

Numerous advances have been made in recent years toward understanding tumor
biology such as the requirement of angiogenesis for tumor growth, immune evasion
by tumor cells, as well as common mutations within tumor types. For GBM, the
most common genetic alterations include: loss of heterozygosity (LOH) on chro-
mosome arm 10q, mutations in the TP53 tumor suppressor gene, amplification and
activating rearrangements of the Epidermal Growth Factor Receptor (EGFR) gene,
amplification or overexpression of the Human Double Minute (HDM2) gene, overex-
pression of Platelet-Derived Growth Factor-alpha (PDGFA) as well as overexpression
and activating rearrangements of the Platelet-Derived Growth Factor Receptor-alpha
(PDGFRA) gene, and mutations in the Phosphatase and TENsin homolog (PTEN)
tumor suppressor gene [2]. A more in-depth analysis of common genetic alteration
in GBM, performed through The Cancer Genome Atlas (TCGA), has stratified the
disease into four subtypes: (1) classical (amplifications and mutations in the EGFR
gene), (2) proneural (mutations in the TP53 gene, mutations/amplifications in the
PDGFRA gene, and point mutations in the IDH1 gene), (3) mesenchymal (deletions
in the NF1 tumor suppressor gene), and (4) neural (expression changes in the neural-
related GABRA1 and SLC12A5 genes) [3]. These subtypes were linked to patient
response to intensive therapy with classical and mesenchymal subtypes having the
greatest benefit, limited efficacy in the neural subtype, and no survival benefit in the
proneural subytpe.

Understanding alterations in the genetic landscape of the tumor bulk and poten-
tial contributions to the therapeutic response are extremely important, but perhaps
greater functional relevance for tumor recurrence following intervention can be found
in the cellular hierarchy identified for GBM. The hierarchal model for the architec-
ture of tumors posits that not all cells within the tumor have the same inherent
tumorigenic potential when challenged to reform a phenotypic copy of the primary
human lesion in immunocompromised mouse models or when functionally tested for
self-renewal and proliferation. This model counters the stochastic clonal expansion
model, whereby it is thought that any cell within the tumor has the same potential
to reform that tumor. The cells at the apex of the GBM tumor hierarchy have been
termed glioma stem cells (GSCs), or tumor propagating/initiating cells, and have
been validated by numerous groups [4–10]. We will first describe how GSCs are iso-
lated and functionally verified. We will then summarize the evidence that these cells
are resistant to radiation and chemotherapy. Finally, we will evaluate what is known
about the DNA Damage Response (DDR) in this subpopulation and how alterations
in DDR pathways contribute to the resistance phenotype.
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Fig. 5.1 Enrichment of Glioma Stem Cells. (i) Tumor tissue is isolated directly from a patient
specimen or a xenograft tumor and dissociated into a single cell suspension. it (ii) The cells are
then incubated with a fluorescently labeled antibody specific for a validated stem cell marker [e.g.;
CD133, A2B5, CD49f(high), L1CAM, CD15/SSEA-1, CD44(high)/Id1(high)]. it (iii) The labeled
cells are then passed through a FluorescentlyActivated Cell Sorter (FACS) and collected into marker
positive and marker negative fractions. (iv) The marker positive cells are functionally validated as
the putative stem cell population as compared to the marker negative cells

5.2 Enrichment of Glioma Stem Cells

To isolate GSCs from a tumor, cell surface receptors are used to prospectively enrich
or deplete for GSCs from the bulk tumor cell population (Fig. 5.1). This approach
begins with the dissociation of the primary human tumor specimen into a single cell
suspension. Central to the hierarchal tumor model is that all enrichment markers must
be identified and validated from a primary patient specimen. However, further studies
are often accomplished through the use of xenograft systems whereby the human
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cells are propagated in an immunocompromised mouse model with the hierarchy
remaining intact whereby the GSCs can be re-isolated from the xenograft tumor. A
fluorescently tagged antibody against the cell surface receptor, or marker, of interest is
then incubated with the cell suspension to allow for binding. The cells are then passed
through a Fluorescent Activated Cell Sorter (FACS) that will allow for identification
of the cells positive for the receptor of interest and simultaneous sorting of these cells
into the marker positive and marker negative fractions.

The most commonly used surface marker to enrich for GSCs is CD133 (or
Prominin-1), a cell membrane glycoprotein, which has been repeatedly validated
from primary patient specimens, although some controversy has arisen from stud-
ies performed on extensively cultured cells [4, 9, 10]. Additional markers include:
CD15/SSEA-1, A2B5, L1CAM, CD49f/integrin α6(high) and CD44(high)/Id1
(high) [11–15]. It is important to note that utilizing any of the above markers to
enrich for GSCs using FACS represents marker expression during a snapshot in
time, meaning that the tumor environment is a dynamic one and a cell may gain
or lose marker expression during development of the disease, especially for those
markers whose expression is influenced by changes in the tumor microenvironment.
This potential fluctuation in immunophenotype is of particular importance as the list
of validated markers for GSCs grows. It is unlikely that GSCs will express all mark-
ers simultaneously and it is therefore possible that a marker negative tumor cell may
in fact be positive for another validated GSC marker, potentially altering functional
validation experiments. It is also important to note that alternative methods to sort-
ing based on cell surface markers have been employed to enrich for tumor initiating
cells from gliomas. Specifically, cell sorting based on a side population that is able to
exclude the DNA-staining fluorescent dye, Hoechst 33342, has identified a glioma
cell population with shared functional characteristics to GSCs [16, 17]. However, a
contradictory report has demonstrated that sorting on side population is not neces-
sary or sufficient for GSC enrichment [18]. Alternatively, tumorigenic glioma cells
have been isolated by sorting cells based on autofluorescence (excitation at 480 nm,
emission at 520 nm), collecting those cells within the high forward scatter and low
side scatter populations [19]. Finally, some groups use spheroid culture conditions,
without any prior marker sorting, to grow putative stem cells. However, this approach
is extremely limiting as it relies solely on in vitro selection conditions to produce a
potentially heterogeneous population of cells which can skew functional validation.
Undeniably, no one marker or technical approach is without caveats and it is only
through functional examination of the putative GSCs versus the non-GSC population
that the hierarchy can be appreciated.

5.3 Functional Validation of Glioma Stem Cells

Central to the functional validation of GSCs is that these cells, as compared to the
non-GSCs, can initiate tumor formation with a resulting tumor that is histologically
similar to the patient tumor. Therefore, the most important experiment required to
validate putative GSCs is an in vivo limiting dilution assay. This assay involves
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injecting a decreasing number of GSCs or non-GSCs, done in parallel with the same
numbers, into an orthotopic host location, which for GBM would be intracranially.
This identifies the minimal number of cells required for tumor initiation. Although
tumor formation from a single cell injection has yet to be validated for GBM, it
has been demonstrated that just a few hundred GSCs can lead to tumor formation
whereas the non-GSCs consistently lack this ability in most cases [4, 9].

Additionally, GSCs must be able to self-renew and continually proliferate as a
means to maintain and propagate the tumor. These functional hallmarks are most
commonly monitored under cell culture conditions. Namely, serial passage of GSCs
grown under conditions that promote the cells to form spheroids (or tumorspheres) is
used as a surrogate for self-renewal and to monitor continued proliferation. A single
GSC can grow into a tumorsphere, be dissociated, with a single GSC from that pri-
mary sphere able to reform a secondary tumorsphere and so on without exhaustion
of the self-renewal capability or termination of the proliferative capacity. Additional
experimental paradigms supporting GSC isolation include quantitative PCR for stem
cell marker expression (e.g.; Sox2, Olig2) and the ability to respond to culture condi-
tions favoring multi-lineage differentiation into neurons, astrocytes and/or oligoden-
drocytes. Importantly, GSCs from these culture assays should consistently maintain
their tumor initiating phenotype. Although culture undoubtedly confers selection as
well as other potential caveats, the above assays are key to GSC validation.

5.4 Response of Glioma Stem Cells to Current Therapies
Targeting the DNA Damage Response

Currently, the standard of care for patients presenting with GBM is surgical resection
followed by concurrent radiotherapy and adjuvant chemotherapy with the DNA alky-
lating agent temozolomide (TMZ). It is important to note that nearly all patients are
refractory to these treatments and will experience disease recurrence. The poor sur-
vival outcome despite clinical intervention suggests that a population of cells within
the tumor is capable of evading therapy-induced cell death. More specifically, these
cells must harbor a phenotype that is resistant to cell death driven by DNA damage
as both radiation and TMZ impinge directly on the DDR. Recent data indicates that
GSCs demonstrate these evasion properties.

TMZ is a DNA damaging agent that works mainly by alkylating the O6 position of
guanine which, if left unrepaired, can lead to a DNA base mismatch and ultimately
cell death. Repair of the alkylated guanine occurs by the O-6-methylguanine-DNA
methyltransferase (MGMT) enzyme that will irreversibly transfer the alkyl group to a
cysteine residue within the protein. The response of patients to TMZ has been linked
to the methylation status of the MGMT gene, with hypermethylation correlating to
partial or complete response in primary presentation of the disease [20, 21]. There
have been conflicting reports in the literature regarding the response of GSCs to TMZ
[16, 22–27]. Part of the controversy stems from the inability to directly compare
putative stem cells from cell lines to primary patient derived stem cell cultures as
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well as overall variation in culture conditions and experimental design. Nonetheless,
when higher expression of MGMT was described for GSCs there was a correlating
resistance to TMZ whereas those GSCs without MGMT could be targeted by TMZ
treatment. These results would indicate that GSCs lacking MGMT are sensitive to
the resulting unsuccessful attempts at mismatch repair which ultimately lead to the
formation of double strand breaks. However, more in depth studies are required to
fully understand the response of GSCs lacking MGMT to TMZ on a molecular level.

As mentioned, radiation is given concurrently with TMZ during therapeutic inter-
vention. It is usually administered in fractionated doses of 1.8–2.0 Gy (Gray; unit of
radiation) daily (Monday to Friday) for five to seven weeks for a total administered
dose of about 60 Gy [28]. External-beam radiation therapy (EBRT), which is used
to focus the irradiation to the area of the tumor, induces double strand breaks and ac-
tivation of the DDR. The goal of this treatment is to further eradicate any remaining
post-resection tumor cells. Unfortunately, recurrence is nearly universal and with
recent studies revealing their radioresistance phenotype, GSCs have been implicated
in initiating tumor regrowth. Following ionizing radiation, the number of CD133
positive GSCs increased in both in vitro and in vivo model systems [4]. The biolog-
ical significance of this enrichment was confirmed through a resulting decrease in
latency and increase in tumor size that correlated with an increasing percentage of
intracranially transplanted CD133 positive cells. Importantly, irradiated CD133 pos-
itive GSCs were able to generate tumors to nearly the same extent as non-irradiated
CD133 positive GSCs, confirming their tumorigenic potential post-treatment. This
expansion of CD133 positive cells following irradiation was confirmed in patients
that underwent EBRT plus Gamma Knife surgery (GKS; non-invasive radiosurgery)
[29]. In this study, 32 patients presenting with primary GBM underwent surgical
resection along with GKS in combination with EBRT. Twelve patients that experi-
enced recurrence again underwent surgical removal of the tumor. The authors were
able to compare the percentage of CD133 positive cells in the primary and recurrent
specimens from the same patients. The primary specimens had little to no CD133
positive cells whereas the mean percentage of CD133 positive tumor cells following
treatment was nearly 17 %. Mechanistically, it appears that the CD133 positive GSCs
have a higher basal activation of components of the DDR as well as more pronounced
DDR activation following irradiation that contribute to greater repair kinetics over
the non-GSCs [4]. Additionally, following irradiation, the GSCs were shown to un-
dergo apoptosis less frequently than non-GSCs [4]. Together, these studies highlight
a radioresistance phenotype for the GSCs and a potential direct contribution to tumor
recurrence.

5.5 Role of the Microenvironment on the Response of Glioma
Stem Cells to DNA Damage

It is now appreciated that GSCs reside within certain microenvironments, or niches,
within the tumor. Namely, they are enriched around areas of hypoxia as well as
the tumor vessels and these niches act to maintain the GSC phenotype [30–32].
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Importantly, both of these tumor microenvironments (perivascular and hypoxic
niches) impact the response of cells to radiation therapy. In a mouse model of
medulloblastoma, it was shown that cancer stem cells in this system residing in
the perivascular niche demonstrate increased activation of the Akt pathway as well
as undergo a p53 dependent cell cycle arrest following irradiation [33]. These cells
not only survive but also reenter the cell cycle whereas proliferating cells in the
tumor bed undergo apoptosis [33]. Interestingly, the authors demonstrated that this
radioresistant phenotype of the perivascular cancer stem cells is impaired through
inhibition of the Akt pathway. Notch signaling within the perivascular niche has also
been reported to be a key regulator of the GSC phenotype and inhibition of this path-
way has demonstrated therapeutic potential by increasing radiosensitivity of GSCs
[34–36]. These initial findings highlight a complex relationship between tumor vas-
culature and GSCs, underscoring the need for additional studies at the molecular
level to further elucidate the impact of the perivascular niche on the DDR.

Hypoxic areas within tumors have long been known to modify the response of
cells to radiation conferring 2–3 times more resistance [37]. Hypoxia has been shown
to regulate the phenotype of GSCs with the hypoxia inducible factors, HIF2α, HIF1α
and HIF1β, being central regulators of GSC function [31, 32, 38–40]. Importantly,
survival of mice bearing intracranial tumors was extended when HIF2α and HIF1α
were depleted in GSCs, suggesting that modulation of hypoxia induced regulation
of these cells directly impacts their tumorigenicity [32]. However, the contribution
of GSC residency within the hypoxic niche to their radioresistant phenotype has not
been investigated, although a direct link is likely to exist. As the CSC field moves
forward in attempting to understand the DDR in GSCs it will be important to take
into consideration the tumor microenvironment and how best to recapitulate these
conditions in studies as differential responses of GSCs to irradiation in vitro and
in vivo [41].

5.6 DNA Repair and Checkpoint Activation in Glioma
Stem Cells

The main DNA damage repair pathways (covered in detail in a Chap. 2) can be
divided into two groups, (1) those that handle single-strand damage [base excision
repair (BER), nucleotide excision repair (NER), and mismatch repair (MMR)] and,
(2) those that deal with double-strand breaks [non-homologous end joining (NHEJ)
and homologous recombination (HR)]. Exploration of the role of these pathways
in GSCs is still in its infancy. Moreover, the field is lacking an appreciation of the
in vivo regulation of the DDR on a molecular level. This is partially confounded by
a lack of appreciation for the in vivo cell cycle regulation of GSCs. This is critical
since the cell cycle has a major role in not only influencing the overall sensitivity
to radiotherapy, but DNA damage is handled through differential repair mecha-
nisms depending on cell cycle phase [42]. It has been reported that more quiescent
cells within a GBM tumor have CSC phenotypes but this concept warrants further
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Fig. 5.2 DNA Repair Pathways in Glioma Stem Cells. The four major DNA repair pathways [Base
Excision Repair (BER), Nucleotide Excision Repair (NER), Mismatch Repair (MMR) and double
strand break repair, via Nonhomologous End Joining (NHEJ) or homologous recombination (HR)]
have been minimally studied in glioma stem cells. Represented are the known or potential molecular
mechanisms for each repair pathway as well as the main therapeutic intervention that each pathway
would respond to during treatment

exploration [43]. Importantly, when GSCs are studied in vitro, they are maintained
in growth promoting media [i.e.; supplemented with basic Fibroblast Growth Factor
(bFGF) and Epidermal Growth Factor (EGF)], which would alter the phenotype of
a potential quiescent GSC population. Nonetheless, cell intrinsic regulation of the
DDR is likely to be maintained within CSCs and recent studies have revealed some
important findings (Fig. 5.2).

5.6.1 Base Excision Repair and Nucleotide Excision Repair

The CSC field has yet to explore the role of BER and NER within GSCs. In general,
NER in glioma is relatively unknown. A few studies have evaluated the status of
various NER players within the Excision Repair Cross Complementing group of
proteins (ERCCs) with the main finding that differential levels of these genes could
influence the chemosensitivity of glioma cells to platinum-based therapies such as
cisplatin, which require the NER pathway for resolution [44, 45]. A few groups
have evaluated the response of GSCs to cisplatin treatment, revealing dichotomous
results. In some instances, GSCs were resistant to treatment whereas other studies
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showed that cisplatin treatment decreased GSC viability and neurosphere formation
[22, 46]. Clearly, additional work is required to understand NER on a molecular
level in GSCs. BER has been minimally explored in GSCs. The Frosina lab utilized
an in vitro BER assay whereby a DNA template containing a lesion requiring the
BER machinery was incubated with extracts from both GSC and non-GSC lines
with no difference in repair capacity observed between these two populations [47].
Interestingly, the majority of DNA lesions induced by TMZ are N-methylated bases
that are recognized by DNA glycosylases, the central players in BER. Therefore,
although resistance to TMZ is attributed to MGMT status and subsequent response
to the O6-methylguanine DNA lesions, it is possible that GSCs could be sensitized
to TMZ, independent of MGMT status, through inhibition of BER. This hypothesis
has been explored in glioma cell lines through direct depletion of BER enzymes as
well as with drug inhibition of BER with promising results [48–50]. Furthermore,
the combination of TMZ with an inhibitor of the BER enzyme, Poly(ADP-Ribose)
polymerase-1 (PARP-1), inhibited tumor growth and prolonged animal survival in a
orthotopic rat glioma model [51]. It is necessary to expand these findings to the GSC
population as potential resistance of GSCs to TMZ, and subsequent recurrence by
surviving tumor-initiating cells, might be altered through manipulation of BER.

5.6.2 Mismatch Repair

As touched on previously, TMZ treatment will lead to methylation of the O6 position
on guanine, normally removed by the MGMT repair enzyme. However, if not repaired
by MGMT (i.e.; in cells deficient for this protein), it is proposed that the methylated
guanine will lead to futile rounds of MMR and ultimately double strand breaks.
Interestingly, loss of the MMR protein, MSH6, has been associated with progression
of GBM following TMZ treatment and may contribute to drug resistance and tumor
recurrence [52, 53]. Still unexplored, however, is the selection for MSH6 mutations
within GSCs and the resulting direct contribution of these cells to TMZ resistance
and relapse through this mechanism. Moreover, a more in depth profiling of the
MMR pathway in GSCs is required to strengthen the understanding of the role of
this repair mechanism in GSC biology.

5.6.3 Homologous Recombination and Non-Homologous
End Joining

The major DNA lesions resulting from ionizing radiation are double strand breaks,
repaired by HR or NHEJ. It is unknown as to which pathway is more dominant,
if at all, in GSCs. As previously mentioned, there is a lack of information re-
garding the proliferation status of GSCs in vivo. As HR requires a homologous
template to occur, a more quiescent state would favor NHEJ.Although the field would
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undoubtedly benefit from rigorous studies evaluating the cell cycle status along with
the response to radiotherapy of GSCs in vivo, there have nonetheless been advances
made using culture systems toward our understanding of overall GSC response to
ionizing radiation as well as the role of certain key proteins known to be involved in
HR or NHEJ.

A central player in repair via NHEJ is the kinase, DNA-PKcs, along with the
accessory heterodimeric complex of Ku70 and Ku80. Recently, it has been reported
that knockdown of DNA-PKcs by RNA interference in GSCs will radiosensitize
these cells [54]. Although the authors did not evaluate the impact of DNA-PKcs

knockdown on DNA repair by NHEJ, they did identify an increase in autophagic cell
death following irradiation. Autophagy is a cellular process that can be activated by
chemotherapy or irradiation and can lead to cell death or resistance [55–59]. Previous
studies had reported that autophagy by ionizing radiation led to a radioresistant
phenotype in CD133 positive GSCs [60]. However, the role of DNA-PKcs was not
evaluated in this study and the recent data linking DNA-PKcs depletion with increased
authophagy induced cell death suggests that alterations in the ability to repair DNA
by NHEJ could be deleterious to GSCs. Additional elucidation of the importance of
NHEJ in GSCs was highlighted by the recent report that the GSC regulatory protein,
Bmi1, interacts with DNA-PKcs, as well as other DNA repair proteins, following
irradiation [61, 62]. Bmi1 is a polycomb group protein, involved in repressing gene
expression through histone modifications and chromatin compaction [63, 64]. It has
been shown to have a role in GSC self-renewal as inactivation of Bmi1 resulted
in depletion of the CD133 positive population through differentiation and apoptosis
[61]. Although not explored in the GSC population nor directly linked to a deficiency
in NHEJ, depletion of Bmi1 radiosensitized GBM cells [62]. Although the above
results are intriguing, further studies are required to elucidate the exact role of NHEJ
in GSC biology.

As with NHEJ, the field is just beginning to appreciate the role of HR in GSCs.
One of the key mediators of HR is Rad51, which controls strand invasion and recom-
bination during DNA repair via HR. A recent report utilized freshly isolated, patient
derived GBM cell lines to demonstrate a dependence on Rad51 for cell survival, even
without the addition of radiation treatment [65]. The cell lines used in this study did
contain a CD133 positive population but were not a pure, validated GSC line, so
further studies are required to verify the dependence on Rad51 in GSCs as well as
other central players in HR, such as BRCA1.

5.6.4 Checkpoint Activation in Glioma Stem Cells

Upstream of the repair process involving Rad51 is a signaling cascade involving the
recognition of the double strand breaks by the MRE11-RAD50-NBS1 (MRN) com-
plex which will signal to the ataxia telangiectasia mutated (ATM) kinase to allow for
cell cycle checkpoint activation through the Chk1 and Chk2 kinases and/or apoptosis
via the p53 tumor suppressor. As previously mentioned, CD133 positive GSCs have
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a survival advantage over the CD133 negative population following irradiation [4].
This finding was correlated to preferential activation of proteins in the DNA damage
checkpoint response, including ATM, Chk1 and Chk2, as well as an increase in DNA
repair capacity in the GSCs [4]. Importantly, compromised Chk1 and Chk2 func-
tion could increase the radiosensitivity of CD133 positive GSCs as well as CD133
containing tumor neurospheres [4, 66]. More recent studies have partially elucidated
the molecular mechanisms responsible for the preferential checkpoint response in
GSCs. Namely, the GSC regulatory protein L1CAM was shown to be central to DNA
damage checkpoint activation and repair in GSCs [67]. L1CAM is a transmembrane
protein reported to regulate cell adhesion, survival, growth, migration and invasion
[68, 69]. In GSCs, it was demonstrated to support survival and tumor growth [13].
Depletion of L1CAM compromised the DNA repair capacity in GSCs as well as
decreased their survival following DNA damage [67]. This phenotype was directly
linked to a role for the intracellular domain of L1CAM in regulating Nbs1 expres-
sion through c-Myc [67]. These studies not only reveal important insights into the
GSC biological response to DNA damage but also highlight novel mechanisms to
potentially therapeutically target these cells.

5.7 Future Directions

Although the field has begun to make headway in its understanding of the DNA
damage response in GSCs, there is still so much to learn. Moving forward, a better
understanding of the in vivo response of GSCs to current treatments will be instru-
mental in designing more effective therapies aimed at eradicating these resistant cells.
This will be aided by interrogation on the molecular level of the numerous players
integral to the main DNA repair pathways or checkpoint signaling. Furthermore, the
DNA damage response as related to the microenvironment and location of GSCs
must be defined. Another unexplored area is the impact of DNA damage on cellular
differentiation of GSCs. It will be very interesting to determine how the DNA damage
response activates molecular signaling to trigger cell differentiation in GSCs. This
is a relatively unexplored outcome of DNA damage yet of major therapeutic value
in targeting the CSC population [70]. Finally, as novel chemotherapeutics aimed at
DNA repair mechanisms continue to develop, they must be evaluated in terms of
the cellular hierarchy within glioma as to best serve patients by validating efficacy
against the tumor initiating apex cell.
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Chapter 6
DNA Repair Mechanisms in Breast Cancer
Stem Cells

Hong Yin and Jonathan Glass

Abstract Breast cancer stem cells (BCSC) are a small subset in heterogeneous breast
cancer cell populations and are responsible for breast cancer initiation. BCSC have
stem cell properties. The maintenance and propaganda of BCSC is controlled by
an intrinsic stem cell signaling network and regulated by extrinsic environmental
factors. BCSC are resistant to chemotherapy and radiation therapy. The therapeutic
resistance of BCSC derives from multiple mechanisms. In this chapter, we discuss
the potential mechanisms for enhanced DNA repair of BCSC in the response to DNA
damage.

Keywords Breast cancer stem cells · Therapeutic resistance · DNA damage · DNA
repair
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ALDH Aldehyde dehydrogenase
ATM Ataxia telangiectasia mutated
ATR Ataxia telangiectasia and Rad3 related
BER Base excision repair
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BRCA 1 Breast cancer type 1 susceptibility protein
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Chk1 CHK1 checkpoint homolog (S. pombe)
Chk2 CHK2 checkpoint homolog (S. pombe)
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DSB Double-strand DNA breaks
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E2F Transcription activator that binds DNA through the E2 recognition site
ES cells Embryonic stem cells
ESA Epithelial specific antigen
Her2 Human epidermal growth factor receptor 2
HIF Hypoxia-inducible factor
IL-6 Interleukin 6
IL-8 Interleukin 8
MDC1 Mediator of DNA damage checkpoint 1
MLH1 MutL homolog 1, colon cancer, nonpolyposis type 2
MSH2 MutS homolog 2, colon cancer, nonpolyposis type 1
NHEJ Non-homologous end joining
NMEC Normal mammary epithelial cells
Oct-4 Octamer-binding transcription factor 4
PCNA Proliferation cell nuclear antigen
PROCR Endothelial protein C receptor
PTEN Phosphatase and tensin homolog
PUMA BCL2 binding component 3
RAD51 RAD51 homolog (RecA homolog, E. coli)
RPA-70 Replication protein A1 (70Kd)
SDF Stromal-derived-factor
TCF T-cell specific, HMG-box
TGF Transforming growth factor
TWIST Twist-related protein as a basic helix-loop-helix transcription factor
Wnt Wingless/int
NOXA Phorbol-12-myristate-13-acetate-induced protein 1.

6.1 Breast Cancer Stem Cells: Identification, Maintenance,
Enrichment, and Clinical Significance

6.1.1 Identification of Breast Cancer Stem Cells

Breast cancer stem cells (BCSC) are a small subset in heterogeneous breast cancer
cell populations. The first evidence to support the existence of BCSC came from a
study by Al-Haij et al., where they identified and implanted putative cancer stem
cells from a human primary breast cancer [1]. As few as 100 breast cancer cells with
CD44+/CD24− Lineage− phenotype were able to form tumors in mice, whereas tens
of thousands of cells with alternative phenotypes failed to form tumors, indicating
that CD44+/CD24− Lineage− breast cancer cells have a self-renewal property and
are cancer stem-like cells. In 2005, Ponti et al. reported that CD44+/CD24− breast
tumor cells, isolated from sphere cultures of MCF7 cells, were increased up to 1,000-
fold in tumor-initiating capacity compared to parental MCF7 cells [2]. In general,
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Table 6.1 Summary of several surface markers and functional assays developed for the isolation
of BCSC

Cell sources Isolating methods Self-renewal
determination

Reference

Primary tumor and cell lines CD44/CD24/ESA Sphere formation
tumorigenicity

[1, 2]

Primary tumor and cell line ALDH Sphere formation
tumorigenicity

[3–5]

Primary tumor CD44/CD24/ALDH Tumorigenicity [3, 5]

Normal mammary cells and
tumor cell lines

PHK626 Sphere formation
tumorigenicity

[6]

Cell lines 26S proteasome
activity

Sphere formation [7, 8]

Cell lines OCT4 promoter
activity

Sphere formation
tumorigenicity

[9]

Primary tumor and cell lines Dye efflux Side population
tumorigenicity

[10–12]

the BCSC subset is characterized by (1) self-renewal capacity, (2) symmetric and
asymmetric division, (3) enhanced resistance to chemotherapy and radiation therapy,
(4) expression of embryonic stem cell genes and enhanced signaling of pathways
such as Notch, Wnt/β-catenin, and/or Hedgehog; (5) relatively slow division or
quiescence in the cell cycle, and (6) expression specific surface markers. According
to the features of BCSC, several surface markers and functional assays have been
developed for the isolation of BCSC as summarized in Table 6.1.

Despite several reports using the CD44+/CD24− surface marker phenotype to
identify BCSC, some researchers have raised concerns over the identification of
BCSC with these cell surface markers. First, application of markers and functional
assays listed above gave only an enriched, not a pure BCSC subset. Currently, no
single protocol or even combined protocol is guaranteed to obtain an absolutely pure
BCSC subset. Second, one set of markers could be applied well for one type of
breast cancer cell and applied poorly for another type. For example, ER and Her2
negative HCC38 cells and luminal/her2+ SK-BR-3 cells showed that greater than
90 % of cells were ALDH positive, but no cell was CD44+/CD24−. In contrast,
triple negative MDA-MB-231 and MDA-MB-436 cells showed 70–85 % positivity
for CD44+/CD24− cells, but were less than 5 % positive by ALDH function as-
say [13, 14]. The MDA-MB-231 and MBA-MB-361 cell lines have a much higher
percentage of CD44+/CD24−/low cells than the SK-BR-3 cell line, but their colony-
forming efficiency in soft agar was less than SK-BR-3 cells [15]. In a separate
investigation, it was found that PROCR+/ESA+ MDA-MB-231 and MBA-MB-361
cells had a twofold increase in colony forming efficiency compared to bulk cells.
Therefore, identification of BCSC by one set of markers or one functional assay
is not enough. The proper identification procedure should be test for samples from
different sources. Recent investigations of ALDH expression and CD44/CD24 dis-
tribution in clinical samples discovered that ALDH+/CD44+/CD24−/low cells were
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enriched in triple-negative or basal-like subtypes of breast cancer, indicating that ei-
ther CD44/CD24/ALDH could only identify the BCSC in specific subtypes of breast
cancer or that other subtypes of breast cancer lack BCSC [16–20].

6.1.2 The Origin of BCSC

Breast cancer is a heterogeneous disease. To explain the heterogeneity, two models
have been proposed: the cancer stem cell and the clonal evolution models [21–23].
The cancer stem cell model suggests that the cancer originates from cancer stem cells,
which divide into non-stem cells and stem cells. The non-stem cells proliferate and
constitute the bulk of tumor volume, whereas cancer stem cells maintain their self-
renewal capacity and contribute to clone formation. This model for breast cancer is
currently supported by evidence that few stem-like cancer cells can initiate tumors in
mice, and a single stem-like cell can form clonal, non-adherent mammospheres [24].
Unlike normal breast stem cells, BCSC are neither able to differentiate to normal
mammary epithelial cells nor give rise to homogenous tumor cells. The heterogeneity
of breast cancer may be caused partially by varieties of genetic defects or mutations
among breast cancer cells. The clonal evolution model states that a mutant cancer cell
will obtain growth preference and expand through clonal growth to form a tumor. The
mutant clone should have a homogeneous cell population at least for a period of time.
However, this model does not explain the heterogeneous nature of breast tumors. In
fact, due to accumulated mutations and genomic instability, breast cancer cells are
able to lose control of differentiation direction and to create new stem-like cancer
cells through dedifferentiation. Well demonstrated examples of the dedifferentiation
process are that normal and neoplastic non-stem cells can spontaneously convert to
cells with a stem-like property and that epithelial-like cancer cells can transform to
mesenchymal-like cancer cells in breast cancer cells [25–28]. Therefore, the BCSC
could originate from aberrant or mutant normal breast stem cells or dedifferentiated
breast cancer cells. In practice, BCSC isolated by current protocols could be an
enriched mix population of stem-like and progenitor cells. BCSC from different
sources (cell lines and patient samples) should demonstrate a variety of stemness.

6.1.3 Maintenance of Self-Renewal in BCSC

Factors that determine the maintenance and expansion of BCSC subset are compli-
cated. According to the current understanding of embryonic and adult stem cells,
some intrinsic and microenvironmental factors favor the maintenance and expan-
sion of BCSC subset. Intrinsic factors include the increased expression of stem cell
gene such as Oct-4 and the enhanced activation of Notch, Wnt/β-catenin, Hedgehog,
polycomb signaling pathways [29–33]. The microenvironmental factors are oxygen
levels and other factors, such as TGF-β, insulin growth factor, IL-6, IL-8, and SDF1/
CXCR4 [14, 34–41].
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6.2 Treatment Resistance and DNA Repair in BCSC

6.2.1 Treatment Resistance in BCSC

In addition to self-renewal, one significant characteristic of cancer stem cells is
their relative resistance to treatment. The treatment resistance of cancer stem cells is
dominantly reflected in the administration of chemotherapeutic drugs and radiation.
The characteristic mechanisms of chemo- and radiation therapy are their action on
DNA molecules, and DNA replicated events of tumor cells, which induce varied
types of DNA damage and corresponding DNA damage responses. Unlike cyto-
static drugs, chemotherapeutic drugs and radiation attempt to eliminate tumor cells.
Types of chemotherapy drugs and radiation, DNA damage, and potential DNA repair
mechanisms are represented in Table 6.2.

In breast cancer, the resistance of BCSC to treatment has been investigated
experimentally. A review paper by Lacerda et al. summarized the most current orig-
inal experiments on the resistance of BCSC to chemotherapy drugs and radiation
[62]. In this summary, six of fifteen experiments were carried out with irradiation.
Eight experiments were conducted with chemotherapeutic drugs including paclitaxel,
doxorubicin, cisplatin, epirubicin, 5-fluorouracil, methotrexate, and/or cyclophos-
phamide. One experiment used herceptin plus NK cell-mediated ADCC killing.
Data showed that the administration of chemotherapeutic drugs and radiation to
breast cancer cells enriched for BCSC. In clinical studies from breast cancer core
biopsies, Tanie et al. reported that ALDH positive tumor cells were significantly
increased by chemotherapy (paclitaxel (80 mg/m2/wk followed by four cycles of
5-fluorouracil, 500 mg/m2, epirubicin 75 mg/m2, and cyclophosphamide 500 mg/m2

every 3 weeks) [63]. However, CD44+/CD24−/low− cells did not change between and
after treatment. Li et al. revealed that CD44+/CD24−/low cells were increased after
treatment of Her2-negative breast cancer with chemotherapeutic drugs (docetaxel
or doxorubicin and cyclophosphamide) for 12 weeks [64]. The treatment of Her2-
positive breast cancer with lapatinib slightly decreased the CD44+/CD24−low cells.
Later work by the same group discovered that CD44+/CD24−/low mammospheres
and Claudin-low signatures were more pronounced in tumor tissue remaining after
either endocrine therapy (letrozole) or chemotherapy (docetaxel) [65]. The clinical
evidence above supports the treatment resistance of BCSC. These data suggest that
breast cancer with a CD44+/CD24−/low phenotype has a poor prognosis [66].

Drug and radiation resistance poses a significant challenge to the treatment of
breast cancer. In fact, BCSC were not only found in primary breast cancer, but
could also be adopted more in metastatic or recurrent breast cancer, suggesting that
more BCSC occur in later-stages. Although results from experimental investigations
demonstrated that BCSC are more resistant to chemotherapy and radiation than non-
BCSC, more clinical evidence is needed to determine the role of BCSC in failed
treatment with chemotherapy and radiation. Currently, there are more review papers
than original works on the treatment resistance of BCSC among the literature.
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Table 6.2 Types of chemotherapy drugs and radiation, DNA damage, and potential DNA repair
mechanisms

Classification Drugs DNA damage type DNA repair References

Alkylating
agents

Cyclophosphamide
Ifosfamide
Busulfan
Dacarbazine
Cisplatin
Carboplatin
Mitomycin C

Cross-linking
Base modification

Homologous
recombination

Nucleotide excision
repair

Base excision repair

[42–45]

Antimetabolites 5-fluorouracil
Gemcitabine
Methotrexate
Cytarabine

Base modification Nucleotide excision
repair

Base excision repair
Alkyltransferas

[46–48]

Mitotic
inhibitors

Paclitaxel
Vinblastine
Estramustine
Docetaxel

Uncoupling
between DNA
replica and
mitosis

Aberrant cell
division (mitotic
catastrophe)

Check point
response

[49, 50]

Topoisomerase
inhibitors

Topotecan
Irinotecan
Etoposide
Camptothecin

Single strand DNA
break and double
strand DNA
break

Homologous
recombination

Nucleotide excision
repair

Base excision repair

[51–55]

Radiation X-ray
Gamma ray

Double strand DNA
break

Non-homologous
end joining

[56–60]

Single strand DNA
break

Homologous
recombination

Base modification Nucleotide excision
repair

Base excision repair

Replication
inhibitors

Hydroxyurea Stalled replication
fork (double
strand DNA
break)

Homologous
recombination

[61]

6.2.2 Biological Features of BCSC for the Treatment Resistance

Why do BCSC exhibit more treatment resistance than do non-BCSC? The question is
still being investigated. Currently, some intrinsic properties of BCSC could contribute
to their treatment resistance, mainly: (1) The quiescent phase of BCSC. Cells in this
phase are insensitive to DNA attack by chemotherapeutic drugs and radiation. (2) The
expression of ABC proteins, such as ABCG2 in the cell membrane as efflux pumps
to exclude chemotherapy drugs. The cell population with this property has been clas-
sified as the side population. (3) The low level of reactive oxygen species (ROS).
When compared to non-BCSC, irradiated BCSC generated a low level of ROS and
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exhibits a high capacity to clean ROS. The deletion of GSH resensitized BCSC to ra-
diation [67]. (4) Active survival pathways in BCSC. These survival pathways include
antiapoptosis, NF-kb, and PI3-Akt pathway and play a role in treatment resistance
of BCSC. (5) High ALDH activity in BCSC. High ALDH increases the metabolism
of chemotherapeutic drugs such as cyclophosphamide [68]. (6) The enhanced DNA
repair capacity of BCSC compared to non-BCSC. (7) Micro-environmental factors
such as hypoxia, cytokines, and angiogenic factors. These factors affect the response
of BCSC to treatment. All of these special features of BCSC determine the cell fate
after chemo- or radiation therapy and contribute to treatment resistance.

6.3 DNA Repair Mechanisms of BCSC

6.3.1 Homologous Recombination Plays Roles in BCSC

Although there is literature about treatment resistance of cancer stem cells, the un-
derstanding of the mechanism(s) of resistance in cancer stem cells is still lacking,
especially in regards to DNA repair in cancer stem cells. Most of the available infor-
mation comes from radiation-based studies. For instance of breast cancer, enhanced
DNA repair raised radiation resistance of BCSC. Early investigations of mesenchy-
mal stem cells in response to radiation showed enhanced DNA repair after radiation
[69]. The study by Chen et al. compared the post-radiation survival curves among
breast cancer HCC1937 cells, human mesenchymal stem cells, and human lung can-
cer A549 cells. The human mesenchymal stem cells and human lung cancer A549
cells were relatively radiation resistant. Analysis of cell cycles showed that radiation
sensitive HCC1937 cells exhibited a significant G2-M accumulation and a sub-G1
increase suggesting apoptosis. Further comparative analysis of DNA repair response
found that radiation resistant cells showed enhanced DNA repair response. Blockage
of ATM activation after radiation with wortmannin and caffeine induce radiosensiti-
zation of mesenchymal stem cells. The results above suggested that enhanced repair
of double strand DNA breaks is a function of the radiation resistance of stem cells.

As previously reported, CD44+/CD24−/low breast cancer cells isolated from
MCF7, MBA-MD-231 cells, and primary cultured cells from benign and malignant
breast tumor are radiation resistant [70]. The increased resistance is correlated to
increased activation of ATM signaling. CD44+/CD24−/low− cells showed increased,
and persistent phosphorylation at S1981 compared to control cells. The downstream
target of ATM also showed increased phosphorylation to some extent. The appli-
cation of ATM inhibitor KU55933 almost totally abolished the radiation resistance
of CD44+/CD24−/low cells. These results suggested an increased homologous re-
combination repair in BCSC. However, in this study, no increased non-homologous
end joining was found in CD44+/CD24−/low cells with in vivo and in vitro ligation
analysis. The expression of components of non-homologous end joining proteins did
not show a difference between BCSC and non-BCSC.
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Using mammosphere and monolayer culture of MCF7 cells, Karimi-Busheri et al.
analyzed single and double stranded DNA damage and carried out a comprehensive
comparison of the DNA damage repair and cell cycle check point proteins of the two
cell types [71]. Enhanced survival of MCF-7 mammosphere cells in response to ion-
izing radiation was accompanied by low ROS generation, increased repair of single
strand DNA breaks, and highly expressed nucleotide and base repair protein APE1.
In addition, there was a significant reduction of the senescence in mammosphere
culture of MCF7 cells, which can be attributed to elevated telomerase activity, as
well as reduced p21 expression and retinoblastoma protein phosphorylation. How-
ever, in their data, enhanced phosphorylation of ATM and its downstream target p53
was apparently seen.

The cell cycle is a critical determinant factor for radiation sensitivity. Cells in
M phase are most sensitive to radiation and cells in late S phase are most resistant
[72, 73], and in S phase, DNA repair is most active [74]. DNA damage caused by
radiation exhibited predominately as double stranded DNA breaks (DSB). DSB oc-
curring in the G1 phase are mainly repaired by non homologous end joining (NHEJ),
while DSB formed in S-G2 phase are fixed by both NHEJ and homologous re-
combination [75, 76]. Theoretically, most of the cancer stem cells should be in
quiescent/G0 status [77] and cells in the G0 phase can be separated from G1 by the
low RNA amount in a flow cytometry analysis [8]. Double staining with Hoechst
33342 (DNA) and pyronin Y (RNA) demonstrated that a high percentage of cells
from the BCSC population were in the G0 phase compared to non-BCSC (25 vs.
0.59 %). Interestingly, that portion of BCSC in the G0 phase was reduced, and these
cells were repopulated into the G2 phase after fractional radiation. In contrast, non-
BCSC in the G0 phase were increased after radiation. Analysis of β-galactosidase
activity showed that 58 % of non-BCSC were X-gal positive and only 6.4 % of
BCSC were positive after fractional radiation, suggesting a differential senescence
between BCSC and non-BCSC. More recently, a similar phenomenon was seen in
BCSC (CD24+/ESA+) isolated from the breast cancer cell line MDA-MB-231. After
radiation, a larger portion of BCSC were in the S-G2 phase compared to unsorted
cells [78]. The S-G2 arrest in BCSC was further demonstrated by the decreased ex-
pression of cyclin D and E and increased expression of the proliferation cell nuclear
antigen (PCNA). The S-G2 arrest in cell cycle is well correlated with more RAD51
foci and fewer γ-H2AX foci seen in BCSC than unsorted cells. Administration of
PCI 124781, an inhibitor of homologous recombination that blocks the formation of
RAD51 foci, inhibited homologous recombination, and decreased survival of BCSC.
In contrast, PC1 124781 had no effect on the survival of unsorted cells. These results
above suggested that homologous recombination could be a dominant DNA repair
mechanism in irradiated BCSC of some origins. However, the same effect was not
seen on sorted MDA-MB-468 cells. Interestingly, a similar change of the G2 block
has been seen in stem-like cells isolated from the H357 cell line and head and neck
squamous cell carcinomas after exposure to neocarzinostatin [79]. The increased G2
block in BCSC could be associated with senescent/apoptotic resistance.
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6.3.2 Over-Active Checkpoint Response

DNA damage check points consist of two pathways: the ATM/ATR-Chk1/Chk2-
Cdc25s and ATM/ATR-p53 pathways [79, 80]. The former is responsible for a fast,
reversible response and the later for a slow, irreversible response. Depending on the
type of DNA damage, Chk1 is largely phosphorylated by ATR, to a less extent by
ATM and Chk2 is predominately phosphorylated byATM.Activated Chk1 and Chk2,
as transducers, phosphorylate a series of downstream proteins to play roles in cell
cycle check points and cell fate decision. The earliest report of active DNA damage
check points of cancer stem cells came from Bao et al. work. CD133+ glioma cells
showed increased radiation resistance and a low level of apoptosis compared with
CD133− cells [81]. The increased resistance was abolished with a G2 checkpoint
kinase inhibitor, debromohymenialdisine. Examination of DNA damage response
proteins showed that CD133+ cells preferentially activate the DNA damage check-
point and repair radiation-induced DNA damage more efficiently than CD133− cells
did. Hyperphosphorylated ATM, Rad17, Chk1, and Chk2 were apparently seen in
irradiated CD133+ cells. Noticeably, CD133+ exhibited a basal activation of Rad17,
Chk1 and Chk2, while the basal activation was not seen inATM. This means that acti-
vation of checkpoint proteins may be independent of their upstream mediator ATM.
Perhaps, CD133+ cells have a constitutional activation of checkpoint proteins. In
addition to glioma, enhanced activation of checkpoint proteins was shown in BCSC
and cancer stem cells from other tissues. The ALDHhigh/CD44+ cells isolated from
MDA-MB-231 and MDA-MB-468 cells were highly resistant to doxorubicin, pacli-
taxel, and radiation. In contrast to ALDHlow/CD44− cells, ALDHhigh/CD44+ cells
showed increased basal activity in a series of DNA response proteins including Chk1
and Chk2. However, inhibition of ALDH activity by diethylaminobenzaldehyde re-
duced the radiation resistance of ALDHhigh/CD44+ cells, but did not affect the basal
activity of Chk1 and Chk2 [5].

6.3.3 PTEN/AKT/WNT/β-Catenin and DNA Damage Response in
Normal and Tumorous Mammary Stem Cells

The PTEN/Akt pathway plays a role in the regulation of normal and malignant mam-
mary stem/progenitor cell populations. Normal mammary epithelial cells (NMEC) in
mammosphere cultures expressed increasing Ser380 phosphorylation of PTEN. The
phosphorylated PTEN inhibits its phosphatase activity antagonizing Akt phospho-
rylation. Knockdown of PTEN increased the phosphorylation of Akt and GSK3-β.
The activated PI3/Akt signaling supported the self-renewal function of NMEC. In-
hibition of PI3/Akt signaling suppressed mammosphere formation and outgrowth of
NMEC in NOD/SCID mice. In mammary stem/progenitor cells, the regulation of
self-renewal function by PTEN/ was mediated by β-Catenin activation. Activated
Akt was able to phosphorylate and deactivate GSK3-β and directly phosphorylate
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and activate β-catenin, leading to nuclear translocation. Knockdown of β-catenin
reduced the number of mammospheres [82]. Wnt signaling plays a critical role
in the development of mammary gland through the canonical β-catenin pathway.
Oncogenic evidence from MMTV-Wnt1 mice showed extensive lobuloalveolar hy-
perplasia and the development of mammary carcinoma [83, 84]. In breast cancer, an
active Wnt/β-catenin pathway has been found in basal-like breast cancer [85, 86].
Furthermore, Wnt/β-catenin has been demonstrated to mediate radiation resistance
in mouse Sca1 positive mammary epithelial cells. Radiation selectively activated β-
catenin in Sca1+ cell but not in Sca1− cells. Cells with stabilized β-catenin showed a
high portion of stem-like cells (side population) after radiation [87]. More recently,
Zhang et al. demonstrated that tumor initiating cells (TICs) isolated from p53 null
mouse mammary tumors repair DNA damage following in vivo ionizing radiation
more efficiently than the bulk of the tumor cells. However, the initial responses to
DNA damage were similar for TICs and bulk tumor cells. More efficient DNA repair
could be achieved via the selective activation of the Akt and Wnt/catenin signaling
as demonstrated by the increased phosphorylation of Akt and β-catenin [88]. The
mechanisms of radiation resistance in cells with active Wnt/β-catenin signaling are
largely unknown. Some evidence from non-cancer stem cells suggests that activa-
tion of Wnt/β-catenin signaling promotes DNA damage tolerance. When DNA is
damaged, poly (ADP-ribose) polymerase-1 (PARP -1) ribosylates its own auto mod-
ification domain. The poly ADP-ribosylated PARP-1 dissociates from its partner,
TCF-4. This disassociation allowed Ku70 to interact with TCF-4. Ku70 also regu-
lated the binding of ß-catenin to TCF-4. This regulation controlled the expression
of Wnt/β-catenin target genes [89]. However, in some cells, activated β-catenin re-
sulted in p53-independent DNA damage and disrupted the DNA repair process [90].
Mutation in β-catenin and Axin was accompanied by the loss of mismatch repair
[91].

6.3.4 Notch Signaling and DNA Damage Responses of BCSC

Notch signaling plays a role in stem cell maintenance. The activation of Notch sig-
naling by the addition of a Notch-activating Delta/Serrate/Lag-2 peptide increased
the mammosphere formation by tenfold [92]. In addition, increased expression of
Notch 1 has been demonstrated in CD44+/CD24−/low cells in mammosphere culture
compared with cells in monolayer culture [93]. Elevated Notch signaling is implied
in BCSC [94]. Although the effect of Notch signaling activation on the treatment re-
sistance of BCSC is little known, there is some evidence showing that active Notch
signaling plays a resistant role in drug-induced apoptosis. Treatment of Notch sig-
naling activated MCF10A/RBP-Jk and MCF10A/NICD, with the kinase inhibitor
staurosporine and the DNA-damaging reagents melphalan and mitoxantrone did
not induce apoptosis. Melphalan and mitoxantrone activated p53 function through
JNK signaling, followed by induction of p53-dependent apoptosis. Notch activation
inhibited JNK phosphorylation and PUMA and NOXA up-regulation. Therefore,
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activation of Notch signaling blocked the p53 function [95]. In leukemia, Notch
is a potential anti-apoptotic p53 target. The primary CLL cells treated with p53
activator nutlin-3 showed an increase in both p53 and Notch1. Shutdown of p53
expression abrogated induction of Notch1 by nutlin [96]. In brain tumors, inhibition
of Notch signaling with γ-secretase inhibitors rendered the CD133+ glioma stem
cells more sensitive to radiation at clinically relevant doses. CD133− non-stem cells
showed no response to these inhibitors. The enhanced radiation resistance by Notch
was due to altered DNA damage response, activation of the PI3K/Akt pathway,
and up-regulation of the antiapoptotic proteins, Bcl-2 and Mcl-1 [97]. In addition to
anti-apoptosis, Notch signaling has extensive cross-talk with some survival and onco-
genic pathways, such Wnt, RAS, Her2, TGFβ, PI3K/Akt, p53, NF-κβ, and HIF [94].
The cross-talk networks of Notch signaling have been considered as a target in breast
cancer therapy, especially in dealing with BCSC.

6.3.5 Other Factors Affect DNA Damage Response of BCSC

In addition to what we have mentioned above, there are several factors that could
affect the DNA damage responses of BCSC. These factors are hypoxia, survivin, an
anti-apoptotic protein, and deficient or mutant BRCA1 or 2.

6.3.5.1 Hypoxia

A hypoxic environment for a tumor is a contributive factor to promote BCSC by
regulating stem cell genes and pathways, and inducing de-differentiation [34, 35, 98–
101]. The development of treatment resistance under hypoxia is mainly mediated
through HIF pathways. In response to DNA damage reagents and radiation, hypoxic
cells showed a reduced DNA damage and altered DNA repair mechanisms. Several
genes, such as RAD51, BRCA1, MSH2, and MLH1, responsible for homologous
recombination and mismatch repair were downregulated. In response to etoposide, a
topoisomerase poison, tumor cells pre-exposed to hypoxia diminished DNA damage
as determined by comet assay, compared with cells under normoxia. DNA repair
capacity of cells was not changed apparently by hypoxia [102]. The damaged DNA
responds to hypoxic conditions in two ways. In the initial, early response to hypoxia
and re-oxygenation, damaged DNA activates ATM/ATR checkpoint signaling to ini-
tiate DNA repair. In the following, chronic response, DNA repair is inhibited by the
decreased expression of the genes responsible for several DNA repair mechanisms
[103]. For example, the DNA mismatch repair response was inhibited under hypoxic
conditions due to the decreased expression of two mismatch repair genes, MLH1
and MSH2. Reduced MLH1 expression could be the result of increased deacetyla-
tion and di- and tri-methylation of histone H3 (H3K9) [104]. Hypoxia significantly
decreased the binding of c-Myc to the promoter of MLH1 and MSH2 genes [105]. In
addition to reducing the function of mismatch repair, hypoxia repressed the function
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of homologous recombination through the down-regulation of BRCA1 and RAD
51 gene expression by increasing the binding of the inhibitory E2F4/p130 complex
to BRCA1 and RAD51 promoters [106, 107]. Interestingly, the hypoxia-mediated
down-regulation of DNA repair genes was not HIF-dependent. A recent report re-
vealed that activated DNA-PK mediated phosphorylation of p53(ser15) in hypoxic
cells and that the phosphorylated p53 then disassociated from the p53-RAP70 com-
plex. The RPA70 enhanced the efficiency of nucleotide excision and NHEJ DNA
repair [108]. It seems that the effects of hypoxia on DNA repair are complicated,
and the resulting DNA repair depends on the type of damage done to the DNA and
the involved DNA repair mechanisms. Hypoxia-induced drug resistance was closely
related to the enhanced anti-apoptotic and/or anti-senescent capacity of cells, in-
cluding breast cancer cells [109, 110]. The inhibition of senescence under hypoxia
is mediated through the down-regulation of E2A-p21 by HIF-TWIST in mesenchy-
mal stem cells [111]. It appears that the effects of hypoxia on treatment resistance
may depend on the types of treatments and hypoxia. The pattern of hypoxia af-
fects the development of treatment resistance [102]. Two HIF-α genes have been
identified as HIF-1α and HIF-2α, both of which are induced in response to hy-
poxia. With a long term of hypoxia, induction of HIF-1α is repressed, and HIF-2α
stably elevated [110, 112, 113]. This switch may be mediated by the altered level
of hypoxia-associated protein [114, 115]. Expression of HIF-2α was preferential
in neuronal cancer stem cells. Interestingly, high expression of HIF-2α was cor-
related to long-term survival in breast cancer patients and to a better response to
the classic therapy [116]. HIF-2α up-regulated the expression of Amphiregulin and
WNT1-inducible signaling pathway protein-2 and in turn, could be associated with
a luminal epithelial differentiation of tumor cells.

6.3.5.2 Survivin

Survivin is an anti-apoptotic protein. In the report of Woodward et al., Sca1+ cells
showed an increased survivin level in response to radiation compared with a matched
control [87]. The elevated survivin could be regulated by Wnt/β-catenin signaling.
In breast cancer, high transcription of Notch-1 and BIRC5 (survivin) is linked to
basal-like phenotype cancer which is enriched in BCSC [117]. In response to radia-
tion, nuclear accumulation of survivin was demonstrated [118]. The nuclear survivin
interacted with KU70, MDC1, DNA-PKcs, and γ-H2AX. Survivin knockdown re-
sulted in a hampered phosphorylation of DNA-PKcs and an impaired DNA repair
capacity. The comparison of responses to radiation among human ES cells, normal
somatic lung fibroblasts, and breast cancer cell line MDA-MB-231 cells revealed
that ES cell exhibited G2 arrest and differential checkpoint responses compared with
control fibroblasts. Elevated survivin expression was found in ES and MDA-MB-231
cells. However, the deletion of survivin in ES cells did not have a significant impact
on post-radiation survival of ES cells at least in the first 48 hours after radiation,
suggesting a potentially different function of survivin in ES cells [69].
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6.3.5.3 Mutation in BRCA1 Gene

Women with mutations in the BRCA1 gene have a 70–80 % chance to develop
breast cancer. Most of these tumors are a basal-like phenotype, characterized by
the expression of myoepithelial markers, but lack expression of ER, PR, and Her2
receptors. Therefore, these tumors are enriched in BCSC [119–121]. BRCA1 is
important for breast cell differentiation and is a component of DNA repair through
homologous recombination. The loss of function of mutant BRCA1 causes blocked
differentiation and aberrant DNA repair in response to genetic stress and in turn, leads
to genetic instability [122–125]. Theoretically, cancer cells with BRCA1 mutant
should be more sensitive to the DNA damage reagents or drugs and expect a better
response to treatment. However, this expectation may become compromised due to
the unbalanced compensations by other DNA repair mechanisms. Currently, PARP
inhibitors, which function in several DNA repair mechanisms such as BER and
NHEJ, have been used in or have completed clinical trials [126, 127].

6.4 Conclusions

In conclusion, the available data about DNA repair mechanism(s) utilized by BCSC
are less than what we expected and mostly originate from the study of a couple
of breast cell lines. The knowledge of the mechanism(s) of DNA repair in BCSC
remains unknown. It seems that checkpoint responses and homologous recombina-
tion play pivotal roles in the DNA repair of BCSC in response to radiation. The
over activation of the DNA repair mechinery in cancer stem cells could be a complex
process. For example, constitutive activation of checkpoint proteins may be related
to the quiescent status of cells, and whether or not activated checkpoint proteins con-
tribute to DNA repair is currently being examined [128]. The increased activation
of survival pathways also attenuates treatment-induced apoptosis and senescence.
Similar to the heterogeneity seen in breast cancer, BCSC are a heterogeneous pop-
ulation. BCSC from an individual patient may have variable stemness and BCSC
from the same tumor may also exhibit variation in the stemness. The variation in
stemness could be based on the genetic variation among cell populations and lo-
cal microenvironment. Therefore, a difference in DNA repair response may exist in
BCSC populations. Paying attention to the personalized treatment of breast cancer
may increase the chance of eradicating BCSC and benefit the breast cancer patient’s
prognosis through better treatment.

References

1. 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

2. Ponti D, Costa A, Zaffaroni N, Pratesi G, Petrangolini G, Coradini D, Pilotti S, Pierotti MA,
Daidone MG (2005) Isolation and in vitro propagation of tumorigenic breast cancer cells with
stem/progenitor cell properties. Cancer Res 65(13):5506–5511



118 H. Yin and J. Glass

3. Ginestier C, Hur MH, Charafe-Jauffret E, Monville F, Dutcher J, Brown M, Jacquemier J,
Viens P, Kleer CG, Liu S 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):555–567

4. Morimoto K, Kim SJ, Tanei T, Shimazu K, TanjiY, Taguchi T, TamakiY, Terada N, Noguchi S
(2009) Stem cell marker aldehyde dehydrogenase 1-positive breast cancers are characterized
by negative estrogen receptor, positive human epidermal growth factor receptor type 2, and
high Ki67 expression. Cancer Sci 100(6):1062–1068

5. Croker AK, Goodale D, Chu J, Postenka C, Hedley BD, Hess DA, Allan AL (2009) High
aldehyde dehydrogenase and expression of cancer stem cell markers selects for breast cancer
cells with enhanced malignant and metastatic ability. J Cell Mol Med 13(8B):2236–2252

6. Pece S, Tosoni D, Confalonieri S, Mazzarol G, Vecchi M, Ronzoni S, Bernard L, Viale G,
Pelicci PG, Di Fiore PP (2010) Biological and molecular heterogeneity of breast cancers
correlates with their cancer stem cell content. Cell 140(1):62–73

7. Vlashi E, Kim K, Lagadec C, Donna LD, McDonald JT, Eghbali M, Sayre JW, Stefani E,
McBride W, Pajonk F (2009) In vivo imaging, tracking, and targeting of cancer stem cells. J
Natl Cancer Inst 101(5):350–359

8. Lagadec C, Vlashi E, Della Donna L, Meng Y, Dekmezian C, Kim K, Pajonk F (2010) Sur-
vival and self-renewing capacity of breast cancer initiating cells during fractionated radiation
treatment. Breast Cancer Res 12(1):R13

9. Sajithlal GB, Rothermund K, Zhang F, Dabbs DJ, Latimer JJ, Grant SG, Prochownik EV
(2010) Permanently blocked stem cells derived from breast cancer cell lines. Stem Cells
28(6):1008–1018

10. Clarke RB (2005) Isolation and characterization of human mammary stem cells. Cell Prolif
38(6):375–386

11. Engelmann K, Shen H, Finn OJ (2008) MCF7 side population cells with characteristics of
cancer stem/progenitor cells express the tumor antigen MUC1. Cancer Res 68(7):2419–2426

12. Patrawala L, Calhoun T, Schneider-Broussard R, Zhou J, Claypool K, Tang DG (2005) Side
population is enriched in tumorigenic, stem-like cancer cells, whereasABCG2+ andABCG2−
cancer cells are similarly tumorigenic. Cancer Res 65(14):6207–6219

13. Sheridan C, Kishimoto H, Fuchs RK, Mehrotra S, Bhat-Nakshatri P, Turner CH, Goulet R, Jr.,
Badve S, Nakshatri H (2006) CD44+/CD24− breast cancer cells exhibit enhanced invasive
properties: an early step necessary for metastasis. Breast Cancer Res 8(5):R59

14. Charafe-Jauffret E, Ginestier C, Iovino F, Wicinski J, Cervera N, Finetti P, Hur MH, Diebel
ME, Monville F, Dutcher J et al (2009) Breast cancer cell lines contain functional cancer stem
cells with metastatic capacity and a distinct molecular signature. Cancer Res 69(4):1302–1313

15. Hwang-Verslues WW, Kuo WH, Chang PH, Pan CC, Wang HH, Tsai ST, Jeng YM, Shew JY,
Kung JT, Chen CH et al (2009) Multiple lineages of human breast cancer stem/progenitor
cells identified by profiling with stem cell markers. PLoS One 4(12):e8377

16. Reuben JM, Lee BN, Gao H, Cohen EN, Mego M, Giordano A, Wang X, Lodhi A, Kr-
ishnamurthy S, Hortobagyi GN et al (2011) Primary breast cancer patients with high risk
clinicopathologic features have high percentages of bone marrow epithelial cells with ALDH
activity and CD44CD24lo cancer stem cell phenotype. Eur J Cancer 47(10):1527–1536

17. Ricardo S,VieiraAF, Gerhard R, Leitao D, Pinto R, Cameselle-Teijeiro JF, Milanezi F, Schmitt
F, Paredes J (2011) Breast cancer stem cell markers CD44, CD24 and ALDH1: expression
distribution within intrinsic molecular subtype. J Clin Pathol 64(11):937–946

18. Dontu G (2008) Breast cancer stem cell markers—the rocky road to clinical applications.
Breast Cancer Res 10(5):110

19. Kai K,ArimaY, Kamiya T, Saya H (2010) Breast cancer stem cells. Breast Cancer 17(2):80–85
20. Nakshatri H, Srour EF, Badve S (2009) Breast cancer stem cells and intrinsic subtypes:

controversies rage on. Curr Stem Cell Res Ther 4(1):50–60
21. Campbell LL, Polyak K (2007) Breast tumor heterogeneity: cancer stem cells or clonal

evolution? Cell Cycle 6(19):2332–2338
22. O’Brien CA, Kreso A, Jamieson CH (2010) Cancer stem cells and self-renewal. Clin Cancer

Res 16(12):3113–3120



6 DNA Repair Mechanisms in Breast Cancer Stem Cells 119

23. Takebe N, Ivy SP (2010) Controversies in cancer stem cells: targeting embryonic signaling
pathways. Clin Cancer Res 16(12):3106–3112

24. Dontu G, Al-Hajj M, Abdallah WM, Clarke MF, Wicha MS (2003) Stem cells in normal breast
development and breast cancer. Cell proliferation 36(Suppl 1):59–72

25. Chaffer CL, Brueckmann I, Scheel C, KaestliAJ,Wiggins PA, Rodrigues LO, Brooks M, Rein-
hardt F, Su Y, Polyak K et al (2011) Normal and neoplastic nonstem cells can spontaneously
convert to a stem-like state. Proc Natl Acad Sci USA 108(19):7950–7955

26. Mani SA, Guo W, Liao MJ, Eaton EN,AyyananA, ZhouAY, Brooks M, Reinhard F, Zhang CC,
Shipitsin M et al (2008) The epithelial-mesenchymal transition generates cells with properties
of stem cells. Cell 133(4):704–715

27. Takebe N, Warren RQ, Ivy SP (2011) Breast cancer growth and metastasis: interplay between
cancer stem cells, embryonic signaling pathways and epithelial-to-mesenchymal transition.
Breast Cancer Res 13(3):211

28. Hollier BG, Evans K, Mani SA (2009) The epithelial-to-mesenchymal transition and cancer
stem cells: a coalition against cancer therapies. J Mammary Gland Biol Neoplasia 14(1):29–43

29. Liu CG, Lu Y, Wang BB, Zhang YJ, Zhang RS, Chen B, Xu H, Jin F, Lu P (2011) Clinical
implications of stem cell gene Oct-4 expression in breast cancer. Ann Surg 253(6):1165–1171

30. Korkaya H, Liu S, Wicha MS (2011) Breast cancer stem cells, cytokine networks, and the
tumor microenvironment. J Clin Invest 121(10):3804–3809

31. Woodward WA, Chen MS, Behbod F, Rosen JM (2005) On mammary stem cells. J Cell Sci
118(Pt 16):3585–3594

32. Chase A, Cross NC (2011) Aberrations of EZH2 in cancer. Clin Cancer Res 17(9):2613–2618
33. Chang CJ, Yang JY, Xia W, Chen CT, Xie X, Chao CH, Woodward WA, Hsu JM, Hortobagyi

GN, Hung MC (2011) EZH2 promotes expansion of breast tumor initiating cells through
activation of RAF1-beta-catenin signaling. Cancer Cell 19(1):86–100

34. Oliveira-Costa JP, Zanetti JS, Silveira GG, Soave DF, Oliveira LR, Zorgetto VA, Soares
FA, Zucoloto S, Ribeiro-Silva A (2011) Differential expression of HIF-1alpha in CD44+
CD24−/low breast ductal carcinomas. Diagnostic Pathology 6:73

35. Louie E, Nik S, Chen JS, Schmidt M, Song B, Pacson C, Chen XF, Park S, Ju J, Chen EI
(2010) Identification of a stem-like cell population by exposing metastatic breast cancer cell
lines to repetitive cycles of hypoxia and reoxygenation. Breast Cancer Res 12(6):R94

36. Watabe T, Miyazono K (2009) Roles of TGF-beta family signaling in stem cell renewal and
differentiation. Cell Res 19(1):103–115

37. Tan AR, Alexe G, Reiss M (2009) Transforming growth factor-beta signaling: emerging stem
cell target in metastatic breast cancer? Breast Cancer Res Treat 115(3):453–495

38. Wang Y, Yu Y, Tsuyada A, Ren X, Wu X, Stubblefield K, Rankin-Gee EK, Wang SE (2011)
Transforming growth factor-beta regulates the sphere-initiating stem cell-like feature in breast
cancer through miRNA-181 and ATM. Oncogene 30(12):1470–1480

39. Savarese TM, Strohsnitter WC, Low HP, Liu Q, Baik I, Okulicz W, Chelmow DP, Lagiou P,
Quesenberry PJ, Noller KL et al (2007) Correlation of umbilical cord blood hormones and
growth factors with stem cell potential: implications for the prenatal origin of breast cancer
hypothesis. Breast Cancer Res: BCR 9(3):R29

40. Iliopoulos D, Hirsch HA, Wang G, Struhl K (2011) Inducible formation of breast cancer stem
cells and their dynamic equilibrium with non-stem cancer cells via IL6 secretion. Proc Natl
Acad Sci USA 108(4):1397–1402

41. Huang M, Li Y, Zhang H, Nan F (2010) Breast cancer stromal fibroblasts promote the gener-
ation of CD44+CD24− cells through SDF-1/CXCR4 interaction. J Exp Clin Cancer Res CR
29:80

42. Vasquez KM (2010) Targeting and processing of site-specific DNA interstrand crosslinks.
Environ Mol Mutagen 51(6):527–539

43. Sarkaria JN, Kitange GJ, James CD, Plummer R, Calvert H, Weller M, Wick W (2008)
Mechanisms of chemoresistance to alkylating agents in malignant glioma. Clin Cancer Res
14(10):2900–2908



120 H. Yin and J. Glass

44. Drablos F, Feyzi E, Aas PA, Vaagbo CB, Kavli B, Bratlie MS, Pena-Diaz J, Otterlei M,
Slupphaug G, Krokan HE (2004) Alkylation damage in DNA and RNA—repair mechanisms
and medical significance. DNA repair 3(11):1389–1407

45. Kaina B, Christmann M (2002) DNA repair in resistance to alkylating anticancer drugs. Int J
Clin Pharmacol Ther 40(8):354–367

46. Rosell R, Crino L, Danenberg K, Scagliotti G, Bepler G, Taron M, Alberola V, Provencio M,
Camps C, De Marinis F et al (2003) Targeted therapy in combination with gemcitabine in
non-small cell lung cancer. Semin Oncol 30(4 Suppl 10):19–25

47. Wyatt MD, Wilson DM, 3rd (2009) Participation of DNA repair in the response to
5-fluorouracil. Cell Mol Life Sci 66(5):788–799

48. Mounetou E, Debiton E, Buchdahl C, Gardette D, Gramain JC, Maurizis JC, Veyre A,
Madelmont JC (1997) O6-(alkyl/aralkyl)guanosine and 2Ê¹-deoxyguanosine derivatives:
synthesis and ability to enhance chloroethylnitrosourea antitumor action. J Med Chem
40(18):2902–2909

49. Yim EK, Bae JS, Lee SB, Lee KH, Kim CJ, Namkoong SE, Um SJ, Park JS (2004) Proteome
analysis of differential protein expression in cervical cancer cells after paclitaxel treatment.
Cancer Res Treat 36(6):395–399

50. Yalowich JC (1987) Effects of microtubule inhibitors on etoposide accumulation and DNA
damage in human K562 cells in vitro. Cancer Res 47(4):1010–1015

51. SortibranAN, Tellez MG, Rodriguez-Arnaiz R (2006) Genotoxic profile of inhibitors of topoi-
somerases I (camptothecin) and II (etoposide) in a mitotic recombination and sex-chromosome
loss somatic eye assay of Drosophila melanogaster. Mutat Res 604(1–2):83–90

52. Heisig P (2009) Type II topoisomerases—inhibitors, repair mechanisms and mutations.
Mutagenesis 24(6):465–469

53. James E, Waldron-Lynch MG, Saif MW (2009) Prolonged survival in a patient with BRCA2
associated metastatic pancreatic cancer after exposure to camptothecin: a case report and
review of literature. Anticancer Drugs 20(7):634–638

54. Malik M, Nitiss JL (2004) DNA repair functions that control sensitivity to topoisomerase-
targeting drugs. Eukaryotic Cell 3(1):82–90

55. Miyagawa K (2008) Clinical relevance of the homologous recombination machinery in cancer
therapy. Cancer Sci 99(2):187–194

56. Mahaney BL, Meek K, Lees-Miller SP (2009) Repair of ionizing radiation-induced DNA
double-strand breaks by non-homologous end-joining. Biochem J 417(3):639–650

57. Tomita M (2010) Involvement of DNA-PK and ATM in radiation- and heat-induced DNA
damage recognition and apoptotic cell death. J Radiat Res 51(5):493–501

58. Powell SN, Kachnic LA (2003) Roles of BRCA1 and BRCA2 in homologous recombi-
nation, DNA replication fidelity and the cellular response to ionizing radiation. Oncogene
22(37):5784–5791

59. Murray D,Vallee-Lucic L, Rosenberg E,Andersson B (2002) Sensitivity of nucleotide excision
repair-deficient human cells to ionizing radiation and cyclophosphamide. Anticancer Res
22(1A):21–26

60. Hafer K, Iwamoto KS, Scuric Z, Schiestl RH (2007) Adaptive response to gamma radiation in
mammalian cells proficient and deficient in components of nucleotide excision repair. Radiat
Res 168(2):168–174

61. Petermann E, Orta ML, Issaeva N, Schultz N, Helleday T (2010) Hydroxyurea-stalled repli-
cation forks become progressively inactivated and require two different RAD51-mediated
pathways for restart and repair. Mol Cell 37(4):492–502

62. Lacerda L, Pusztai L,WoodwardWA (2010) The role of tumor initiating cells in drug resistance
of breast cancer: implications for future therapeutic approaches. Drug Resist Updat 13(4–
5):99–108

63. Tanei T, Morimoto K, Shimazu K, Kim SJ, Tanji Y, Taguchi T, Tamaki Y, Noguchi S (2009)
Association of breast cancer stem cells identified by aldehyde dehydrogenase 1 expression
with resistance to sequential Paclitaxel and epirubicin-based chemotherapy for breast cancers.
Clin Cancer Res 15(12):4234–4241



6 DNA Repair Mechanisms in Breast Cancer Stem Cells 121

64. Li X, Lewis MT, Huang J, Gutierrez C, Osborne CK, Wu MF, Hilsenbeck SG, Pavlick A,
Zhang X, Chamness GC et al (2008) Intrinsic resistance of tumorigenic breast cancer cells to
chemotherapy. J Natl Cancer Inst 100(9):672–679

65. Creighton CJ, Li X, Landis M, Dixon JM, Neumeister VM, Sjolund A, Rimm DL, Wong
H, Rodriguez A, Herschkowitz JI et al (2009) Residual breast cancers after conventional
therapy display mesenchymal as well as tumor-initiating features. Proc Natl Acad Sci USA
106(33):13820–13825

66. Ahmed MA, Aleskandarany MA, Rakha EA, Moustafa RZ, Benhasouna A, Nolan C, Green
AR, Ilyas M, Ellis IO (2011) A CD44(−)/CD24(+) phenotype is a poor prognostic marker in
early invasive breast cancer. Breast Cancer Res Treat. [Epub ahead of print]

67. Diehn M, Cho RW, Lobo NA, Kalisky T, Dorie MJ, Kulp AN, Qian D, Lam JS, Ailles LE,
Wong M et al (2009) Association of reactive oxygen species levels and radioresistance in
cancer stem cells. Nature 458(7239):780–783

68. Pearce DJ, Taussig D, Simpson C, Allen K, Rohatiner AZ, Lister TA, Bonnet D (2005)
Characterization of cells with a high aldehyde dehydrogenase activity from cord blood and
acute myeloid leukemia samples. Stem Cells 23(6):752–760

69. Chen MF, Lin CT, Chen WC, Yang CT, Chen CC, Liao SK, Liu JM, Lu CH, Lee KD (2006)
The sensitivity of human mesenchymal stem cells to ionizing radiation. Int J Radiat Oncol
Biol Phys 66(1):244–253

70. Yin H, Glass J (2011) The phenotypic radiation resistance of CD44+/CD24(− or low) breast
cancer cells is mediated through the enhanced activation of ATM signaling. PLoS One
6(9):e24080

71. Karimi-Busheri F, Rasouli-Nia A, Mackey JR, Weinfeld M (2010) Senescence evasion by
MCF-7 human breast tumor-initiating cells. Breast Cancer Res 12(3):R31

72. Pajonk F, Vlashi E, McBride WH (2010) Radiation resistance of cancer stem cells: the 4 R’s
of radiobiology revisited. Stem Cells 28(4):639–648

73. Pawlik TM, Keyomarsi K (2004) Role of cell cycle in mediating sensitivity to radiotherapy.
Int J Radiat Oncol Biol Phys 59(4):928–942

74. Branzei D, Foiani M (2008) Regulation of DNA repair throughout the cell cycle. Nat Rev
Mol Cell Biol 9(4):297–308

75. Mao Z, Bozzella M, Seluanov A, Gorbunova V (2008) DNA repair by nonhomologous
end joining and homologous recombination during cell cycle in human cells. Cell Cycle
7(18):2902–2906

76. TomashevskiA, Webster DR, Grammas P, Gorospe M, Kruman, II (2010) Cyclin-C-dependent
cell-cycle entry is required for activation of non-homologous end joining DNA repair in
postmitotic neurons. Cell Death Differ 17(7):1189–1198

77. Moore N, Lyle S (2011) Quiescent, slow-cycling stem cell populations in cancer: a review of
the evidence and discussion of significance. J Oncol 2011:11 (Article ID 396076)

78. Al-Assar O, Mantoni T, Lunardi S, Kingham G, Helleday T, Brunner TB (2011) Breast cancer
stem-like cells show dominant homologous recombination due to a larger S-G2 fraction.
Cancer Biol Ther 11(12):1028–1035

79. Harper LJ, Costea DE, Gammon L, Fazil B, Biddle A, Mackenzie IC (2010) Normal and
malignant epithelial cells with stem-like properties have an extended G2 cell cycle phase that
is associated with apoptotic resistance. BMC Cancer 10:166

80. Shrivastav M, De Haro LP, Nickoloff JA (2008) Regulation of DNA double-strand break
repair pathway choice. Cell Res 18(1):134–147

81. Bao S, Wu Q, McLendon RE, HaoY, Shi Q, Hjelmeland AB, Dewhirst MW, Bigner DD, Rich
JN (2006) Glioma stem cells promote radioresistance by preferential activation of the DNA
damage response. Nature 444(7120):756–760

82. Korkaya H, Paulson A, Charafe-Jauffret E, Ginestier C, Brown M, Dutcher J, Clouthier SG,
Wicha MS (2009) Regulation of mammary stem/progenitor cells by PTEN/Akt/beta-catenin
signaling. PLoS Biology 7(6):e1000121

83. Verani R, Cappuccio I, Spinsanti P, Gradini R, CarusoA, Magnotti MC, Motolese M, Nicoletti
F, Melchiorri D (2007) Expression of theWnt inhibitor Dickkopf-1 is required for the induction



122 H. Yin and J. Glass

of neural markers in mouse embryonic stem cells differentiating in response to retinoic acid.
J Neurochem 100(1):242–250

84. Semenov M, Tamai K, He X (2005) SOST is a ligand for LRP5/LRP6 and a Wnt signaling
inhibitor. J Biol Chem 280(29):26770–26775

85. KhramtsovAI, Khramtsova GF, Tretiakova M, Huo D, Olopade OI, Goss KH (2010) Wnt/beta-
catenin pathway activation is enriched in basal-like breast cancers and predicts poor outcome.
Am J Pathol 176(6):2911–2920

86. Geyer FC, Lacroix-Triki M, Savage K, Arnedos M, Lambros MB, MacKay A, Natrajan R,
Reis-Filho JS (2011) Beta-Catenin pathway activation in breast cancer is associated with
triple-negative phenotype but not with CTNNB1 mutation. Mod Pathol 24(2):209–231

87. Woodward WA, Chen MS, Behbod F, Alfaro MP, Buchholz TA, Rosen JM (2007) WNT/beta-
catenin mediates radiation resistance of mouse mammary progenitor cells. Proc Natl Acad
Sci USA 104(2):618–623

88. Zhang M, Behbod F, Atkinson RL, Landis MD, Kittrell F, Edwards D, Medina D, Tsimelzon
A, Hilsenbeck S, Green JE et al (2008) Identification of tumor-initiating cells in a p53-null
mouse model of breast cancer. Cancer Res 68(12):4674–4682

89. Idogawa M, Masutani M, Shitashige M, Honda K, Tokino T, Shinomura Y, Imai K, Hirohashi
S, Yamada T (2007) Ku70 and poly(ADP-ribose) polymerase-1 competitively regulate beta-
catenin and T-cell factor-4-mediated gene transactivation: possible linkage of DNA damage
recognition and Wnt signaling. Cancer Res 67(3):911–918

90. Xu M, Yu Q, Subrahmanyam R, Difilippantonio MJ, Ried T, Sen JM (2008) Beta-catenin
expression results in p53-independent DNA damage and oncogene-induced senescence in
prelymphomagenic thymocytes in vivo. Mol Cell Biol 28(5):1713–1723

91. Castiglia D, Bernardini S, Alvino E, Pagani E, De Luca N, Falcinelli S, Pacchiarotti A,
Bonmassar E, Zambruno G, D’Atri S (2008) Concomitant activation of Wnt pathway and loss
of mismatch repair function in human melanoma. Genes Chromosomes Cancer 47(7):614–624

92. Dontu G, Jackson KW, McNicholas E, Kawamura MJ, Abdallah WM, Wicha MS (2004)
Role of Notch signaling in cell-fate determination of human mammary stem/progenitor cells.
Breast Cancer Res 6(6):R605–615

93. Phillips TM, McBride WH, Pajonk F (2006) The response of CD24(−/low)/CD44+ breast
cancer-initiating cells to radiation. J Natl Cancer Inst 98(24):1777–1785

94. Wu F, Stutzman A, Mo YY (2007) Notch signaling and its role in breast cancer. Front Biosci
12:4370–4383

95. Stylianou S, Clarke RB, Brennan K (2006) Aberrant activation of notch signaling in human
breast cancer. Cancer Res 66(3):1517–1525

96. Wickremasinghe RG, Prentice AG, Steele AJ (2011) p53 and Notch signaling in chronic lym-
phocytic leukemia: clues to identifying novel therapeutic strategies. Leukemia 25(9):1400–
1407

97. Wang J, Wakeman TP, Lathia JD, Hjelmeland AB, Wang XF, White RR, Rich JN, Sullenger
BA (2010) Notch promotes radioresistance of glioma stem cells. Stem Cells 28(1):17–28

98. Helczynska K, Kronblad A, Jogi A, Nilsson E, Beckman S, Landberg G, Pahlman S (2003)
Hypoxia promotes a dedifferentiated phenotype in ductal breast carcinoma in situ. Cancer
Res 63(7):1441–1444

99. Axelson H, Fredlund E, Ovenberger M, Landberg G, Pahlman S (2005) Hypoxia-induced
dedifferentiation of tumor cells—a mechanism behind heterogeneity and aggressiveness of
solid tumors. Semin Cell Dev Biol 16(4–5):554–563

100. Holmquist L, Lofstedt T, Pahlman S (2006) Effect of hypoxia on the tumor phenotype: the
neuroblastoma and breast cancer models. Adv Exp Med Biol 587:179–193

101. Mathieu J, Zhang Z, Zhou W, Wang AJ, Heddleston JM, Pinna CM, Hubaud A, Stadler B,
Choi M, Bar M et al (2011) HIF induces human embryonic stem cell markers in cancer cells.
Cancer Res 71(13):4640–4652

102. Sullivan R, Graham CH (2009) Hypoxia prevents etoposide-induced DNA damage in cancer
cells through a mechanism involving hypoxia-inducible factor 1. Mol Cancer Ther 8(6):1702–
1713



6 DNA Repair Mechanisms in Breast Cancer Stem Cells 123

103. Bindra RS, Crosby ME, Glazer PM (2007) Regulation of DNA repair in hypoxic cancer cells.
Cancer Metastasis Rev 26(2):249–260

104. Chen H,YanY, Davidson TL, ShinkaiY, Costa M (2006) Hypoxic stress induces dimethylated
histone H3 lysine 9 through histone methyltransferase G9a in mammalian cells. Cancer Res
66(18):9009–9016

105. Bindra RS, Glazer PM (2007) Co-repression of mismatch repair gene expression by hypoxia
in cancer cells: role of the Myc/Max network. Cancer Letters 252(1):93–103

106. Bindra RS, Gibson SL, Meng A, Westermark U, Jasin M, Pierce AJ, Bristow RG, Classon
MK, Glazer PM (2005) Hypoxia-induced down-regulation of BRCA1 expression by E2Fs.
Cancer Res 65(24):11597–11604

107. Bindra RS, Glazer PM (2007) Repression of RAD51 gene expression by E2F4/p130
complexes in hypoxia. Oncogene 26(14):2048–2057

108. Madan E, Gogna R, Pati U (2012) p53Ser15 Phosphorylation disrupts p53-RPA70 complex
and induces RPA70-mediated DNA repair in hypoxia. Biochem J 443:811–820

109. Sullivan R, Pare GC, Frederiksen LJ, Semenza GL, Graham CH (2008) Hypoxia-induced
resistance to anticancer drugs is associated with decreased senescence and requires hypoxia-
inducible factor-1 activity. Mol Cancer Ther 7(7):1961–1973

110. Rohwer N, Cramer T (2011) Hypoxia-mediated drug resistance: novel insights on the
functional interaction of HIFs and cell death pathways. Drug Resist Updat 14(3):191–201

111. Tsai CC, Chen YJ, Yew TL, Chen LL, Wang JY, Chiu CH, Hung SC (2011) Hypoxia inhibits
senescence and maintains mesenchymal stem cell properties through down-regulation of E2A-
p21 by HIF-TWIST. Blood 117(2):459–469

112. Seton-Rogers S (2011) Hypoxia: HIF switch. Nat Rev Cancer 11(6):391
113. Lin Q, Cong X, Yun Z (2011) Differential hypoxic regulation of hypoxia-inducible factors

1alpha and 2alpha. Mol Cancer Res 9(6):757–765
114. Koh MY, Powis G (2009) HAF: the new player in oxygen-independent HIF-1alpha

degradation. Cell Cycle 8(9):1359–1366
115. Koh MY, Lemos R, Jr., Liu X, Powis G (2011) The hypoxia-associated factor switches cells

from HIF-1alpha- to HIF-2alpha-dependent signaling promoting stem cell characteristics,
aggressive tumor growth and invasion. Cancer Res 71(11):4015–4027

116. Stiehl DP, Bordoli MR, Abreu-Rodriguez I, Wollenick K, Schraml P, Gradin K, Poellinger
L, Kristiansen G, Wenger RH (2012) Non-canonical HIF-2alpha function drives autonomous
breast cancer cell growth via anAREG-EGFR/ErbB4 autocrine loop. Oncogene 31(18):2283–
2297

117. Rennstam K, McMichael N, Berglund P, Honeth G, Hegardt C, Ryden L, Luts L, Bendahl
PO, Hedenfalk I (2010) Numb protein expression correlates with a basal-like phenotype and
cancer stem cell markers in primary breast cancer. Breast Cancer Res Treat 122(2):315–324

118. Capalbo G, Dittmann K, Weiss C, Reichert S, Hausmann E, Rodel C, Rodel F (2010)
Radiation-induced survivin nuclear accumulation is linked to DNA damage repair. Int J Radiat
Oncol Biol Phys 77(1):226–234

119. Kakarala M, Wicha MS (2008) Implications of the cancer stem-cell hypothesis for breast
cancer prevention and therapy. J Clin Oncol 26(17):2813–2820

120. Molyneux G, Smalley MJ (2011) The cell of origin of BRCA1 mutation-associated breast
cancer: a cautionary tale of gene expression profiling. J Mammary Gland Biol Neoplasia
16(1):51–55

121. Liu S, Ginestier C, Charafe-Jauffret E, Foco H, Kleer CG, Merajver SD, Dontu G, Wicha
MS (2008) BRCA1 regulates human mammary stem/progenitor cell fate. Proc Natl Acad Sci
USA 105(5):1680–1685

122. Al-Wahiby S, Slijepcevic P (2005) Chromosomal aberrations involving telomeres in BRCA1
deficient human and mouse cell lines. Cytogenet Genome Res 109(4):491–496

123. Miyoshi Y, Murase K, Oh K (2008) Basal-like subtype and BRCA1 dysfunction in breast
cancers. Int J Clin Oncol 13(5):395–400

124. Furuta S, Jiang X, Gu B, Cheng E, Chen PL, Lee WH (2005) Depletion of BRCA1 impairs
differentiation but enhances proliferation of mammary epithelial cells. Proc Natl Acad Sci
USA 102(26):9176–9181



124 H. Yin and J. Glass

125. O’Donovan PJ, Livingston DM (2010) BRCA1 and BRCA2: breast/ovarian cancer suscep-
tibility gene products and participants in DNA double-strand break repair. Carcinogenesis
31(6):961–967

126. Amir E, Seruga B, Serrano R, Ocana A (2010) Targeting DNA repair in breast cancer: a
clinical and translational update. Cancer Treat Rev 36(7):557–565

127. Evers B, Drost R, Schut E, de Bruin M, Van Der Burg E, Derksen PW, Holstege H, Liu X,
van Drunen E, Beverloo HB et al (2008) Selective inhibition of BRCA2-deficient mammary
tumor cell growth by AZD2281 and cisplatin. Clin Cancer Res 14(12):3916–3925

128. Ropolo M, Daga A, Griffero F, Foresta M, Casartelli G, Zunino A, Poggi A, Cappelli E, Zona
G, Spaziante R et al (2009) Comparative analysis of DNA repair in stem and nonstem glioma
cell cultures. Mol Cancer Res 7(3):383–392



Chapter 7
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
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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.
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Chapter 8
Pancreatic Cancer Stem Cells in Tumor
Progression, Metastasis, Epithelial-
Mesenchymal Transition and DNA Repair

Nagaraj S. Nagathihalli and Erika T. Brown

Abstract Pancreatic cancer is an aggressive solid malignancy with poor response to
therapy and the subsequent dismal survival rate has remained a hallmark of this dis-
ease. There is evidence to indicate that pancreatic cancer is initiated and propagated
by cancer stem cell (CSC)s. The CSC population is defined by its tumor initiating
capacity and has been shown to be invasive or metastatic. Loss of genome stability
is a hallmark of cancer with DNA repair enzymes aiding in maintenance of stability.
The potential to assess the risk of cancer development lies in careful determination
of one’s capacity in nurturing genome stability. DNA repair genes are over expressed
in CSCs and both pancreatic CSCs and invasive cells in turn provide greater DNA
damage response and repair mechanisms. Pancreatic tumor-initiating cells as well as
invasive cells have a large number of genes related to DNA repair. RAD51, the key
player in the recombinational repair of damaged DNA might act as a critical mediator
of efficient DNA repair mechanisms of CSCs. We update here the current research
results regarding CSCs in pancreatic cancer progression, metastasis and discuss the
DNA repair mechanism in pancreatic CSCs.

Keywords Cancer stem cells · DNA repair · EMT · Metastasis · Pancreatic cancer ·
RAD51
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ESA Epithelial specific antigen
HMG CoA 3-hydroxy-3-methylglutaryl coenzyme A reductase
HR Homologous recombination
MMR Mismatch repair
NER Nucleotide excision repair
NHEJ Non-homologous end-joining
PARP Poly ADP ribose polymerase
PDAC Pancreatic ductal adenocarcinoma
SCs Stem cells
SDF-1 Stromal derived factor-1
SSB Single-strand break
TGF-β Transforming growth factor beta
ZEB Zinc-finger transcription factor

8.1 Introduction

Pancreatic cancer is one of the major causes of cancer death worldwide with an
estimated 227,000 deaths each year [1]. An estimated 43,030 new cases will be
diagnosed and 37,660 deaths are expected in the United States in 2011. Clinical
outcome has not improved substantially over the past 25 years, with an overall 5-year
survival rate remaining dismally poor at 5 %. Over the past three decades there has
been considerable progress towards understanding the biology of pancreatic cancer
and more recently a focus on biomarkers to enable targeted therapies. In spite of
these advances the overall survival figures for pancreatic cancer remain bleak and
unaltered.

Cancer stem cells (CSCs) are a reservoir of self-sustaining cells that constitute
a small subset of cancer cells. The self-renewing properties of CSCs are to fuel
to the maintenance of tumor amplification or mass [2, 3]. This property confers
CSCs with the potential to initiate secondary tumors bearing similar functions of the
parental cells. CSCs have been identified and isolated in nearly all human cancers
including breast, lung, prostate, colon, brain, head and neck, liver and pancreas
[4–8]. When CSCs are implanted into immunodeficient mice they have the ability
to self-renew, differentiate, and regenerate to phenotypic cell types which composed
the original tumor [4]. However, the origin of CSCs is still being debated. Potentially,
CSCs may originate from genomic instability. The non-tumorigenic stem cells (SCs)
spontaneously transform into CSCs through genomic instability or tissue resident
SCs that acquire a malignant phenotype by accumulation of mutations. Up to now,
pancreatic CSC markers remain controversial.

DNA repair is essential in maintaining genomic integrity and stability, thereby
preventing the origination/development of CSCs. Once damage has occurred, multi-
ple pathways are necessary to restore the DNA structure and sequence. The response
to DNA damage is often specific to the type of damage incurred and is highly reg-
ulated. Exogenous and endogenous factors can cause stranded breaks resulting in
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fallacious DNA repair and contributing to genomic alterations [9–12]. There are
five main repair pathways to maintain the genomic stability: the nucleotide excision
repair (NER); base excision repair (BER); mismatch repair (MMR); and the two
double-strand break (DSB) repair pathways, non-homologous end-joining (NHEJ),
which require no significant homology and homologous recombination (HR) that
uses intact sequences on the sister chromatid or the homologous chromosome as
a template to repair the broken DNA [13–16]. In DNA repair pathways, a variety
of proteins or genes such as ATM, BRCA1, BRCA2, p53, and a number of RAD
proteins have been identified as cancer susceptible genes and have been shown to
be involved causing mutations [17, 18]. There is an increase in the expression of
these DNA repair-related genes in CSCs which renders the cells extremely stable to
genetic stability and increases their ability to survive and function as tumor initiators.
In tumor metastasis, a higher expression of DNA repair genes confers higher effi-
ciency in repairing damage caused by cytotoxic treatment regimes [19]. DNA repair
mechanisms are more efficient in CSCs. There is evidence to support the idea that
tumor initiating CSCs are responsible for tumor metastasis [20]. These investigations
prompted us to further explore in the published reports for increased DNA repair in
pancreatic CSCs populations.

8.2 Pancreatic CSCs in Tumor Progression and Metastasis

Pancreatic cancer has a poor prognosis, and treatment strategies which are based on
preclinical investigation have not succeeded in significantly extending patient sur-
vival. At the time of diagnosis, only 20 % of the patients suffering from pancreatic
cancer present with localized disease amenable to surgery. Forty percent of the pa-
tients present with locally advanced disease, and another 40 % already suffer from
distant metastases [21]. The pancreatic tumor model demonstrated that mesenchymal
SCs play an important role in pancreatic cancer progression [21] (Fig. 8.1). Pancreatic
CSCs have been defined by different combinations of markers. These CSCs represent
less than 1 % of all pancreatic cancer cells. Li et al., performed the first initial exper-
iments with pancreatic CSCs by isolating EpCAM+CD44+CD24+ cancer cells with
high tumorigenic potential using a xenograft model of immunocompromised mice
for primary human pancreatic adenocarcinoma [22]. In a second study, Hermann
et al., evidenced that CD133 expression as a marker to isolate pancreatic cancer
cells with a significantly higher tumorigenic potential [23]. Furthermore, Rasheed
et al., recently identified pancreatic cancer cells with ALDH+ stem cell like tumori-
genicity, high tumorigenic potential and characteristics of epithelial-mesenchymal
transition (EMT) [24]. Interestingly, many isolated and studied CSCs expressed Ep-
CAM including CSCs from breast, colon, prostate and pancreas tumors [22, 25].
This is related to its major role in the cell cycle, proliferation and metabolic function
by inducing proto-oncogene c-myc and the cell cycle regulating genes cyclin A and
E [26]. Recently, the Simeone group identified a CD44+CD24+ESA+ subpopula-
tion as putative pancreatic CSCs in an orthotopic model [22] and the CD44+CD24+
ESA+ pancreatic cancer cells showed the SC properties of self-renewal, the ability to
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Fig. 8.1 Pancreatic CSCs and metastasis. CSCs have been hypothesized to be responsible for
metastatic disease. The most common sites of metastasis of pancreatic adenocarcinoma is liver.
Several studies indicate that mesenchymal stem cells (MSCs) support tumor metastasis not only
at primary site but also at metastatic sites. These MSCs may lead to a higher incidence of liver
metastases and the MSCs over expressing SDF-1 may promote liver metastases. CSC biology in pan-
creatic cancer has started with identification of multiple CSC phenotypes, such as CD44+, CD24+,
CD133+, epithelial cell adhesion molecule (EpCAM+, also known as epithelial specific antigen
or ESA+) and aldehyde dehydrogenase (ALDH+) cells. Pancreatic CSCs expressing CXCR4, a
chemokine receptor for the ligand stromal derived factor-1 (SDF-1), were found to be more inva-
sive and mediated metastasis. CD133+ is a marker of CSCs with a higher tumorigenic potential
and CD133+CXCR4+ cancer cells have a higher metastatic potential. CSCs isolated displaying
EpCAM+CD44+CD24+ have higher tumorigenic potential. ALDH+ stem cells have tumorigenic
potential and also display characteristics of EMT

produce differentiated progeny, and increased expression of the signaling molecule
sonic hedgehog. This signaling pathway has an early and critical role in the genesis
of pancreatic cancer [27].

The relationship between CD133+ pancreatic CSCs, CXCR4 expression, and
metastasis has been recently explored [23]. Pancreatic adenocarcinoma also con-
tains 1–3 % of CD133+ cancer cells, some of which also show high expression of
CXC chemokine receptor 4 (CXCR4) [8]. In pancreatic cancer, a subset of CSCs
expressing CXCR4, a CR for the ligand stromal derived factor-1 (SDF-1), a well
studied mediator of cell migration [28–31], were found to be more invasive and
mediated metastasis [23] (Fig. 8.1). These CXCR4 and SDF-1 are necessary in the
maintenance of pancreatic duct survival, proliferation, and migration during pancre-
atic organogenesis and regeneration [24]. CD133+ pancreatic CSC were found to be
co-expressed with CXCR4 particularly at the invading front of pancreatic tumors.
In this study, only CD133+CXCR4+ cells were able to metastasize, although both
CD133+CXCR4− and CD133+CXCR4+ cells were able to form primary tumors
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equally [23]. This result suggests the existence of stationary and migratory forms of
CSCs, which are two distinct phenotypes. This result was extended to clinical speci-
mens where Hermann et al., found significantly higher numbers of CD133+CXCR4+
migrating CSCs in patients with lymph node metastasis (pN1+) [23]. This demon-
strated a close clinical correlation between migrating CSCs and advanced disease.
Additionally, ALDH+ pancreatic CSCs were found to be invasive in vitro and were
identified in metastatic lesions when compared with matched primary tumors in an-
other study [24]. Immunohistochemistry has been used to examine the correlation of
patient’s outcome with the frequency of CSCs in pancreatic cancer and this analysis
of ALDH was present in patients with pancreatic cancer and with worse clinical
outcomes [24].

The two main properties of CSCs are the capacity for self-renewal as well as
the ability to differentiate into a heterogeneous cancer cell population. This process
must be recapitulated in distant metastasis as well. Importantly, the same metastatic
potential is not equivalent among all cells within a tumor or even among the CSC
population. Pancreatic CSCs may have mesenchymal SCs within the tumor and may
produce increased levels of the chemotactic cytokines leading to a higher incidence
of liver metastasis [21]. It has been proposed that CSCs represent the only cell pop-
ulation capable of spreading and resulting in a metastasis. It seems likely that CSCs,
which are progenitors of tumor cells, would be responsible for metastatic spread since
metastases can be formed from implantation of a single tumor cell [32]. Chemore-
sistant cells from pancreatic cancer patients are more tumorigenic and have greater
metastatic potential than chemosensitive cancer cells [33, 34]. Earlier reports in pan-
creatic CSCs have proved that these cells are more tumorigenic and highly resistant
to drug therapy [23]. Moreover, Hermann et al., found a distinct subpopulation of
migratory CSCs in the invasive front of pancreatic tumors and inhibiting these cell
populations almost completely inhibited metastasis [23]. A study by Hong et al., has
shown that pancreatic CSCs are consistent with gemcitabine-resistant cells as they
are more tumorigenic than gemcitabine sensitive cells [35]. These studies suggest
that pancreatic CSCs contribute to chemoresistance as well as metastasis. Further
understanding of this process is warranted, as complications associated with tumor
metastasis are the major cause of death in pancreatic cancer patients. Expression of
adhesion molecules, CRs, and their respective ligands provide opportunities to regu-
late the metastatic process by selective inhibition. Whether the metastatic process is
preventable/blockable in pancreatic cancer is yet to be determined, but interactions
of CSCs with surface molecules/receptors may provide clinically relevant targets
when considering therapies to inhibit invasion and metastasis of CSCs.

8.3 Pancreatic CSCs and EMT

EMT, epithelial to mesenchymal transition, is a process by which cells lose epithelial
characteristics and gain mesenchymal properties (Fig. 8.2). These cells are charac-
terized by an increased potential to invade surrounding tissues as well as enter the
circulatory system to seed metastases in distant organs [36–38]. E-cadherin loss is a
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Fig. 8.2 DNA repair pathway and CSCs in EMT. Epithelial cells (left) are tightly interconnected
by numerous cell-cell interactions. During EMT, these cells lose cell-cell junctions and the actin
cytoskeleton is reorganized. E-cadherin repressors induce EMT by regulating expression of genes
that transform the cancer cells from epithelial state (left) to mesenchymal state (right) by suppressing
epithelial markers and expressing mesenchymal markers. EMT cancer cells and CSCs have unique
roles in the development of tumor metastasis. Many epithelial markers (Ex. ZO-1, occludins,
claudins, cytokeratins and mucins) or mesenchymal markers (Ex. Vimentin, fibronectin, α-smooth
muscle actin and matrix metalloproteinases) have not yet been characterized in pancreatic CSC
biology. The transcription factors which may be involved in the EMT process of pancreatic CSCs
are Snail, Twist1, ZEB1 and SIP1/ZEB2. DNA repair pathway genes involved in the acquisition of
EMT and CSCs in tumorigenicity are unknown. A potential DNA repair gene involved in pancreatic
EMT may be through over expression of RAD51

property associated with these phenotypic changes and is a hallmark of EMT [39].
EMT is considered a prerequisite to metastasis for most cancers, allowing these cells
to dissociate from the primary tumor and increase cell motility [40]. Mouse mod-
els of pancreatic ductal adenocarcinoma (PDAC) recapitulate this relationship [41].
The relationship between EMT, a proposed mediator of metastatic disease and CSCs
has been recently identified in a number of studies [38]. The development of EMT
in CSCs is triggered by the interplay of multiple cellular signaling pathways such
as Hedgehog, Notch, PDGF, Wnt, TGF-β, Akt, and NF-κB [42–49] demonstrating
dysregulation of molecular mechanisms involved in the mesenchymal transition of
CSCs. Moreover, Nodal and Activin, members of the transforming growth factor
beta (TGF-β) super family, joins a growing list of developmental pathways that are
deregulated in pancreatic CSCs [50, 51]. Nodal and its co-receptor Cripto-1 are inap-
propriately expressed in various human tumors including pancreatic CSCs and may
promote tumorigenesis by facilitating EMT or the CSC phenotype.

Studies demonstrating that the ectopic expression of the Snail or Twist transcrip-
tion factors in immortalized mammary epithelial cells induced EMT [52]. This study
also proved the capacity to form mammospheres in vitro or in tumors in vivo suggest-
ing a link between EMT and CSCs. An association between chemoresistance, the
mesenchymal phenotype, and CSCs has been studied and found in pancreatic cancer
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[53, 54]. Wang et al., reported that gemcitabine-resistant cells show the acquisition
of EMT phenotype by decreasing E-cadherin expression and increasing ZEB and vi-
mentin expression [43]. Recently, it was confirmed that pancreatic cancer cells that
are resistant to gemcitabine have CSC features [35, 55]. Pancreatic CSCs showed an
up-regulation of sonic hedgehog signaling [56], and targeting hedgehog resulted in
the inhibition of CSCs and EMT with decreased expression of Snail and increased
expression of E-cadherin leading to the inhibition of invasion and metastasis in pan-
creatic cancer [57, 58]. Multiple findings show that a number of factors including
Twist1, ZEB1, ZEB2, the TGF-β pathway, and microRNAs are able to regulate both
EMT and CSC function, which have further strengthened the association between
CSCs and EMT [49, 59–61] (Fig. 8.2). Therefore, the biology of CSCs must be
determined through precisely studied clinical and laboratory situations, since the
molecular mechanisms involved in the mediation of tumor formation and growth are
very complex and interrelated. Whether these CSC markers are of functional sig-
nificance or are markers of convenience remains unknown since we have very little
understanding of its significance.

8.4 Pancreatic CSCs and DNA Repair Capacity

Recent evidence indicate the importance of DNA repair in SC maintenance and show
that DNA repair genes are highly expressed in SCs. It is now clear that the absence
of DNA repair can lead to loss of regulatory pathways with subsequent alterations in
gene expression, replication and genomic instability. These occurrences uncover the
possibility of loss of SCs in all organ systems. In humans, loss of the SC phenotype is
associated with an increase in number of defects in DNA. The DNA repair pathways
in which these defects have been identified include MMR, NHEJ, V(D)J end-joining,
DSB repair and NER [62]. During SC proliferation, these important defects in the
DNA repair pathway imply a necessity for maintenance of DNA repair.

Defects of DNA repair are responsible for several human diseases including SC
failure syndromes, aging and cancer [62, 63]. SCs undergo asynchronous DNA
synthesis, asymmetric self-renewal and immortal DNA strand co-segregation which
prevents accumulation of mutations associated with replication errors or DNA lesions
arising from DNA damaging agents [4, 64–66]. The protection of SCs is ensured by
various mechanisms, for example, there is an enhancement of DNA repair in normal
SCs. Whether this holds the same for CSCs is still being studied. Normal SCs usually
protect their genome through enhanced DNA repair unlike in CSCs. When a normal
SC transforms and becomes a cancerous SC, it poses a problem for DNA repair as
the DNA repair rates are normal, but low proliferation and constitutive activation of
the DNA damage checkpoint response confers increased time for lesion removal or
bypass before arrival of the replication fork. These types of characteristics may be
general to SCs from many cancer types [67].

Knowledge regarding the roles of DNA repair pathways and deficiencies or abnor-
malities in CSCs affecting the development of various disease processes has increased
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exponentially over the past few years. The development of cancer risk [68] and ther-
apy outcome [69] have been associated with mutations in DNA repair genes implying
that the DNA repair is a double-edged sword in SCs. DNA repair protects normal SCs
in both embryonic and adult tissues from genetic damage, thus allowing maintenance
of intact genomes into new tissue. Enthusiasm in the analysis or determination of an
individual’s DNA repair capacity is high because of the importance of DNA repair
mechanism in human cancer. A significant increase in gene expression especially
genes involved in BRCA1-mediated DNA repair has been observed in a recent study
by using a model of invasion to isolate pancreatic tumor initiating CSCs [17]. With
respect to BRCA1 in SC fate, studies have shown that loss of BRCA1 results in an
accumulation of genetically unstable breast SCs potentially leading to future trans-
forming events [70]. Furthermore, BRCA1 appears to be crucial in mammary gland
development and differentiation. Knock-down of its expression has been shown to in-
hibit mammary epithelial cells from forming acini in 3D cultures [70, 71]. Therefore,
BRCA1 appears to be a major stem-cell regulator controlling aspects of development
and differentiation, as well as influencing transformation and carcinogenic poten-
tial [72]. The significance of functional BRCA1 in SC fate has been established;
however, the effects of dysfunctional BRCA1 expression also have implications for
anti-cancer therapeutic sensitivity. There is evidence supporting increased sensiti-
zation to chemotherapeutic agents when BRCA1 is deficient, as well as when it is
exogenously over expressed. Several studies support increased sensitivity to the DNA
damaging agents cisplatin, etoposide and bleomycin, in BRCA1-deficient cells, with
special emphasis on greater susceptibility to mitomycin C in mouse embryonic SCs
[73]. The recent interest in poly ADP ribose polymerase (PARP) inhibitors also ap-
plies to BRCA1-deficient cells. Conversely, there is support that over expression of
BRCA1 in cancer cells and xenograft models also confers greater sensitivity to cis-
platin, as well as lovastatin, an inhibitor of 3-hydroxy-3-methylglutaryl coenzyme
A reductase (HMG CoA) [73, 74]. The role of BRCA1 sensitization in transformed
SCs could be of great impact when it is taken into consideration that transformed SCs
are particularly resistant to chemo- and radio-therapeutic agents leading to relapses,
also increasing the growth of tumors. Therefore, novel agents that may sensitize
chemo- and radio-therapy are necessary prequels to a strong or in depth research
identifying the contribution of DNA repair proteins, with BRCA1 being an example,
in resistance of tumors.

8.5 Pancreatic CSCs and RAD51

Even though both NHEJ and HR pathways play an important role in the repair of
DSBs, HR is considered an error free pathway for the repair of DSBs and for the
maintenance of genome integrity [75–77]. RAD51 is a key protein of E. coli RecA
ortholog, which plays a major role in the HR repair pathway and is essential for
the stability of the genome and a normal cell cycle. The important role of RAD51
in HR is supported by the fact that a knockout mouse of RAD51 shows an early
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embryonic lethality [78–81]. Principally, higher expression of RAD51 has been ob-
served in various types of human cancers including pancreatic [82–85], implying
that increased levels of RAD51 may contribute to increase in tumorigenicity. Over
expressed RAD51 has implications for regulation of HR activity and modulation of
DNA binding. Despite the crucial role that RAD51 has in repairing damaged DNA,
its expression must be tightly regulated. RAD51 must be expressed at required levels
needed for proficient execution of DSB repair. Understandably, decreased RAD51
expression results in compromised and inefficient repair of DSBs, which leads to
genomic instability. However, over expressed RAD51 leads to heighten HR which
causes aberrant recombination [86–88]. This disruption leads to recombination be-
tween non-homologous as well as homologous sequences and unequal exchanges of
genetic information, often seen between short repetitive DNA sequences (such as Alu
sites). Furthermore, heightened HR disrupts recombination by causing intra chromo-
somal crossing-over, and has been correlated with chromosomal anomalies such as
translocations and rearrangements [86–88]. The resulting genomic instability from
over expressed RAD51 serves as a major precursor in the malignant transformation
of normal cells by allowing a mutagenic-permissive cellular environment [86–88].
Furthermore, over expression of RAD51 is correlated with heightened cellular pro-
liferation and chemotherapeutic/radiation insensitivity [84, 85, 89, 90]. And, most
important, multiple tumor types and leukemia’s express elevated levels of RAD51.
Therefore, the over expression of RAD51, and subsequent hyper-HR, could greatly
contribute to the development as well as progression of tumors [84, 85, 89, 90]. It
is speculated that the hyper-HR of over expressed RAD51 may deregulate cell cycle
checkpoints, which may contribute to chemotherapeutic and radiation resistance. It
is not presently understood how deregulation of RAD51 occurs after over expression
and how the modulators of RAD51 activity are not as efficient as they normally are
when RAD51 is present at baseline or normal concentrations. These observations of
RAD51 activity that have been noted in a variety of carcinoma cells may influence
the progression of CSCs that over express RAD51.

It is appealing to reason that RAD51, a key player in the recombinational repair
of damaged DNA might have a key role in the competent DNA repair mechanisms
of CSCs. High expression of RAD51 in ALDH+ CSCs of breast cancer cell lines
in a recent study suggested the importance of Chk1 dependent HR in DNA repair
of CSCs [91]. RAD51 is required for the repair of stalled replication forks during S
phase. RAD51 is activated when phosphorylated by the kinase Chk1 [92], which is a
serine/threonine kinase that is a member of the ATM-ATR-Chk1 signaling pathway
that is crucial in the DNA damage response. The S phase checkpoint, also known as
the point in the cell cycle when the integrity of the DNA is confirmed before pro-
ceeding with cell division, is controlled by the ATM-ATR-Chk1 signaling pathway
[93–95]. This pathway mediates cell cycle arrest to facilitate concomitant resolution
of stalled replication forks resulting from single-strand DNA breaks (SSBs) which,
at the replication fork resemble DSBs [93–95]. In this instance, when the replication
fork incurs DNA damage, this signaling pathway invokes a checkpoint that induces
cell cycle arrest and allows for DNA repair [93–95]. Chk1 phosphorylates RAD51
on threonine-309, to activate it to execute repair of the DNA damage that has caused
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stalling of the replication fork [96]. Therefore, regulation of RAD51 activity and ex-
pression appear to be vital in CSCs of varying cell origins. Interestingly, some of the
DNA repair genes like Xpg, Ku80, Msh2, and Rad23b or Xrcc1/lig3, Ercc2/Xpd and
Msh2 that are involved in MMR and NHEJ are highly expressed in SCs [97, 98]. It
is unknown whether RAD51 is highly expressed or modulated differentially in order
to increase the DNA repair efficiency in CSCs by recombination mediators. The role
of RAD51 in the acquisition of EMT and CSCs in tumorigenicity is unknown and
our recent study showed that over expression of RAD51 is mechanistically linked
to chemoresistance and is consistent with the acquisition of an EMT phenotype in
pancreatic cancer [66] (Fig. 8.2). This hypothesis must be tested to understand the
role of RAD51 in CSCs and to provide insight into considering RAD51 as a potential
target for pancreatic cancer therapy.

8.6 Conclusions and Perspectives

Our current understanding of pancreatic cancer progression and metastasis has been
revolutionized by studying CSCs, yet many things remain to be elucidated regarding
their role. It should be noted that the CSC population itself is a heterogeneous popu-
lation. Hence, it is important to understand and study the genuine nature of the CSC
population during cancer progression. It is important to purify and evaluate CSC
populations. We are now realizing that the cellular hierarchy which is defined by the
CSC theory is more complex than originally thought. It is not enough to identify
a pure CSC population through a single marker as CSCs can express or lack the
conventional CSC marker CD133 and still retain the functional characteristics that
define a CSC as demonstrated in glioblastoma [99]. Moreover, it is not clear whether
known CSC populations have distinct progressive, invasive or metastatic potential.
Therefore, in addition to CSCs defining characteristic of tumorigenicity, a number
of properties such as migratory and invasive potential are now attributed to CSCs
that suggest a primary role in disease relapse and progression.

Studying the effect of CSCs in relation to tumorigenicity, metastasis and therapeu-
tic resistance properties of tumors is a reasonable step on our path in investigating the
mechanisms by which CSCs are distinct from the remaining cancer cell population.
A fascinating insight into failure of available therapies in pancreatic cancer is offered
by studying CSCs. Many lines of evidences suggest that CSCs show increased resis-
tance to chemo- and radiation therapies in pancreatic cancer, but the mechanism is
not completely known. Identification of CSCs that exhibit these properties requires
focused research to overcome these resistance mechanism(s). Increasing evidence
also suggests that a tumors metastatic potential in CSCs may be evident from the
tumor microenvironment in which they exist. Additional research in the pancreatic
CSCs is needed to understand the molecular mechanisms regulating self-renewal
and tumor metastasis. Recent work by Hermann et al., found that a small subpopula-
tion of pancreatic CSCs (CD133+CXCR4+) were able to strongly metastasize, and
that if CXCR4 was inhibited, the cells were unable to metastasize [23]. These types
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of studies may yield important insights into molecular therapeutic approaches and
outcome results in pancreatic cancer patient care.

Whether, the existence of cancer prone SCs with defects in DNA repair that can
be identified before they become malignant is not clear. Understanding the transition
towards a malignant transformation is one of the most important research areas of SCs
responsible for cancer progression and metastasis. The DNA repair pathway appears
to be tightly connected between normal and CSCs and similarly the SC phenotypes
are also connected between normal and cancer cells. Therefore, identification and
development of biomarkers and suitable assays are important in identifying DNA
repair anomalies in clinical samples. The DNA repair protein RAD51 may be a key
component in the etiology of CSCs. And, as more investigations of overexpressed
RAD51 reveal its mechanistic role in influencing malignant transformation, increased
cell proliferation, and resistance to both chemotherapeutics and radiation, RAD51
could potentially serve as a vital future biomarker, as well as chemotherapeutic
target. Comprehending this progression remains an exciting field of investigation in
pancreatic CSC biology.
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Chapter 9
Targeting Cancer Stem Cell Efficient
DNA Repair Pathways: Screening
for New Therapeutics

Lesley A. Mathews, Francesco Crea and Marc Ferrer

Abstract The existence of ‘cancer stem cells (CSCs)’ has been a topic of vigorous
discussion for the last few years within the field of cancer biology. Continuous
characterization of tumor cells has lead to an abundance of data supporting the
existence of cell populations with stem cell characteristics, including self-renewal
and expression of stem cell markers. There is also evidence suggesting that these
cells are responsible for chemo- and radio-resistance and are the initiation point for
metastasis, cancer recurrence, and ultimately patient demise. Therefore, finding new
drugs that induce cancer stem cell death are of high interest as new therapies for
cancer. Gene expression arrays, functional genomics screens with siRNA, as well as
screening of small molecule libraries are approaches being used to better understand
the cellular pathways that are critical for cancer stem cell survival. Finding drugs that
target these pathways in cancer stem cells could represent novel therapies for cancer,
in particular for the prevention of metastasis and recurrence. Recent data shows that
DNA repair genes are upregulated in pancreatic cancer stem cells, thus providing
increased genomic stability and resistance to cell death upon treatment with DNA
damaging agents such as gemcitibine. Here we review how a higher efficiency of
DNA repair in cancer stem cells can be leveraged therapeutically, and discuss how
small molecule screening approaches using stem cells are being used to find new
potential therapies that result in terminal differentiation or cell death of cancer stem
cells, both as single agents or in combination with other chemotherapeutics.
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9.1 Current Therapeutics Targeting DNA Repair Pathways

DNA-damaging agents are among the most effective classes of drugs for the treat-
ment of cancer. However, cancer stem cell (CSC) populations are very resistant to
DNA-damaging agents, in part due to their robust DNA repair mechanisms. More-
over, CSCs lower proliferation rates and constitutive activation of the checkpoint
responses allows them to have more time for DNA repair. This reliance of can-
cer stem cells on DNA repair pathways ensures the genome stability necessary for
their self-renewal and provides a possible intervention point for development of
treatments that prevent their survival. In this regard, one class of inhibitors, DNA
repair dependent-checkpoint inhibitors have been tested and shown to increase the
sensitivity of cancer stem cells to radiation therapy (reviewed in [1]).

Checkpoint kinases coordinate activation of the DNA repair machinery and are
critical to the DNA damage response by inducing cell cycle arrest, and activating
effective DNA repair or induction of cell death if the damage exceeds the capacity
of the cell to repair efficiently. AZD7762 is an ATP-competitive checkpoint kinase
inhibitor that assists DNA-damaging drugs by blocking the checkpoint response (re-
viewed in [1]). A recent paper by Gallmeier et al. demonstrated that inhibition of
ataxia telangiectasia (ATM)-using CHK1 inhibitor SB218078 abrogates the in vitro
and in vivo tumorigenicity of human colon cancer cells through depletion of the
CD133(+) tumor-initiating cell fraction [2]. Many other checkpoint kinase inhibitors
against CHK1 and CHK2 have been developed and are summarized in a recent re-
view by Garrett and Collins [3]. Although CHK inhibitors have only recently begun
to show efficacy at inhibiting CSC growth, future research involving combination
therapies hold tremendous promise for eradicating these cells. In this regard, re-
search is now being conducted where the CHK inhibitors are being combined with
other chemotherapeutics such as topoisomearse I and II inhibitors, platinum based
drugs such as cisplatin, anti-metabolites, mictrotubule-targeting agents and other
molecular target agents such as poly (ADP-ribose) polymerase (PARP) inhibitors
[3]. Identification of such therapeutic combinations is a slow process, limited in
practice to testing a small number of combinations. The use of high throughput
screening technologies should help in systematically testing larger number of com-
binations in cellular assay systems [4, 5], which can then be further validated in in
vivo animal models before being tested in the clinic.

Another DNA repair pathway targeted for the killing of CSCs is the repair of the
O6-alkylguanine modified base in DNA, which is regulated by the O6-alkylguanine
DNA methyltransferase (AGT), also called MGMT. MGMT was actually one of the
first DNA repair targets identified for cancer therapeutics because its elevated ex-
pression levels correlate with drug resistance ([6], reviewed in [7]). It was postulated
that MGMT inactivation in tumor cells would have a sensitizing effect to chemother-
apeutic agents that generated lesions at the O6 positions of guanine [7]. In this regard,
expression of MGMT in brain cancer cells neutralizes the cytotoxic effect of alky-
lating agents such as temozolomide (TMZ). A recent study also demonstrated that
compared to established glioma cell lines, neurosphere-forming glioma initiating
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cells (GICs) expressed higher levels of MGMT [8] and when GICs were transduced
with an shRNA to MGMT the cells could be sensitized to TMZ treatment by de-
creasing both their ability to undergo DNA repair and efflux of the drug [8]. Another
drug, O6-benzyguanine (BG) acts as a pseudo-substrate and renders the AGT in-
active to repair the DNA damage in tumor cells, and recently it has been shown
that in head and neck tumor cells pretreated with BG results in a twofold decrease
in the ED50 of cisplatin together with an increase in apoptosis and DNA damage
([6], reviewed in [7]).

Additionally, glycosylases are enzymes which remove a single damaged DNA
base in need of repair. After base removal, the abasic sites are processed by a pro-
tein called APE1/Ref-1. APE1/Ref-1 is essential for base excision repair (BER) and
its expression is altered in a number of cancers including prostate, ovarian, cervi-
cal and colon ([9–11], reviewed in [7]). In addition, APE1/Ref-1 also stimulates
the DNA binding of transcription factors known to regulate cancer such as AP-1
(Fos/Jun), NFκβ, HIF-1α, CREB and p53 (reviewed in [7]). Currently, three com-
pounds have been found to target APE1/Ref-1 activity, including methoxyamine
(MX), 7-Nitroindole-2-Carboxylic Acid (NCA) and lucanthone [7]. These com-
pounds synergize with TMZ to kill cancer cells. However, the exact target and
mechanism of action of these compounds remains largely unknown.

Finally, non-homologous end-joining (NHEJ) is one of the mechanisms used for
double strand break repair (DSB). It takes place during G1/S, requires little or no
sequence homology for efficient repair, and can be error-free or error-prone de-
pending on the type of ends that are present at the site of the DSB. During NHEJ,
the KU70 and KU80 proteins are recruited to the damaged DNA site, followed by
the recruitment and activation of the DNA-protein kinase DNA-PKC, resulting in
subsequent activation of XRCC4 and DNA ligase IV (LIG4) [12]. A recent study
showed that when DNA-PKC levels were decreased with short hairpin RNA, GICs
were radiosensitized and underwent autophagy compared to cells expressing much
higher levels of the enzyme [13]. A number of inhibitors are being developed to
target DNA-PK including NU7026 [14], IC87361 [15] and IC87102, all of which
have been shown to sensitize tumor microvasculature and tumor cells to irradiation
(reviewed in [7]). Another mechanism of DSB repair is homologous recombina-
tion (HR). HR uses thousands of bases of sequence homology either from a sister
chromatid or a homologous chromosome during S/G2 phases and is the most error-
free method of repair [16]. A key regulator in mediating which DSB pathway a
cell chooses to repair damaged DNA is the multifunctional protein BRCA1 (as re-
viewed in [17]). BRCA1 preferentially channels DSB repair into HR rather than
NHEJ and the process is started by a protein complex containing MRE11, RAD50
and NBS1 termed the MRN complex. RAD51 forms a nucleoprotein filament and
catalyzes homologous pairing and strand exchange with the assistance of BRCA2.
The MRN complex then recruits ATM, which is a key regulator of HR and the
cell-cycle checkpoints. A number of inhibitors have been identified that inhibit ATM
such as Wortmannin, LY2940002 and caffeine, however a number of these have been
shown to lack selectivity and inhibit other kinases, including PI3K. (reviewed in [7]).
Cells which are deficient in BRCA1 and BRCA2, however, are highly sensitive to
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inhibitors poly (ADP) ribose polymerase-1 (PARP-1) (reviewed in [7]), a protein
which interacts with several base excision repair scaffolding proteins. The cells that
are deficient in BRCA1 and PARP-1 are not able to initiate homologous recombina-
tion and repair the breaks in the DNA. In addition to their enhanced cytotoxic effect
in BRAC1 deficient cells, PARP-1 inhibitors also demonstrate sensitization to alky-
lating agents such as N-methyl-N-nitrosourea (MNU) and chemotherapeutics such
at TMZ. In the hepatocellular carcinoma cell (HCC) line Hep-12, which express
highlevels of PARP-1, unlike Hep-11 cells, inhibition of PARP-1 potentiated the
sensitivity to hydroxycamptothecin (HCPT). According to the authors, this indicates
that a large population of the recurrent HCC-derived Hep-12 cells were tumor-
initiating cells and that elevated expression of PARP-1 was related to their resistance
to HCPT.

Overall, there are a handful of drugs currently available to treat cancer by affecting
their DNA repair pathways and some have initially been tested in CSC models,
although it is still not clear how these drugs affect the CSC pool. Additional studies
will need to test whether these or new drugs which target the DNA repair machinery
can as single agents or in combination with other chemotherapeutics and if they can
efficiently kill the highly aggressive CSC populations. One approach to search for
new compounds that target CSCs utilizes high throughput drug screening.

9.2 High Throughput Screening (HTS) for New CSC
Killing Agents

High throughput drug screening (HTS) for lead generation has been used for many
years in both pharmaceutical companies, the biotechnology industry and academic
institutions, to a lesser extent, to identify new drug candidates. Large collections of
compounds (>100,000 compounds) are now routinely screened in 384- or 1536-well
microplate format using biochemical or cell-based assays that tend to be addition-
only to simplify implementation in automated screening systems. Most cell-based
assays used in HTS rely on cell lines engineered with functional reporters, such as
GFP or Luciferase, or metabolic readouts of cell viability, such as measurements of
ATP levels. Smaller collections (<100,000) of compounds can be practically screened
using assays that provide more detailed information on individual cellular events,
so called high content screening (HCS) assays. These assays rely on the use of cell
lines with fluorescently-tagged proteins or immunohistochemistry-based staining of
endogenous proteins. Because of the more complex protocols required to automate
these assays, these high content screens are normally implemented in 96- or 384-
well format, and therefore have lower throughput. Furthermore, high content screens
require significant investments in cell imaging readers and informatics support for
image analysis, processing and storage. Therefore HCS, although very powerful, it
is not widely used as a screen of a large number of samples. Additional technologies
such as flow cytometry and gene expression that provide information-rich assays
and are of interest for screening with stem cells. However, technical limitations in
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Fig. 9.1 Use of an asymmetric titration series. Arrows represent the pin-transfer of compound
from the source plates available for testing (below) to the assay plates used in qHTS (above). In
this example, the highest concentration point is customized to contain a twofold higher compound
concentration achieved by a double pin-transfer (dual arrows) of solution out of the library plate
containing the highest available concentration

sample preparation, slow readouts and data analysis, make their use challenging for
screening even a small number of compounds (<1000 compounds).

In general, compounds to be screened are prepared as solutions in dimethylsul-
foxide (DMSO) and added directly as a DMSO solution or by intermediate dilution
in assay buffer to the assay solution. In order to contain cost and resources used,
compounds are normally screened at one concentration (∼10 uM) and limited to
one replicate, although smaller collections (<10,000 compounds) might be tested in
replicates. When assays can be miniaturized to 1536-well microplate format, it is pos-
sible to implement dose response-based HTS (so called quantitative HTS or qHTS)
([18]. Such an approach has been systematically used at the former NIH Chemical
Genomics Center (now under the new National Center for Advancing Translational
Sciences or NCATS), and has proven to be advantageous in finding weaker, but bi-
ologically relevant active compounds from assays that measured activity of targets
traditionally not considered druggable [19] (Figs. 9.1, 9.2 and 9.3).

Currently, the majority of HTS is implemented by testing one unique compound
per assay well. It would be desirable to be able to screen a large number of compounds
in combination to determine potential additive or synergistic effects of compounds
in an assay [5]. The practical implementation of such combination screens is not
trivial because the number of pair-wise combinations increase exponentially (e.g.,
for a 100 compounds generate ∼5000 pair wise combinations; 1000 compounds
would generate ∼500,000) so it would require significant automation capabilities.
Current compound plating technologies also limit the number of compound combi-
nations that can be practically prepared in a timely manner. However, by combining
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Fig. 9.2 Group dynamics
required to complete a qHTS
assay. To complete a
successful qHTS many
groups have to work in
tandem including the assay
provider, assay biologist,
compound management,
robotics and informatics

Assay Provider ensures delivery of cells and 
any necessary controls

Assay Biologist coordinatesscheduling of 
screen, ordering of screening materials and 

produc on of cells

Compound Management ensures libraries are 
plated and maintained 

Robo cs programs assay protocol and 
calibrates equipment  

Informa cs analyzes data and cherry-pics hits 
for follow-up analysis 

Technical transfer of any 
material transfer agreements 

1536-well microplate assay formats with new acoustic-based liquid dispensers,
clever compound pooling strategies, and compound plating software, it is now pos-
sible to screen pair-wise combinations of up to a thousand of compounds ([20] DPI,
NCATS, unpublished data). We expect that this new screening paradigm will en-
able the systematic testing of a large number of combinations of clinically approved
compounds for quick validation in animal models and clinic.

9.3 High Throughput Screening Using Stem Cells

The use of stem cells in HTS has been limited due to the technical challenge of
culturing these types of cells, and maintaining homogeneity during scaling up of cell
production necessary for the screening process. A list of HTS assays published using
stem cells is shown in Tables 9.1 and 9.2. One of the first HTS assays published
with stem cells utilized mouse embryonic stem cells (ESCs) containing a stable
GFP reporter for the stem cell gene Oct4 [21]. This study highlighted the technical
challenges of screening with these cells because when the cells were removed from
a feeder cell layer and the stem cell agent LIF was depleted from the media, the
cells significantly lose expression of GFP and their compact-colony morphology.
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Fig. 9.3 Representative ViewLux data from an inter-plate titration series in qHTS. a A library set of
seven vertically titrated 1,536-well compound plates arranged from high to low concentration, top
to bottom. b CCD-based plate-reader images showing an assay response (wells circled in green) to
increasing compound concentration in a vertically-titrated concentration plate series. A single high-
response well (circled in red) is observed that does not show a concentration response curve (e.g., a
false positive). c Magnified images of wells exhibiting concentration response curve. d Magnified
images of wells in the same region as the false positive well. e and f Concentration response curves
derived from the samples indicated in (c) and (d), respectively. Curve-fitting software recognizes
data from (d) as a flat response with a single-point outlier and classifies this as inactive, thus
eliminating the sample from unnecessary follow-up analysis

A FACS based screen in 384-well plate format using the same mouse embryonic
stem cells identified a compound called SC1, which is capable of inhibiting both
RasGAP and ERK1, and inducing differentiation both in vitro and in vivo [21]. This
assay, however, was still somewhat low throughput in the context of screening since
it utilized FACS analysis and was conducted using 384-well plates.

A recent screen conducted by Casalino et al. used ESC1s expressing GFP labeled
βIII-tubulin to look for compounds and culture conditions that induce differenti-
ation of ESCs into neurons [16]. A similar assay was employed using a luciferase
reporter downstream of the regulatory region of neuronal Tα1 tubulin, a specific neu-
ronal marker, upstream of the luciferase gene to identify small molecules that induce
neuronal differentiation in embryonic stem cells (ESCs) [22]. This high-throughput
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Table 9.1 Previously
identified compounds which
target DNA repair machinery

Drug/Compound Name Target Reference

AZD7762 CHK1 [1]
SB218078 CHK1/ATM [2]
O6-benzyguanine MGMT [6, 7]
Methoxyamine APE1/Ref-1 [7, 9–11]
Nitroindole-2-carboxylic acid APE1/Ref-1 [7]
Lucanthone APE1/Ref-1 [7]
NU7026 DNA-PK [7, 14]
IC87361 DNA-PK [7]
IC87102 DNA-PK [7, 15]
Wortmannin ATM/PI3K [7]
LY2940002 ATM/PI3K [7]
Caffeine ATM/PI3K [7]

phenotypic cell-based screen of kinase-directed combinatorial libraries led to the
discovery of TWS119, a 4,6-disubstituted pyrrolopyrimidine that can induce neuro-
genesis in murine ESCs [22]. Furthermore, the authors demonstrated that the target
of TWS119 was shown to be glycogen synthase kinase-3beta (GSK-3beta), a gene
previously shown to induce neurogenesis in ESCs.

In addition to screens to identify regulators of differentiation of ESCs into neu-
rons, researchers have also begun to examine other non-neuronal differentiation
endpoints. One example is the ability to differentiate human ESCs into pancreatic
cells which produce insulin for the treatment of diabetes. Using a high-content chem-
ical screen and staining for Pdx1, a gene which is significantly increased in pancreatic
progenitors, a group identified a small molecule, indolactam-V, that induces differen-
tiation of a substantial number of Pdx1-expressing cells from human ESCs [23]. The
success of islet transplantation for people afflicted with type I diabetes encourages
researchers to find new sources of insulin-secreting beta cells for cell replacement,
including directed differentiation of ESC with compounds such as such as drugs like
indolactam-V.

The use of cell imaging- based assays provides a view of the effect of compounds
on the fate of stem cell differentiation at the cellular level. For example, Desbordes
et al. recently developed an immunocytochemical based staining for Oct-4 in human
ESCs [24]. This assay allowed the identification of molecules that promoted short-
term self-renewal or drove early differentiation.

In addition to screening assays involving ESCs and differentiation, a number of
groups have explored how to use differentiated stem cells to conduct screens as
disease-in-a-dish models, mostly focusing on cytotoxicity assays. The most widely
used cell type for these assays includes neural stem/progenitor cells and neurospheres.
An advantage of working directly with neural stem (NS) cells, as discussed in a re-
view by Danovi et al. [25], is that adherent neuronal embryonic stem (NES) cells
can be grown and expanded in the presence of epidermal growth factor (EGF) and fi-
broblast growth factor-2 (FGF-2). Expanding ES and induced pluripotent stem (iPS)
cells is a major hurdle when trying to conduct large scale screens of this nature, and
NES cells bypass these technical challenges. Large scale HTS to identify compounds
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Table 9.2 Summary of previously conducted HTS using stem cells

Cell type Assay/Target Compounds identified Detection method Reference

Mouse ESCs Oct4-GFP SC1 FACS [21]
Mouse ESCs βIII–tubulin – Fluorescence [46]
Mouse ESCs Neuronal

Tα1 tubulin
TWS119 Luciferase [22]

Human ESCs/
pancreatic cells

Pdx1 Indolactam-V High content
staining

[23]

Human ESCs Oct-4 GFP – High content
staining

[24]

Human neuronal ESCs Proliferation Y-27632 Luciferase [25, 26]
Mouse SVZ stem cells Proliferation 3 major compounds Luciferase [27]
iPSCs/mouse myoblasts De-differentiation Reversine Live cell imaging [28]
Glioblastoma neural

stem cells
Proliferation 14 compounds Live cell imaging [34]

Glioblastoma neural
stem cells

Proliferation 8 compounds Luciferase [35]

Breast cancer stem cells Proliferation Etoposide, salinomycin,
abamectin and nigericin

Luciferase [36]

which could enable robust proliferation of ES cultures have been conducted [25].
One of the most interesting results from this screen is the ability of Rho-associated
kinase (ROCK) inhibitors to significantly expand the cultures, resulting in an increase
in their self-renewal/survival. Similarly, when human ES-derived neural progenitors
were transplanted in vivo in the presence of the ROCK inhibitorY-27632 they demon-
strated significantly increased survival [26]. In a similar HTS assay, compounds were
screened to determine which, if any, have an effect on neurosphere proliferation us-
ing neuronal stem cells isolated from the adult mouse subventricullar zone (SVZ)
of the hippocampus [27]. Using a relatively simple and inexpensive CellTiter-Glo
based proliferation assay the authors identified compounds which not only reduce
proliferation of the neurospheres, but also result in differentiation of the cells due to
a programmed senescence, thus ceasing their ability to proliferate.

In addition to screening ESCs and normal (non-cancerous) tissue specific stem
cells, many groups have now begun to screen induced pluripotent stem cells (iPSCs)
to identify compounds which may assist in their reprogramming capabilities. This
would further facilitate the use of iPS derived cells for cell therapy purposes and
as relevant disease models for drug development. Skin fibroblasts or blood cells are
currently reprogrammed to the pluripotent state by transfection or infection with the
transcription factors Oct3/4, Sox2, Klf4 and c-Myc. To identify compounds with the
equivalent effects, Chen et al. utilized an HTS assay to examine which compounds
could de-differentiate mouse myoblasts [28]. The group found that the compound
reversine had the ability to de-differentiate the myoblasts in pluripotent cells, and
subsequently the de-differentiated cells could then be differentiated to osteoblasts
and adipocytes. In a similar study, reversine could also induce pluripotency in mouse
and human fibroblasts such that the cells could then be differentiated into skeletal
muscle [29].
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Potential drug candidates are routinely tested for toxic effects in liver-derived
hepatocytes and heart derived cardiomyocytes as pre-clinical models of toxicity (re-
viewed in [30]). The use of differentiated cells for these assays is not ideal and
although primary cells would provide a closer cellular model to testing in vivo, they
are not readily amenable for routine use in larger scale testing. To circumvent these
limitations, both hepatocytes and cardiomyocytes have been derived from human
iPSCs and are being investigated in small scale drug screens as more relevant cel-
lular models [31, 32]). However, the cellular heterogeneity and low differentiation
efficiency of the iPS cells [33] still presents a huge hurdle for these types of screens.

The ability to screen ESCs, normal tissue specific stem cells and more recently
iPSCs is providing the foundation to develop HTS assays to screen with cancer stem
cells or CSCs. To date only a handful of screens have been conducted using CSCs.
One of the first screens utilized CSCs isolated from the brain, specifically tumor
cells from patients with glioblastoma (GNS: glioblastoma neural stem cells) [34]
to identify compounds which blocked self-renewal, either by inducing cell death or
differentiation. The authors used a live-imaging-based assay to screen a collection
of 450 compounds already in clinical use (NIH clinical collection) against 3 primary
GNS lines, followed up with an additional screen using 1,000 chemicals with one of
the GNS cell lines. Form the later screen, a total of 14 compounds had the desired
activity, including kinase inhibitors against platelet-derived growth factor (PDGF)
and insulin-like growth factor-1 (IGF-1) receptor tyrosine kinases (RTK). In a simi-
lar screen, patient derived GNS cells were screened against a 30,000 small molecule
library [35] to find cytotoxic compounds. The cells were cultured in a monolayer,
yet were grown in a stem cell based sphere media to enrich for CSCs, and cytotoxic
compounds were detected using ATP-based cell viability assay. A total of 694 hits
were indentified and further evaluated using secondary assays. Eight compounds
were found to preferentially inhibit the GNS cells compared to the differentiated
counterparts. Mechanistically, these active compounds down-regulated GNS asso-
ciated genes, but further validation is required to characterize their mechanism of
action.

The most significant study to date using CSCs and HTS technology was con-
ducted in a breast cancer model by Gupta et al. in 2009 [36]. Due to the difficultly
of growing CSCs for large scale screens this group employed a model of epithelial-
mesenchymal transition (EMT) to generate their cells. The process of EMT has
been found to activate the same transcription factors that provide cancer cells with
the ability to self-renew, resist apoptosis, generate tumorspheres and induce tumors
at low numbers compared to control cells when injected into mice. In addition, cells
which have undergone an EMT have been shown to be the most aggressive cells
in a tumor and have been further characterized as one population of CSCs [37–39].
To generate these cells the group utilized normal human mammary epithelial cells
(HMECs) which have been transformed to a tumorigenic state via the introduction
of SV40 large-T antigen, the telomerase catalytic subunit hTERT and H-Ras to
generate HMLER breast cells [40]. The HMLER cells were then infected with a short
hairpin RNA against E-cadherin, a gene known to regulate the epithelial state of cells
and when knocked down an aggressive mesenchymal phenotype is produced [41].
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The loss of E-cadherin led to an increase in the expression of the CSC maker
profile CD44high/CD24low, mammopshere formation and an increased resistance
to two commonly used chemotherapeutic drugs paclitaxel and doxorubicin. The
HMLERshEcad and HMLERshCntrl lines were both screened in a 384 well microplate
format and assayed for viability using CellTiter-Glo. A total of 16,000 compounds
were tested and only 32 compounds (0.2 % of the total library assayed) resulted
in selective toxicity toward the HMLERshEcad cells and not the HMLERshCntrl line.
Upon re-testing, only 8 of the 32 compounds demonstrated reproducible toxicity and
selectivity. The list of eight compounds included etoposide, salinomycin, abamectin
and nigericin. Further characterization of the antibiotic salinomycin was carried
out because treatment with the drug led to a decrease in the CD44high/CD24low

population within the HMLERshEcad cells. Treatment of HMLERshEcad cells with
salinomycin also resulted in a decrease in tumorsphere formation and although treat-
ment of the non-tumorigenic HML-Mx cells decreased mammosphere formation,
it did not affect the number relative to control. Furthermore, cell proliferation with
salinomycin was not inhibited when treating cells grown in monolayer indicating that
this effect was not simply a result in the inhibition of cell proliferation. Additional
assays in the SUM159 and 4T1 breast cancer models were conducted demonstrating
the effect of salinomycin at inhibiting CSC cell growth and metastasis in vivo. This
study remains one of the best examples of screens to find compounds that selectively
target CSC viability and sets the foundation for the development of additional assays.

9.4 Access to HTS Capabilities for Large Scale Screening and
Drug Development

Building a high throughput screening facility requires a significant investment in
infrastructure, including equipment, compound collections, a laboratory informatics
management system (LIMS), and automation and assay development expertise, and
in most cases access to medicinal chemistry support to improve the potency and
selectivity of the original actives found from the HTS. Access to HTS capabilities
by the broader scientific community is therefore not trivial. The Society of Labora-
toryAutomation and Screening provides a list of academic and government (NCATS)
HTS laboratories. Most of these HTS laboratories screen libraries of chemically syn-
thesized compounds (in contrast to extracted natural products) that are commercially
available. The largest drug collection publically available is from the NIH Molecu-
lar Libraries Small Molecule Repository (MLSMR) with ∼350,000 compounds. In
addition to the MLSMR libraries, there are many smaller non-MLSMR collections
being acquired from commercial and academic resources to increase the diversity and
to better address so-called undruggable targets. These compound libraries are better
suited to screen difficult assays such as those involving stem cells. These libraries
include the Library of Pharmacologically Active Compounds (LOPAC) from Sigma,
Prestwick libraries, National Cancer Institute (NCI) diversity set and more recently
the in-house NCATS (NCGC) pharmaceutical collection, also called the NPC [42].
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The NPC represents a complete and non-redundant collection of all molecular en-
tities approved for clinical use in the United States, England, Canada, Europe and
Japan. In addition, compounds that have been registered for human testing, but not
100 % approved by a regulatory agency were also included. This list included drugs
registered by the United States Drug Enforcement Agency, compounds listed in the
World Health Organization International Nonproprietary Name and the United States
Adopted Names registries, and finally, compounds listed as drugs that have been ap-
proved by a New Drug (IND) application. Screening these collections enable the
possibility of finding new indications for existing drugs (so-called drug repurpos-
ing), which potentially can streamline the approval process for testing in the clinic.
NIH provides funding specifically to help develop assays for HTS (RO1), implemen-
tation of screens (RO1) and medicinal chemistry improvement of already existing
compounds. To assist in the translation from screening and basic research to the
bedside, the NIH has also established several programs, including, Therapeutics for
Rare and Neglected Diseases (TRND), NexT, Blueprint, and Rapid Access to Inter-
ventional Development (RAID) that are critical resources needed for the pre-clinical
development of new therapeutic agents.

In addition to the NCATS pharmaceutical collection, additional custom small
molecule collections are being assembled that target oncology-relevant path-
ways/mechanisms of survival. These compounds are in various levels of pre-clinical
and clinical testing, and although the path to clinic might not be as direct, the bio-
logical annotation of the compounds can provide information on critical pathways
regulating CSCs survival. We are currently screening such collections using a CSC
cell growth assay in 1536-well microplate format (in press, Journal of Biomolec-
ular Screening). The CSCs were generated using the spheroid technique since it
affords for the production of large amounts of CSCs. The assay was developed us-
ing both pancreatic and prostate cancer CSCs, and overall the data demonstrated a
decent number of hits which potency in the nanomolar range. This assay, however,
only measures cell growth and toxicity and does not actually measure DNA repair
mechanisms.

In most cases, DNA repair pathways assays are carried out using immunocyto-
chemical staining for foci accumulation of repair proteins such as H2AX and Rad51.
These assays can be performed directly in multi-well plates using standard fixation
and staining protocols. The images are quantified using fluorescent microscopy and
image analysis software. This so-called high content screening provides pathway
specific information on a per cell basis, and assays can be implemented in 96-, 384-
and 1536-well microplate format. However, the automation protocols are complex
because of the high number of addition and washes during the fixation and staining
steps. For this reason, in practice, high content screens are in most cases applied to
<100,000 compound libraries. Applying these already developed DNA repair high
content imaging assays such as the H2AX and Rad51 foci accumulation to CSCs
should provide the next generation assays needed to exploit these pathways.

Another widely used method to access DNA damage utilizes a GFP mediated
assay to quantify interstrand cross-linked induced HR in mammalian cells based on
the DR-GFP reporter. This reporter detects HR induced by DNA double-strand breaks
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(DSBs) [43]. DR-GFP is composed of two differentially mutated green fluorescent
protein (GFP) genes oriented as direct repeats, which is where the DR notation is
derived from. The upstream repeat contains the recognition site for the rare-cutting I-
SceI endonuclease and the downstream repeat is a 5′ and 3′ truncated GFP fragment.
Upon transient expression of I-SceI this leads to a DSB in the upstream GFP gene
and HR to repair the DSB resulting in GFP+ cells which are quantified by flow
cytometry. To date, this assay has been widely used to identify proteins required for
HR repair, such as BRCA1 and BRCA2, and to determine which pathways suppress
HR repair, using both candidate gene approaches and whole genome screens [44].
Conducting an assay such as this in HTS format would require an HTS compatible
fluorescent cytometry (HTFC). CSCs infected with the DR-GFP plasmid could be
challenged with compounds and then assayed using the HTFC for their ability to
repair the breaks. This could prove to be an efficient tool for the rapid screening of
CSC DNA repair when HT compatible flow cytometer instruments are available. In
this regard, new instruments such as the IntelliCyt’s new HTFC screening system
might be able to enable 384-well microplate screening using this type of assays,
perhaps even screening of libraries of more than 10,000 compounds.

Other non-HTS friendly assays are also used to measure DNA repair pathways
in numerous cell types. The most frequently used is the Comet assay which mea-
sures DNA strand breaks in cells which have been embedded in an agarose gel. The
embedded cells are lysed with detergent and high salt to form nucleoids containing su-
percoiled loops of DNA linked to the nuclear matrix. When the gel is electrophoresed
at high pH it results in structures resembling comets which are observed and quanti-
fied by fluorescence microscopy. These images are quantified based on the intensity
of the comet tail relative to the head and this reflects the number of DNA breaks. If the
nucleoids are incubated with bacterial repair endonucleases that recognize specific
kinds of damage in the DNA and convert lesions to DNA breaks this increases the
sensitivity and specificity of the assay, and further increases the amount of DNA in
the comet tail. This assay has been employed to study how effective CSCs isolated
from the pancreas repair DNA after being treated with gemcitabine compared to
bulk tumor cells [45]. The established lines HPAC and PANC1 were compared to
bulk cells, and it was found that CSCs isolated from these lines functionally repair
breaks in DNA faster after challenged with the drug gemcitabine [45]. Ideally we
would like to use this assay to conduct HTS for compounds that inhibit DNA repair.
However, presently, because of the extraction and separation steps, this comet assay
is a very low throughout and would have to be reformatted to be able to use for HTS.
However, it can be used as a secondary assay to validate the hits obtained from higher
throughout assays such us those described above.

9.5 Conclusions

The development of protocols to produce and expand CSCs is enabling their use in
HTS settings to find small molecules that affect CSC viability. Using the spheroid
technique of culturing CSCs and a battery of HTS-compatible assays ranging from
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cell growth to probing DNA repair pathways by high content imaging, we aspire to
find compounds which can eradicate these highly aggressive cells from bulk popu-
lations of tumors. We speculate that the compounds can be identified that will target
the efficient DNA repair machinery of these cells. Many of the compound libraries
previously mentioned contain checkpoint kinase inhibitors and future studies exam-
ining drugs which synergize with these inhibitors are underway. This research will
be first conducted using models of pancreatic cancer because of the limited treatment
options available for this highly aggressive disease, but we hope to expand the same
HTS and drug development paradigm to other forms of cancer.
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Chapter 10
The Future of DNA Repair and Cancer
Stem Cells

Stephanie M. Cabarcas

Abstract The existence of cancer stem cells (CSCs), tumor-initiating cells (TICs) or
cancer-initiating cells (CICs) has been a topic of hot debate in the field of cancer bi-
ology. The molecular mechanism(s) which this specific subpopulation of cells utilize
to sustain themselves is currently under investigation. Recent studies demonstrate
that CSCs express enhanced DNA repair mechanisms which can contribute to their
ability to evade traditional cancer treatments. The following is a summary of the
previous chapters presented in this text with an emphasis on the future of CSCs and
their potential contribution to the development and identification of novel therapies
and targets.

Cancer development is characterized by uncontrolled cellular growth that is derived
from genetic mutations that alter normal homeostatic regulation. The ability of cancer
cells to drive tumor formation and create a mass that is comprised of a variety
of cells with distinct genetic and epigenetic gene signatures demonstrates tumor
heterogeneity. As described in intimate detail throughout this text, the existence of
a subset of tumor cells termed ‘cancer stem cells’ (CSCs), ‘tumor-initiating cells’
(TICs) or ‘cancer-initiating cells’ (CICs), has given the field of cancer biology a
new avenue and inroad to investigate additional mechanism(s) by which cancer can
be targeted. The hierarchy model of cancer hypothesizes that there are biologically
distinct cells within a tumor that possess the capability to drive tumor formation,
metastasis and provide a mechanism for resistance during treatment [1]. The ability
to resist and survive treatments ultimately results in patient downfall. It has been
repeatedly demonstrated that this population and these deadly traits can be attributed
to the CSC [1–3]. A detailed introduction to CSCs and their role in cancer biology
is presented, as well in combination with the mechanism(s) and pathways that have
evolved in the CSC to work in evasion of traditional cancer treatments including
radiation and chemotherapies.

The fundamental regulatory pathways which enable the CSC to escape tar-
geting by these ‘attacks’ is under intense investigation. Recently, laboratories
have observed that the CSCs display a key trait which enhances their ability to
escape assault and this is the increase in their genomic stability (reviewed in
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[4]). It is this increase in genomic stability and capacity to withstand insult by
various forms of cancer therapies that contribute to their maintenance in compar-
ison to the bulk population of cells which are often successfully targeted. The
ability of CSCs to display an increased genomic stability is coupled with the
ability to display an increased and more efficient means to utilize DNA repair
mechanisms.

The DNA repair mechanisms utilized by cells have developed to ensure the main-
tenance of essential cellular processes which can be disrupted by genetic insult and
damaging agents. These pathways are discussed in great detail in various chap-
ters in this text in combination with the molecular pathways which function in
their repair. These specific mechanisms include base-excision repair (BER), mis-
match repair (MMR), nucleotide excision repair (NER), homologous recombination
(HR) and non-homologous end joining (NHEJ). The ability to utilize various re-
pair mechanisms, which are specific to the type of DNA damage that is incurred,
is a necessary homeostatic process which the CSC has manipulated to ensure sur-
vival. The maintenance of genomic integrity is essential to proper development and
molecular pathways which govern necessary cellular processes. An example of how
these pathways are utilized to ensure proper development is eloquently described
in Chap. 4 (written by Olga Momčilović and Gerald Schatten), in relation to their
role in normal stem cells. Momčilović and Schatten describe in detail how stem
cells, including pluripotent, embryonic and multipotent stem cells, evade damage
by utilizing various DNA repair pathways such as the double-stranded break repair
pathways (DSB): HR and NHEJ; and NER, BER, MMR mechanisms as well. The
use of these mechanisms to protect and avoid acquisition of DNA mutations that can
be passed from generation to generation is essential for survival. This in-depth and
detailed account of how stem cells utilize these pathways to preserve their genome is
critical to understanding how CSCs may function. In addition to focusing on DNA
repair pathways, various chapters discuss the role of quiescence and its importance in
minimizing cellular oxidative stress by influencing the type of DNA repair pathways
which is utilized, favoring NHEJ, an error prone pathway. Hence, the concept of
quiescence in aiding genomic integrity is considered a double-edged sword but, it
is apparent that an insufficient DNA repair system in stem cells contributes to gain
of mutation that result in disease and malignancy. Thus, these processes much be
strictly regulated and remain free of error.

The need to further elucidate the molecular mechanism(s) by which CSCs sustain
themselves in a lethal and harsh environment created by anti-cancer therapies is
critical to furthering the clinical aspect of CSC research. The long-term goal to
utilize quantitative high-throughput (qHTS) methods to identify potential targets and
drugs which can result in CSC differentiation or death has potential to be extremely
fruitful and significant. As demonstrated in this text, there are various drugs readily
available which have the potential to target CSCs and result in successful patient
treatment in regards to metastasis and chemo- and radio-resistant cancers. These
drugs vary from naturally derived anti-cancer compounds to drugs which are capable
of targeting DNA repair pathways. In the case of CSCs, the enhanced DNA repair
pathways is a critical contributor to their survival, thus, it is beneficial to screen
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drugs capable of shutting these pathways down. It is quite promising that these drugs
targeting DNA repair pathways administered as adjuvant therapy with traditional
anti-cancer therapies can result in increased survival and eradication of resistant
CSCs.

There is evidence, albeit modest, that a major characteristic of the CSC that
allows for survival is its ability to utilize DNA repair pathways and resistance mech-
anisms. The cancers which this hypothesis has been tested include leukemia, colon,
lung, glioblastoma, breast and pancreatic. The CSCs isolated from these models
exhibit enhanced resistance pathways and DNA repair mechanisms. This text suc-
cessfully compiles all lines of evidence and data which support and call for further
investigation into this specific aspect of CSC regulation. In addition to providing
an in-depth discussion of the various pathways which regulate this survival mech-
anism of CSCs, we focus on means of targeting this population via interruption
of enhanced DNA repair pathways as well. The common thread which connects
these chapters is not only the focus on the exact pathways which CSCs utilize, but
the call for development or use of treatments which target this aspect of the CSC.
As established, the CSC is a driving force of tumor initiation and metastasis. The
ultimate demise of patients suffering from aggressive and deadly cancers is a con-
sequence of metastasis resulting from resistance to traditional treatment. In a time
where the major focus of the cancer biology community is to propel research into a
place where we can translate bench to bedside, the need to further investigate CSCs
and its underlying molecular biology comes to play. The existence of CSCs has
been a topic of heated debate for the last few years but with overwhelming evidence
and data, it is now apparent that this population exists and is a major contributor to
cancer development, metastasis and resistance. The evidence which demonstrates
CSCs have an increase in their genomic stability and results in survival under stress-
ful and attacking conditions is presented throughout this text and is exemplified in
various cancer models. The concepts discussed in this text demonstrate that this as-
pect of the CSC field deserves further attention and can provide an additional path
and perspective in the field of molecular cancer therapeutics and development of
treatment. We believe this field should gain momentum and can greatly impact the
efforts being put forth to work towards eradicating these highly aggressive and deadly
cancers.
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