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Abstract

The importance of DNA repair as a resistance mechanism in
gliomas, the most aggressive form of brain tumor, is a
clinically relevant topic. Recent studies show that not

all cells are equally malignant in gliomas. Certain
subpopulations are particularly prone to drive tumor
progression and resist chemo- and radiotherapy. Those
cells have been variably named cancer stem cells or
cancer-initiating cells or tumor-propagating cells,

owing to their possible (but still uncertain) origin from
normal stem cells. Although DNA repair reduces the efficacy
of chemotherapeutics and ionizing radiation toward bulk
gliomas, its contribution to resistance of the rare glioma
stem cell subpopulations is less clear. Mechanisms other
than DNA repair (in particular low proliferation and activation
of the DNA damage checkpoint response) are likely main
players of resistance in glioma stem cells and their targeting
might yield significant therapeutic gains. (Mol Cancer Res
2009;7(7):989-99)

Gliomas: Luckily Rare...

Primary brain tumors can be classified in terms of what type
of cell the tumor began as (reviewed in refs. 1, 2). Gliomas are
the most common form of primary brain tumors. Among glio-
mas, there are astrocytomas [World Health Organization
(WHO) grade I and II], which derive from star-shaped astro-
cyte-like cells. High-grade astrocytomas are called anaplastic
astrocytomas (grade III) and multiform glioblastomas [(GBM)
grade IV]. Compared with lung and breast cancer, which have
rates of about 60 per 100,000 in Western countries, the rate of
gliomas is ~ tenfold lower. Nevertheless these cancers have se-
rious effects on the health-care system in general, and especial-
ly on patients and their families. Not only do glioma patients
have to cope with the diagnosis of incurable disease, they and
their families are usually also confronted with the patient's de-
crease in cognitive and emotional function as a result of cere-
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bral disease. Despite advances in surgery and radiotherapy, the
prognosis for malignant gliomas remains poor, the median sur-
vival of GBM patients being 5 to 8§ months, depending on the
patient's age (2). Alkylating agent-based chemotherapy has
been shown to modestly increase response rates and survival
times of high-grade glioma patients when used as an adjuvant
to surgery and radiation (3, 4). Some more efficacy can be ob-
served in lower-grade gliomas such as oligodendroglioma (5),
but serious side effects such as cumulative lymphopenia and
consequent high incidence of infections occur after prolonged
treatments (6). Although, the most frequently used alkylating
agent for glioma treatment, temozolomide (TMZ), is well-
tolerated by most patients and has favorable pharmacodynamic
and pharmacokinetic properties (3). The inefficacy of currently
available chemotherapeutic and radiotherapeutic agents de-
pends on a number of resistance mechanisms among which
DNA repair may play a role (7-10).

DNA Repair and Resistance of Bulk Gliomas
O° MethylGua DNA Methyltransferase

Many studies have indicated O° methylGua DNA methyl-
transferase (MGMT) as a possible resistance factor to alkylat-
ing chemotherapy in brain tumors (3, 11), although negative
results have been also reported (Table 1; ref. 12). Two major
cell-killing and apoptotic alkylated lesions arising from drugs
used in brain cancer chemotherapy are O°-methylguanine
(O°-meGua) and Os-chloroethylguanine (Oﬁ-chloroethylGua).
These lesions are removed by the specific action of MGMT
thus counteracting alkylating agents' killing effects. Levels of
MGMT expression may in some cases predict TMZ sensitivity
in adult human glioma patients (13-16). A stronger correlation
with overall survival, regardless of treatment, is observed in pe-
diatric glioma patients (17). MGMT promoter methylation ac-
tually represents part of a genetic signature of less-aggressive
gliomas, apart from treatment (Fig. 1A; refs. 15, 18, 19). In
MGMT-negative glioblastomas TMZ further enhances radia-
tion responses by increasing the degree of radiation-induced
double-strand DNA damage (20). However, the role of MGMT
may have been overestimated by the relatively simple assay
procedures for its promoter methylation status and enzymatic
activity, and should not be generalized (21). For instance, no
correlation between MGMT promoter methylation and MGMT
protein expression was recently observed in serial stereotactic
specimens from anaplastic astrocytomas and glioblastomas
(22). One advantage of MGMT targeting is that local intracere-
bral administration of MGMT drug inhibitors that may sensitize
tumor cells to TMZ, is feasible and without important side
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effects (23, 24). Viral inhibitors may further be envisaged, on the
basis of the fact that some viral proteins directly target and inac-
tivate some DNA repair genes (25). For instance, a combination
of oncolytic adenovirus Delta-24-RGD and TMZ induces a ther-
apeutic synergy in glioma cells and significantly improves the sur-
vival of glioma-bearing mice by silencing the MGMT gene (26).

Mismatch Repair

The relatively low incidence of microsatellite instability in
pediatric and adult high-grade gliomas would suggest that the
involvement of mismatch repair (MMR) defects in alkylating
agent resistance is limited (27, 28). However, inactivating so-
matic mutations of the MMR gene MSH6 confer resistance to
alkylating agents in glioma in vivo and concurrently unleash
accelerated mutagenesis in resistant clones as a consequence
of continued exposure to alkylating agents. Hence, when
MSHG6 is inactivated in gliomas, alkylating agents may con-
vert from inducers of tumor cell death to promoters of neo-
plastic progression (Table 1; ref. 29). Loss of MSH6 has been
recently found in a subset of ionizing radiation (IR) + TMZ-
treated glioblastoma recurrences (30). The association with
tumor progression during TMZ treatment was significant, mir-
roring the alkylator resistance conferred by MSHG6 inactivation
in vitro. MSH6 deficiency may therefore contribute to the
emergence of recurrent glioblastomas during TMZ treatment
(30). These conclusions have been yet recently questioned
by Maxwell and coworkers (31) who could not find any effect
of MMR deficiency on resistance of adult malignant glioma
to TMZ. Promoter hypermethylations but not structural altera-
tions in the MLH1 gene have been observed in low grade gli-
omas, associated with their development and progression (32).
MLHI1 promoter hypermethylation may be an early event in
the development and progression or the clonal evolution of
gliomas, this gene inactivation proving stable even on tumor
recurrence (32). Conversely, proficient MMR is required for
repair of interstrand crosslinks via stabilization of RADS51-
containing repair intermediates and may thus contribute to re-
sistance to crosslinking agents (33).

Base Excision Repair

Albeit resistance to TMZ has been ascribed to elevated le-
vels of MGMT and or reduced MMR, >80% of the DNA le-
sions induced by TMZ are N-methylated bases that are
recognized by DNA glycosylases and not by MGMT (34,
35). Studies with isogenic cells deficient or overexpressing
the DNA base excision repair (BER) enzymes pol beta and
alkyladenine DNA glycosylase (AAG) have shown that the
BER pathway is a major contributor to cellular resistance to
TMZ and its efficacy depends on specific BER gene expres-
sion and activity (35, 36). APE1/Ref-1, the main AP endonu-
clease of mammalian cells, significantly increases during
gliomagenesis (37) and may contribute to alkylating agent re-
sistance by incising at abasic (AP) sites left after removal of
methylated bases (Table 1; refs. 38, 39). Silber and coworkers
found that antisense oligonucleotides directed against APE1/
Ref-1 in a human glioma cell line lacking MGMT, mediated
both reduction in APE1/Ref-1 protein and AP endo activity
and concurrent reduction in resistance to methylmethane sul-
fonate (MMS), TMZ, and 1,3-(2-chloroethyl)-1-nitrosourea

(BCNU; ref. 38). The same laboratory also found that AP
endo activity promoted resistance to IR plus chemotherapy
with BCNU and TMZ in medulloblastoma and primitive neu-
roectodermal tumors (40). APE1/Ref-1 may thus represent a
potential marker of treatment outcome and use of AP endo
inhibitors may help in overcoming resistance in bulk gliomas
(Fig. 1B; refs. 39-41). Methyl-lexitropsin (Me-lex) is a se-
quence-specific alkylator that produces 3-methyl adenine (3-
meAde) as the predominant (>90%) DNA lesion (42). Me-
lex is cytotoxic in human glioma cells and AAG promotes
resistance, indicating that 3-meAde is a lethal lesion in these
cells. Further, AP sites resulting from 3-meAde repair are cy-
totoxic and Apel/Ref-1 promotes resistance to these deriva-
tive lesions. MGMT-proficient lines are more resistant than
MGMT-deficient lines, an unexpected finding because Me-
Lex produces very little O° methylGua. Me-lex may have
clinical utility in the adjuvant therapy of gliomas, and AAG
and Apel/Ref-1 inhibitors may be useful in targeting alkylat-
ing agent resistance in bulk gliomas (42). Finally, increased
sensitivity to TMZ can be observed in combination with in-
hibitors of poly(ADP-ribose) polymerase, a molecular sensor
of single strand breaks that interacts with many BER compo-
nents (43, 44).

Strand Break Repair

Rad51-mediated homology-directed repair (HDR) may rep-
resent an important determinant of glioma radiosensitivity that
can be modulated. Gleevec is a relatively specific inhibitor of c-
Abl, a tyrosine kinase that participates in the regulation of
Rad51. When glioma cells are pretreated with Gleevec, radia-
tion-induced Rad51 expression and nuclear foci formation are
reduced and result in radiosensitivity enhancement (Table 1)
(ref. 45). Hence, agents that disrupt Rad51-dependent repair
or prevent G2 checkpoint activation may selectively sensitize
glioma cells to radiation (46). One of those agent could be
TMZ itself (47). A number of additional DSB repair factors in-
cluding BRCA1 (48), DNA-protein kinase catalytic subunit
(DNA-PKcs), and the novel potential end-joining factor
KUB3 also influence the cellular radiation response in rodent
glioma models (49). DNA-PK influences the response to cis-
platin as well (50).

Fanconi Anemia Pathway

The Fanconi anemia (FA) pathway may contribute to resis-
tance of glioma tumors to alkylating agents (51). A glioma
cell line deficient in the FA repair pathway (HT16) exhibited
increased sensitivity to TMZ and BCNU relative to FA-profi-
cient glioma cells. Moreover, inhibition of FA pathway by
curcumin, a polyphenol present in the curry spice turmeric,
or by small interfering RNA (siRNA) suppression caused in-
creased sensitivity to TMZ/BCNU in the wild-type U87 glio-
ma cell line. The BCNU sensitizing effect of FA inhibition
seemed additive to that of MGMT inhibition. Yet, curcumin
has many effects beyond targeting the FA pathway, being
e.g., a nuclear factor kappa-B (NF-KB) inhibitor and a reac-
tive oxygen species (ROS) scavenger (52, 53), and curcumin
sensitization of glioma cells to several clinically used chemo-
therapeutic agents (cisplatin, etoposide, camptothecin, and
doxorubicin) and IR also correlates with reduced expression
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Table 1. DNA Repair Capacity and Therapeutic Efficacy in Bulk Gliomas

DNA Repair Mechanism-Enzyme Higher  Similar  Lower  Therapeutic Agent Therapeutic Efficacy Reference
Increased  Unchanged  Decreased
MGMT N CENU ~ 12
MGMT N T™MZ ~ 11
MGMT ~ TMZ+IR ~ 20
MGMT ~ T™Z ~ 13
MGMT N TMZ ~ 3
MGMT N TMZ ~ 26
MGMT ~ ~ 17
MGMT ~ T™Z ~ 17
MGMT ~ ~ 18
MGMT N TMZ ~ 14
MGMT v TMZ ACNU BCNU Procarbazine ~ 15, 129
MGMT ~ T™Z ~ 16
MGMT ~ TMZ+IR ~ 19
MGMT ~ T™MZ ~ 140
MLHI ~ N 32
MSH2,MSH6,PMS2 N T™MZ ~ 13
MSH6 N TMZ N 30
MSH6 ~ T™Z ~ 31
MSH6 \/ Alkylating agents \/ 29
APEI/Ref-1 ~ 37
APE1/Ref-1 n] MMS TMZ BCNU ~ 38
APE1/Ref-1 IR BCNU CCNU Procarbazine \/ 39
APEI/Ref-1 Q/ Me-Lex ~ 42
AAG n MeLex ~ 42
PARP N TMZ ~ 43
PARP ~ T™MZ ~ 44
DSB repair N TMZ ~ 158
Rad51 ~ IR ~ 45
Rad51 N R ~ 46
BRCALI v IR Cisplatin N 48
DNA-PKes N IR ~ 49
KUB3 ~ IR ~ 49
DNA-PK ~ Cisplatin ~ 50
Ku86 n  Cisplatin ~ 50
Ku70 n  Cisplatin ~ 50
Resolution of y-H2AX foci \/ IR \/ 131
Phosphorylation of histone H2AX \/ IR \/ 47
FA pathway ~ TMZ BCNU ~ 51
Various DNA repair activities \/ Cisplatin Etoposide Camptothec. \/ 54

(MGMT DNA-PK Ku70 Ku80 ERCC-1) Doxorubicin IR
Expression of various DNA repair genes \/ T™Z \/ 60

of bcl-2 family members as well as DNA repair enzymes that
do not take part in the FA pathway (MGMT, DNA-PK, Ku70,
Ku80, and ERCC-1; ref. 54). Leaving aside the underlying
mechanism, a role for curcumin as an adjunct to traditional
chemotherapy and radiation in the treatment of brain cancer
could be worth exploring (54).

Other Resistance Mechanisms in Bulk Gliomas
Abrogation of p53 wild-type function strongly attenuates
TMZ cytotoxicity. Conversely, agents designed to stabilize
the wild-type conformation of p53 sensitize glioma cells to
TMZ cytotoxicity. Thus, determination of p53 status may help
in identification of glioma patients who will or will not respond
to TMZ (13). Contrary to what can be observed for TMZ,
chloroethylating drugs are more toxic for p53-mutated glioma
cells in which both apoptosis and necrosis are induced (55). In-
activation of p53 by pifithrin-alpha or siRNA downregulation
sensitize p53 wild-type but not p53-mutated glioma cells to 3-
[(4-amino-2-methyl-5-pyrimidinyl) methyl]-1-(2-chloroethyl)-
I-nitrosourea (ACNU) and BCNU. ACNU and BCNU provoke
the formation of DNA double strand breaks (DSBs) in glioma
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cells that precede the onset of apoptosis and necrosis. These
DSBs are repaired in p53 wild-type cells but accumulate in
p53-mutated cells. Therefore, functional p53 seems to stimulate
the repair of chloroethylnitrosourea (CENU)-induced cross-
links and or DSBs generated from CENU-induced lesions. In
conclusion, p53 may have opposing effects in gliomas treated
with methylating or chloroethylating agents and, therefore, the
p53 status should be taken into account when deciding which
therapeutic drug to use (55). After IR, expression of dominant-
negative p53 selectively sensitizes glioma cells (56) and p53-
mutated glioma cell lines repair DSBs more slowly and less
effectively than p53-wild-type glioma cell lines or normal
human astrocytes (46).

Expression of apoptotic proteins correlates in part with resis-
tance of gliomas to chemotherapeutic agents (57, 58). Astrocytes
per se have been found to express relatively high levels of anti-
apoptotic Bcl-2 and Bcl-XL proteins and low levels of proapop-
totic Bad and Bid proteins suggesting that astrocytes may be less
vulnerable to proapoptotic stimuli compared with other cell
types. Hypermethylation of the proapoptotic gene caspase-8 is
also a common hallmark of relapsing gliomas (59).
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DNA repair-dependent tumor progression in glioma patients. A. Overall survival of glioblastoma patients treated with IR + TMZ by presence of

MGMT promoter methylation status. Dark gray line, patients with methylated MGMT promoter; light gray line, patients with unmethylated MGMT promoter
status (Reprinted with permission from 2008 American Society of Clinical Oncology. All rights reserved. Brandes AA, et al.: J Clin Oncol Vol. 26, 2008:2192-7).
B. Progression-free survival for grade Il gliomas treated with alkylating agent-based chemotherapy according to AP endo activity categorized as quartiles. All
patients were treated with surgery and radiation therapy before receiving alkylator treatment. Activity was measured in tumors obtained before alkylator ther-
apy. Time to tumor progression is the interval between the initiation of alkylating agent therapy and radiological evidence of progression. Curves were calcu-
lated by the method of Kaplan-Meier (Reprinted by permission from the American Assoiciation for Cancer Research: Clin Cancer Res 10:7875-83, 2004).

Microarray analyses showed that 78 out of 17,000 genes
were differentially expressed between parental cells and
TMZ-resistant variants isolated in the human glioma cell line
SNB-19 (60). None were implicated in DNA repair whereas
several genes involved in differentiation were downregulated.
Thus, in this model, the acquisition of resistance to TMZ
may result from selection of less differentiated preexistent re-
sistant cells in the parental tumor (60).

DNA Repair and Resistance of Glioma Stem
Cells
Glioma Stem Cells

More than 25 years ago, Rosenblum and coworkers semi-
nally proposed that chemo- and radio sensitivity of human
malignant brain tumors could be dependent on inherent differ-
ences in the sensitivity of clonogenic stem cells to radiation
and or chemotherapeutic agents (61). As for other cancers, the
existence of glioma cells endowed with features of primitive
progenitor cells and tumor-initiating function has been shown
(62-65). Most gliomas contain considerable portions of cells
expressing stem cell markers such as CD133, Nestin, Sox-2,
and Musashi-1 (66, 67), and expression of some of them has
been shown to be prognostic of decreased overall survival
(68-70). In particular, expression of the CD133 stem cell an-
tigen negatively correlates with glioma patient survival in sev-
eral studies (71-75). CD133+ is often expressed on the surface
of human glioma stem cells and importantly, CD133+ cells
are preserved during orthotopic transplantations of human gli-
omas in the mouse (76). However, significant subpopulations
of CD133- stem cells may also exist in gliomas (77). For in-
stance, Beier and coworkers (78) have observed that 11 out of
15 primary glioblastomas contained a significant CD133+
subpopulation that displayed asymmetrical cell divisions
yielding cells expressing markers characteristic for all three
neural lineages. However, the remaining four cell lines were
driven by CD133— tumor cells that also fulfilled stem cell cri-
teria (e.g., pluripotency and tumorigenicity in nude mice

in vivo). Consistently, analysis of the expression profiles of
nine glioma cell lines established under neural stem cell con-
ditions yielded two distinct clusters (79). Four cell lines were
characterized by the expression of neurodevelopmental genes,
a multipotent differentiation profile, expression of CD133, and
formation of highly invasive tumors in vivo. The other five
cell lines shared expression signatures enriched for extracellu-
lar matrix-related genes, had a more restricted differentiation
capacity, contained no or fewer CD133+ cells, and displayed
reduced tumorigenicity and invasion in vivo. Hence, CD133+
stem cells may maintain only a subset of primary glioblasto-
mas, the remainder deriving from CD133— tumor stem cells
with distinct phenotypical features (78-82). Additional cell
surface markers have been investigated to hallmark glioma
stem cells including the aforementioned Nestin, Sox-2, and
Musashi-1 as well as CD117, CD71, CD45, and A2B5 (83-
85), but at the moment, CD133 remains prominent. Whether
the currently identified glioma stem cells may be the true cell-
of-origin for tumor initiation and progression or the results of
such processes is still an open question (86, 87). Further, gli-
omas produce factors [e.g., urokinase plasminogen activator
(uPA) and its receptor (uPAR)] that selectively attract neural
stem cells (88-93) and this has originated the question about
whether stem cells may be attracted by, rather than originate,
the tumor (66, 94-96). Notwithstanding, gliomas do not clash
with the general cancer-stem-cell-related concept that if only a
rare subset of tumor stem cells, whatever their origin, drives
tumor formation, then it is important to identify this popula-
tion and develop therapies that target it (97-103).

Some established glioma cell lines that have been main-
tained over years in culture contain a subpopulation of stem
cells (104, 105). For instance, in the absence of serum a com-
bination of basic fibroblast growth factor (FGF) and platelet-
derived growth factor (PDGF) maintains in the C6 glioma cell
line a population enriched in stem cells (referred to as “side
population”) with the ability to efflux the fluorescent dye
Hoechst 33342. Moreover, C6 side population cells, but not
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nonside population cells, can generate both side population
and nonside population cells in culture and are largely respon-
sible for the in vivo malignancy of that cell line. Importantly,
C6 side population cells can produce both neurons and glial
cells in vitro and in vivo. Thus, some cancer cell lines may
contain a minor subpopulation of stem cells that can be main-
tained indefinitely in culture, and which is crucial for their
malignancy (104-108). This cannot be generalized yet: contro-
versial data exist about the presence and properties of cancer
stem cells in the established and tumorigenic glioma cell lines
D54, TJ905, U87, and U251 (109-111).

Altered Pathways in Glioma Stemn Cells

It is difficult to find normal pathways in glioma stem
cells. p53 regulates the proliferation of stem and progenitor
cells in the brain (112). In p53-mutant neural stem cells,
transcriptome analyses identified the dysregulation of several
cell cycle regulators, in particular a pronounced downregula-
tion of p21 expression, implicating p53 as a growth suppres-
sor of glioma-initiating stem cells (113). Deregulation of
additional processes that control cell cycle progression, such

STEM
EGF-FGF FCS

COMI

DEMI

Non-STEM
EGF-FGF

D54

U373

FIGURE 2. Differentiation of glioma stem cells. Morphology of stem
(COMI; DEMI; top) and nonstem (D54; U373; bottom) glioma cell lines. Cells
were cultured in the presence of EGF-FGF (stem conditions) or fetal calf
serum [(FCS) - differentiating conditions] for 21 days and their morphology
photographed with an inverted microscope (Reprinted by permission from
the American Association for Cancer Research: Mol Cancer Res 7:383-92,
2009).
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FIGURE 3. A. Population doubling times of stem (solid bars) and non-
stem (open bars) cells. Appropriate numbers of cells were seeded and
grown for 7 to 21 days. The total number of cells was then counted and
after determination of the plating efficiency, the population doublings were
calculated according to Glaab and Tyndall (157). The mean number +
standard error of the mean (SEM) of hours required to double the cell pop-
ulation is shown. Average values + SEM on five stem and nonstem cell
lines are indicated with gray bars at far right. The P < 0.01 statistical sig-
nificance of the difference between nonstem and stem cells is indicated
with two stars. B. Chk1 and Chk2 activation in CD133+ and CD133- cells.
The phosphorylated state of the Chk1 (Ser345) and Chk2 (Ser19) check-
point kinases was assessed in BORRU CD133+ and CD133- cells without
(=) and 1 hour after IR treatment (+). Whole cell lysates were prepared,
resolved by SDS-PAGE, and immunoblotted with primary rabbit polyclonal
antibodies raised against phospho-Chk1 (Ser345) and phospho-Chk2
(Ser19). Immunoblotting for actin served as a loading control (Reprinted by
permission from the American Association for Cancer Research: Mol Cancer
Res 7:383-92, 2009).

as the pl6-CDK4-RB pathway and other cyclin-dependent
kinase pathways may also promote the generation of brain
cancer stem-like cells (114, 115). Subventricular zone stem
cells often express the PDGF receptor, perhaps contributing
to their peculiar ability to respond to PDGF (116). Activation
of signaling pathways like this, which is often accompanied
by Ras inactivation (117), has been implicated in neural stem
cell transformation (116). Within the vertebrate central ner-
vous system (CNS), the Sonic Hedgehog (Shh) pathway acts
as a morphogen or mitogen that regulates the patterning, pro-
liferation, and survival of neural stem cells (118, 119). Glil
is a primary mediator of Shh signaling (120) that likely
serves as a protective mechanism against premature mitosis
in nonmalignant stem cells. Deregulation of Glil has been
observed in brain tumor-derived stem cells (120). Aberrant ex-
pression of additional developmental pathways, such as WNT,
Notch, and transforming growth factor-beta/BMP has been also
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FIGURE 4. Contrasting results on enhanced DNA strand break repair in CD133+ cells. A. CD133+ and CD133- cells derived from primary glioblastoma
T3539 were irradiated with 3 Gy of IR. The presence of DNA damage at sequential time points after damage was assessed by single-cell gel electrophoresis
assay under alkaline conditions (alkaline comet assay). The histogram quantitates the percentages of cells with comet tails at different time points after IR in
CD133+ (open bars) and CD133- (solid bars) populations. Data are the means + standard deviation (SD; *, P=0.001; **, P = 0.002; reprinted by permission
from Macmillan Publishers Ltd: Nature 444:756-60, 2006). B. CD133+ and CD133- derived from primary glioblastoma COMI were separated and plated. Six-
teen hours later adherent cells were irradiated with 3 Gy IR and DNA strand break repair assessed by measuring the percentages of DNA in comets' tails under
alkaline conditions. The histogram quantitates the percentages of DNA in comet tails at different time points after IR in CD133+ (open bars) and CD133- (solid
bars) populations. Data are the means + SEM (Reprinted by permission from the American Association for Cancer Research: Mol Cancer Res 7:383-92, 2009).

reported (121, 122). In comparison with matched nonstem gli-
oma cell populations, glioma stem cells consistently secrete
markedly elevated levels of the angiogenic factor vascular endo-
thelial growth factor (VEGF), which are further induced by hyp-
oxia (123-126). The proangiogenic effects of stem cells on
endothelial cells are specifically abolished by the anti-VEGF
neutralizing antibody bevacizumab that also suppresses growth
of xenografts derived from those cells (127, 128). A number of
epigenetic injuries such as CpG island aberrant hypermethyla-
tion, histone modification, and altered chromatin states have
been also reported in malignant glioma stem cells (129).

Resistance Mechanisms in Glioma Stem Cells

Gliomas frequently display hyperactivation of the phospha-
tidylinositol-3-kinase (PI3K)-Akt pathway, a protumorigenic
signaling cascade that contributes to the pathogenesis of several
human cancers (130-134). The PI3K-Akt pathway can be acti-
vated in tumors through different mechanisms, including inac-
tivation of the inhibitory effects of the phosphatase and tensin
homolog (PTEN) tumor suppressor (130-134). Hyperactive Akt
signaling promotes tumorigenic cell behaviors by increasing
cell survival, proliferation, invasion, and angiogenesis. Treat-
ment with an Akt inhibitor potently reduces the numbers of vi-
able glioma stem cells relative to matched nonstem cells (135).
Further, delayed resolution of y-H2AX foci after IR and radio-
sensitization have been observed in glioma cells after induction
of PTEN and concomitant decrease of activated Akt (131).
These results together hint at a link between Akt activation
and radioresistance in glioma stem cells. Bao and coworkers
(136) have shown that glioma stem cells may resist radiation
through preferential activation of the DNA damage checkpoint
response. The fraction of tumor cells expressing CD133 was
enriched after radiation in gliomas. In both cell culture and

the brains of immunocompromised mice, CD133+ glioma cells
survived IR in increased proportions relative to most tumor
cells, which lack CD133. CD133+ tumor cells isolated from
both human glioma xenografts and primary patient glioblasto-
ma specimens preferentially activated the DNA damage check-
point in response to radiation and repaired IR-induced-DNA
damage more effectively than CD133— tumor cells (136,
137). In addition, the radioresistance of CD133+ glioma stem
cells could be reversed with a specific inhibitor of the Chk1 and
Chk2 checkpoint kinases. In the mouse, G2 and G1-arrested
neural stem cells rapidly increase after IR and this correlates
with phosphorylation of cdc2 and p53, respectively, and inac-
tivation of the Notch signal (138). Resistance of glioma stem
cells to chemotherapeutic drugs has been further reported
(139, 140). An expression signature dominated by HOX genes,
which comprises CD133, emerged as a predictor for poor sur-
vival in glioma patients treated with concomitant chemo- and
radiotherapy (141). Taken together, these results suggest that
CD133+ tumor cells represent the cellular population that con-
fers glioma resistance to chemo- and radiotherapy and that ac-
tivation of the DNA damage checkpoint response may be a
major mechanism in this regard. One further important resis-
tance mechanism could be multidrug resistance. As aforemen-
tioned (see “Glioma Stem Cells™), a peculiarity of many stem
cell populations (side populations) is their relatively high ex-
pression of ATP-binding cassette (ABC) drug transporters,
which confers them the ability to efflux the fluorescent dye
Hoechst 33342 and protection from cytotoxic agents (142).
Side-population cells have been isolated in the CNS, and sim-
ilar to hematological malignancies, expression of multidrug
resistance-associated protein genes has been found elevated in
cancer stem-like cells isolated from glioblastoma and astrocy-
toma (143-145). Finally, elevated expression of antiapoptic
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proteins [e.g., the myeloid cell leukemia-1 (Mcl-1) protein] can
be found in glioma stem cells (144, 146) and reduced expres-
sion of major histocompatibility complex genes may also con-
tribute to their resistance to therapies (147, 148).

The relative importance of DNA repair as a resistance mech-
anism in glioma stem cells still is an open question. We have
recently examined DNA repair in five stem and nonstem glio-
ma cell lines (Fig. 2; ref. 111). The stem lines fulfilled the de-
fining criteria proposed by Vescovi and coworkers (142). The
population doubling time was significantly increased in stem as
compared with nonstem cells and enhanced activation of Chk1
and Chk2 kinases was observed in untreated CD133+ as com-
pared with CD133— cells (Fig. 3). In this regard, cell-cycle re-
striction limits DNA damage and maintains self-renewal of
leukemia stem cells as well (149). In our laboratory, neither
DNA base excision, nor single strand break repair, nor resolu-
tion of pH2AX nuclear foci were increased in CD133+ as
compared with CD133— glioma cells (Fig. 4). Hence, reduced
proliferation may be a major mechanism in glioma stem cells
to resist chemo- and radiotherapeutic-induced killing, whereas
if enhanced DNA repair (per time unit) is a common resistance
mechanism in glioma stem cells still requires further studies.

Targeting Cell Cycle Restriction in Glioma Stem Cells
The ATM (ataxia-telangiectasia mutated) and ATR (ATM
and Rad3-related) kinases are transducers that recognize
DNA damage and coordinate the initiation, amplification, and
activation of the checkpoint through phosphorylation of many
different targets (Fig. 5) (reviewed in refs. 150, 151). Check-
point kinase-1 (Chkl) and checkpoint kinase-2 (Chk2) are
the checkpoint transducer kinases that function downstream
of ATR and ATM in the DNA-damage checkpoint signaling
pathway. Although structurally dissimilar, Chk1 and Chk2 are
serine- threonine kinases that serve as functional analogs. ATM
phosphorylates Chk2 at various sites including serine 19 and
threonine 68, whereas ATR phosphorylates Chk1 at serines
280, 296, 317, and 345. Significant crosstalk exists between
the ATM/Chk2 and ATR/Chk1 pathways (152). Together, the
proximal transducers ATM and ATR and the distal transducers

A B

Cait
Serd17

2 sor280
Chkl P

- l -
Code2s M 1433 )

{
G/M

Ser34s
ser206 (4d

AZD7762 W o
Cpsa

AZD7762

Chk1 and Chk2 phosphorylate a variety of effector molecules,
such as p53 and CDC25 phosphatases, culminating in cell cycle
arrest. In particular, the three CDC25 isoforms, A, B, and C, are
active in different phases of the cell cycle. CDC25 phospha-
tases remove inhibitory phosphate groups from cyclin-cyclin-
dependent kinase (CDK) complexes, promoting cell cycle
progression. In response to DNA damage, the checkpoint kinases
phosphorylate CDC25 phosphatases, resulting in CDC25 inacti-
vation through either ubiquitin-mediated degradation or cyto-
plasmic sequestration. In this manner, the checkpoint kinases
serve as negative regulators of the CDC25 phosphatases.

Treatment with ATM and Chkl and Chk2 inhibitors used
alone or in combination may selectively sensitize glioma stem
cells to IR and temozolomide (reviewed in refs. 153, 154). In
this regard, two interesting novel drugs have been recently de-
veloped. The preclinical profile of AZD7762, a potent ATP-
competitive checkpoint kinase inhibitor in clinical trials was
described by Zabludoff and coworkers (155). AZD7762 was
profiled extensively in vitro and in vivo in combination with
DNA-damaging agents and was shown to potentiate response
in several different settings in which inhibition of checkpoint
kinase resulted in the abrogation of DNA damage-induced cell
cycle arrest. Dose-dependent potentiation of antitumor activity,
when AZD7762 was administered in combination with DNA-
damaging agents, was observed in multiple xenograft models
with several DNA-damaging agents, further supporting the po-
tential of checkpoint kinase inhibitors to enhance the efficacy
of both conventional chemotherapy and radiotherapy and in-
crease patient response rates.

Rainey and coworkers (156) screened a targeted compound
library for inhibitors of the ATM kinase, and CP466722 was
identified. The compound was nontoxic and did not inhibit
PI3K or PI3K-like protein kinase family members in cells.
CP466722 inhibited cellular ATM-dependent phosphorylation
events and disruption of ATM function resulted in character-
istic cell cycle checkpoint defects. Inhibition of cellular ATM
kinase activity was rapidly and completely reversed by re-
moving CP466722. Clonogenic survival assays done on HelLa
or AT GMO02052 cells showed that transient inhibition of
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FIGURE 5. Cell cycle checkpoint pathways, possible targets in glioma stem cells. Once DNA damage is identified with the aid of sensors, the checkpoint
transducers ATM and ATR undergo conformational change and or localization, resulting in their activation. ATM and ATR activate a series of downstream
molecules, including the checkpoint kinases 1 (A, Chk1) and 2 (B, Chk2). Chk1 and Chk2 inactivate CDC25 phosphatases, culminating in cell cycle arrest.
AZD7762 (AstraZeneca) is a specific inhibitor of Chk1 and Chk2 kinases. CP466722 (Pfizer) is a specific inhibitor of ATM.
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ATM was sufficient to sensitize cells to IR and suggested that
therapeutic radiosensitization may only require ATM inhibi-
tion for short periods of time. The ability of AZD7762 and
CP466722 to rapidly and reversibly regulate Chkl, Chk2,
and ATM activities thus provides new tools to inhibit consti-
tutive activation of cell cycle checkpoints in CD133+ glioma
stem cells, reverse their cell cycle block, and sensitize them to
IR and chemotherapy.

Conclusions

In 31 out of 40 (77%) studies on bulk high-grade gliomas,
an inverse correlation between DNA repair capacity and thera-
peutic efficacy has been observed, indicating that nonstem cells
in these tumors may frequently adopt DNA repair as a resis-
tance mechanism (Table 1). However, currently available ther-
apies for gliomas seldom are curative, possibly for their
inability to eradicate a small subpopulation of highly resistant
cells that almost invariably cause tumor relapse (called with
some imprecision “glioma stem cells”). Low proliferation rate
and constitutive activation of the DNA damage checkpoint re-
sponse may be major mechanisms of resistance in these cells,
conferring increased time for lesion removal or bypass. Those
features may be common to other tumors as well (149). Drugs
targeting cell cycle restriction in glioma stem cells could be of
help for complete eradication of the tumor and several novel
agents of this kind are under development. In particular ATM
and Chk1 and Chk2 kinase inhibitors may effectively sensitize
glioma stem cells to IR and alkylating agents by reversing their
cell cycle delay. Treating checkpoint activation, rather than
DNA repair, might be a fruitful research direction in improving
glioma therapies.
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