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Is inhibiting the DNA damage response the answer to treatment
resistance in glioma stem cells?
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Abstract: Research efforts in the last decade have increased our understanding of the complexity and
treatment resistance of aggressive stage IV gliomas (GBMs) that result in a dismal prognosis for GBM
patients. GBMs have inherent plasticity; a single tumor consists of many phenotypes, including glioma
stem-like cells (GSCs) that have the ability to recreate all tumor phenotypes. GSCs are particularly resistant
to treatment, upregulating various growth factor receptor signaling pathways as well as the DNA damage
response pathway and switching metabolic phenotypes when necessary. A whole raft of monoclonal antibodies
and small molecule tyrosine kinase inhibitors targeting growth factor receptor pathways have shown promise
in preclinical studies but have failed in clinical trials. More recently, inhibitors of the DNA damage response
pathway, resulting in cell cycle checkpoint blockade, have demonstrated strong radiosensitizing effects,
particularly in GSCs with mutated p53. This perspective covers the different mechanisms that underlie GSC
treatment resistance and recaps our current understanding of the radiosensitizing effects of ATM inhibitors
on GBMs and GSCs in particular.
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Treatment options for GBM patients the overall survival beyond 23 months after diagnosis (4-6).

. . . Eventually, all patients relapse and undergo salvage
Treatment outcomes for patients newly diagnosed with ¥ P P & &

aggressive stage IV glioma (GBM) have not improved since therapy. The most promising salvage options currently are

Stupp and colleagues published the 5-year follow up results radiosurgery (7) or hypo-fractionated radiation therapy (8)
of their GBM trial (n=573) in 2009. This trial compared
the effect on survival of adding the alkylating drug,

temozolomide, daily during radiation therapy followed

which can add an extra 12 months to patients’ lives.
Treatment for GBM is palliative and not curative, therefore
patient quality of life is as important as the extra few months

by at least 6 cycles of temozolomide (5 days per 28 days) of life for patients and their families. Tumor and treatment

to debulking surgery plus conventional radiation therapy.
Adding temozolomide increased the mean overall survival

related side effects are diverse and can be debilitating
depending on tumor location and treatment choice. The

from 11 to 15 months and patient survival at 2 years from
11% to 27% (1). Other clinicians using the Stupp protocol
have reported a mean overall survival of 20-21 months
(2,3). The addition of targeted drugs, which had shown
great promise in preclinical studies, has failed to increase
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acute effects of radiation, such as swelling of the brain,
can be alleviated by the steroidal anti-inflammatory drug,
dexamethasone, which has its own toxicity profile. Chronic
radiation-induced neurological and cognitive deficits are
less of a problem in patients who are not likely to survive
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long enough to experience them. New treatment modalities
for GBM should be aimed at increasing life expectancy by
several years, which means that maintaining neurological
and cognitive function will be increasingly important.
Cancer-specific radiosensitization is the most promising
avenue for novel GBM strategies because it promises
increased survival along with the possibility of reducing
dose to the brain and thus decreasing radiation-induced
toxicities. lonizing radiation kills cells either directly
by ionizing parts of the DNA double helix or indirectly
by ionizing water molecules, creating highly aggressive
hydroxyl radicals in close vicinity to DNA. Hydroxyl
radicals can cause base damage, polynucleotide cross
linking, single stranded and double stranded breaks. Double
stranded breaks are difficult and time consuming to repair
and thus contribute most to cell death (9). In response
to radiation, cells activate the DNA damage response
(DDR), which initiates a series of cascades involving cell
cycle checkpoint activation, various forms of DNA repair
and, if unsuccessful, inducing apoptosis. GBMs are highly
resistant to treatment for a number of reasons that will be
discussed in more detail below. The presence of cancer stem
cells, the upregulation of growth factor receptor signaling
pathways, constitutive activation of the DDR and the ability
to switch metabolic phenotypes in response to treatment all
contribute to treatment resistance and thus poor prognosis.

Cancer stem cells

The paradigm of tumor progression being driven by the
emergence of treatment resistant clones from a more or
less static phenotypic background through mutational and
epigenetic changes has shifted in the last 20 years. The new
concept is that tumors are disorganised loosely hierarchical
tissues, composed of many different phenotypes. Tumor
progression is driven by a small population of cancer
stem cells, who are quiescent, slowly self-renew and able
to produce the entire range of phenotypes that makes up
the tumor. Cancer stem cells (CSCs) were first described
almost two decades ago for acute leukemia (10). Since
then, CSCs have been reported in many different types
of cancer, including GBM, although their contribution to
tumorigenesis is somewhat controversial (4,11). Tumors are
likely to contain CSCs with different tumorigenic potential
and with a high level of individual plasticity (12). CSCs are
more resistant to anti-cancer treatments than proliferating
or differentiated cells. In addition, treatment will select
the most aggressive treatment-resistant CSC phenotype
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and/or increase the tumorigenic potential of individual
CSCs. Stem cell-like cells in GBMs (GSCs) are particularly
resistant to temozolomide (13), radiation (14) and combined
treatment (15). Any novel strategy aiming to cure GBM
therefore needs to specifically kill GSCs. Measuring stem
cell-ness by the expression of GBM specific stem cell
markers is useful to delineate between GSCs and non-GSCs
(16-18). Measuring treatment resistance of both GSCs and
non-GSCs in paired cell lines originating from the same
patient-derived tumor is the most clinically relevant way to
test novel treatment strategies.

GBM survival pathways

Even without therapy-induced genotoxic stress, GBMs
have very active survival pathways, including the EGFR
(epidermal growth factor receptor) and VEGFR (vascular
endothelial growth factor receptor) pathways (depicted
in Figure 1). Radiation increases the activity of these
pathways even more (6,19). The vast majority (80%)
of GBMs are driven by mutations in the EGFR/PI3K
(phosphatidylinositol-3-kinase)/AKT (protein kinase B)/
mTOR (mammalian target of rapamycin) pathway. Most
common mutations are in EGFR (40%) and PTEN
(phosphatase and tensin homolog) (37%) (20). The effect
of growth pathway inhibitors depends to a large extent on
the mutational profile of the tumor. GBMs can be divided
into four subtypes based on the Cancer Genome Atlas
project (4). The classical subtype is highly proliferative
with mainly EGFR amplifications/variants and PTEN
deletions. The mesenchymal subtype displays mutations
in NF-1 (neurofibromatosis type 1) and NF«B (nuclear
factor kappa-light-chain-enhancer of activated B cells).
The neural subtype is also highly proliferative, whereas
the proneural subtype is less proliferative with a better
prognosis and mutations in p53, PI3K and PDGFR
(platelet derived growth factor receptor A) and IDH1
(isocitrate dehydrogenase 1) (4). The vast majority of
primary GBMs belong to the classical subtype. However,
GBMs are likely derived from multiple stem cell lineages
with different mutational profiles. In addition, treatment
affects mutation profiles, selecting for more aggressive
phenotypes. In support of this, radiation was shown to shift
newly diagnosed proneural phenotypes to a more aggressive
mesenchymal phenotype in recurrent GBMs (21). An
analysis of treatment-naive primary tumors and tumors that
occurred after treatment with radiation and temozolomide
of 38 GBM patients demonstrated that the mutational
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Figure 1 The effects of radiation on cell survival signaling pathways in GBM [adapted from (6)]. GBMs display increased survival pathway
activity, even without additional genotoxic stress. Radiation exposure leads to a further upregulation of the EGFR and VEGFR signaling
pathways. EGFR signaling occurs when two molecules of ligand bind to the extracellular domain of two EGFR molecules, resulting in
dimerization followed by activation of the intracellular tyrosine kinase domain. This leads to activation of several downstream survival
cascades such as PI3K/AKT/mTOR and MEK1/2/ERK1/2. These signaling pathways form a complex survival signaling network with
overlapping branches and possible redundancy that eventually all converge on the fundamental outcomes of cell survival, proliferation,
invasion and angiogenesis. The DDR causes cell cycle arrest to allow for DNA repair and if that is not possible, induce apoptosis (see also
Figure 2). AKT, Protein kinase B; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; ERK, extracellular signal-
regulated kinase; MEK, mitogen-activated protein kinase kinase; mTOR, mammalian target of rapamycin; PI3K, phosphatidylinositol-3-
kinase; PTEN, phosphatase and tensin homologue; VEGE, vascular endothelial growth factor; VEGER, vascular endothelial growth factor

receptor.

profile of locally recurring tumors was 70% similar to that
of the primary tumors. In contrast, distant recurring tumors
only retained about 25% of the mutational profile of the
primary tumor (22). These findings are significant as the
treatment of recurrent GBMs is generally based on the
mutational profile of the primary tumor. Dissection and
re-profiling of recurrent tumors will highlight any major
changes to the mutation profile and identify therapies most
likely to affect the new lesions.

Inhibiting EGFR signaling

Although preclinical studies have shown great promise
for a number of inhibitors of the growth factor signaling
pathways in preclinical orthotopic GBM rodent models,
their effect on patient survival has been disappointing
(4-6,19). Because GBMs have the plasticity to change their
phenotype, they are likely to increase signaling through one
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of their other survival pathways. The concept of synthetic
lethality involves using a drug that is lethal only against
a certain genetic background. An example of synthetic
lethality is the increased susceptibility of tumors with intact
PTEN to EGFR inhibition. Over-expression of EGFR in
40% of GBMs favors PI3K/AKT signaling (23). EGFRvIII
is the most common EGFR variant (20%) and lacks the
extracellular domain resulting in a constitutively activated
survival pathway (23-25). Gefitinib and erlotinib are both
tyrosine kinase inhibitors that bind to intracellular EGFR
domain. Tumor responses to these inhibitors were only seen
in patients whose tumors had intact PTEN, whilst having
no effect on patients whose tumors had lost PTEN (11).
Highly active EGFR signaling GBMs produce more reactive
oxygen species, causing more DNA damage which is dealt
to by increased DNA repair (4). A direct link between the
DDR and EGFR signaling networks was shown by Golding
and colleagues who reported an inhibition of DSB repair
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Figure 2 Radiation causes upregulation of the DDR, activating the cell cycle check points. The two protein kinases that orchestrate DDR
activation are ATM which activates CHK2 and ATR which activates CHK1. Double stranded DNA breaks activate the ATM/CHK?2
pathway, while exposed single stranded DNA initiates ATR/CHKI pathway signaling. Phosphorylation of CHK1 and CHK2 inhibits
CDC25 that normally activates CDC2/Cyclin B to facilitate progression through G2/M. CHKI activation of the p53/p21 pathway is crucial

for G1/S checkpoint arrest. CHK2 can also activate the p53/p21 pathway following radiation, directly inhibiting the CDC2/Cyclin B

complex, resulting in G2/M arrest (6,19,23,34). AT M, ataxia telangiectasia mutated; ATR, ataxia telangiectasia and Rad3-related; CHK, cell

cycle checkpoint kinase; CDC, cell division cycle protein homolog; CDK, cyclin-dependent kinase.

by AKT and ERK (extracellular signal regulated kinase)
inhibitors and an increase in DSB repair through EGFR
and EGFRVIII signaling in malignant gliomas (23).

Inhibiting angiogenesis

Rather than inhibiting EGFR signaling with its overlapping
and possibly redundant branches, targeting tumor blood
supply might meet with more success. GBMs are highly
vascularized and produce high levels of VEGF (vascular
endothelial growth factor) which binds to VEGFR on the
membrane of GBM cells and endothelial cells, promoting
angiogenesis. However, blood supply to the tumor is
compromised as blood vessels are tortuous and leaky with
microvascular hyperplasia, leading to transient areas of
hypoxia. Anti-angiogenic therapy involves either trapping
VEGF (bevacizumab) or blocking VEGFR (sunitinib). In
theory, this should decrease the blood supply to the tumor
even further, resulting in tumor regression or at least inhibit
further tumor growth. However, the increased hypoxia
causes a phenotypic shift in energy metabolism from
mitochondrial respiration to glycolysis via hypoxia-mediated
stabilization of HIF-1a (hypoxia inducible factor 1a). So
instead of the expected inhibition of tumor progression,
tumor cells became a lot more invasive as was demonstrated
in a patient-derived rat GBM model (26). Tumor cells went
through an endothelial-mesenchymal transformation which
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was associated with increased invasion into normal brain
tissue and an increase in stem cell marker expression (27).
The ability to switch from a highly proliferative poorly
invasive phenotype to a low proliferative highly invasive
phenotype depending on local oxygen levels contributes
to the extreme radiation resistance of GSCs (4,28).
Radiation therapy, delivered in sub-lethal fractions, is
likely to promote phenotype switching by increasing
hypoxia and by activating multiple survival pathways. In
light of these preclinical finding, it is not surprising that a
recent meta-analysis of seven stage II and three stage III
clinical trials reported that combining bevacizumab with
the Stupp protocol did not increase patient survival over
and above 23 months (29). However, adding bevacizumab
improved patient quality of life in some patients because
of its corticosteroid-sparing effect (29). A recent Cochrane
analysis of seven RCTs (n=2,987) also did not recommend
adding bevacizumab to the Stupp regimen in newly
diagnosed GBM patients (30). Furthermore, adding the
topoisomerase inhibitor, irinotecan and bevacizumab to the
Stupp protocol did not increase patient survival in two II
RCT5 and one stage 11 single arm study either (31-33).

Inhibiting the DNA damage response (DDR)

The previous sections have shown a disappointing lack of
clinical response to EGFR and VEGFR inhibitors. Recent

Tirans! Cancer Res 2016;5(Suppl 4):5815-S822



Translational Cancer Research, Vol 5, Suppl 4 October 2016

attention has therefore shifted to inhibiting another GBM
survival pathway: the DDR which is controlled by the
activity of two protein kinases, AT'M (ataxia telangiectasia
mutated) and ATR (ataxia telangiectasia and Rad3-related)
(depicted in Figure 2). The DDR is upregulated in high
grade gliomas as evidenced by high levels of p53, pATM,
pCHKI (cell cycle checkpoint kinasel), pCHK2 (cell cycle
checkpoint kinase 2) and PARP-1 [Poly (ADP-ribose)
polymerase 1] (17,35,36). PARP-1 plays an important role
in base excision repair, nucleotide excision repair, single
and double stranded break repair (37). Any component of
the DDR could be considered a good target for multimodal
strategies against GBM, a strategy often referred to as
cell cycle checkpoint abrogation. Indeed, the number of
studies exploring the effect of small DDR inhibitors in
combination with radiation and DNA damaging agents in
preclinical cancer models has grown substantially in recent
years. Adding additional genotoxic stress to the genetically
unstable GBMs through radiation or chemotherapy
makes p53 mutant tumor cells particularly sensitive to
DDR inhibition. With normal surrounding tissue having
functional p53, these radio- and chemo-sensitizing effects
are not as strong, resulting in a cancer-specific sensitization
effect. The effects of specific DDR inhibitors was recently
reviewed by Benada and colleagues (34). This perspective
summarizes the radiosensitizing effects of specific ATM
inhibitors for GBMs. Several authors have reported the
effects on GSCs of DDR inhibitors against ATM, ATR,
CHK1, CHK2 and PARP-1 (17,20,35,36,38-41). The
radiosensitizing effects of first generation (KU 55933)
and the more potent second generation (KU60019) ATM
inhibitors have been demonstrated in GBM cell lines (39,40)
and GSC cell lines in vitro (17,41). Raso and colleagues
showed potent radiosensitization by KU-55933 and KU-
60019 of GSCs but not non-GSCs using patient-derived
paired GSCs and non-GSCs (17). However, as their
cell lines had limited clonogenic potential (<5% before
treatment) they used M'T'T assays 8 days after radiation
exposure, which measures cellular NADH flux rather than
clonogenic potential, which is the only clinically relevant
way to determine the radiosensitivity of cell lines (42).
Golding and colleagues used clonogenic assays to show that
continuous exposure to nanomolar concentrations of KU-
60019 radiosensitized established U1242, U87 and U373
GBM cell lines and did not interfere with temozolomide
treatment. Carruthers and colleagues also described how
DDR inhibition by KU-55933 strongly radiosensitized
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GSCs in vitro in their paper published in Molecular Oncology
2 years ago. They demonstrated that (I) GSCs are more
radioresistant than non-GSCs; (II) that radiation strongly
activates ATM induced cell cycle checkpoint activation
and DSB repair in GSCs; (III) that KU-55933 reverses
radiation-induced DDR activation and DSB repair in
GSCs and (IV) that KU-55933 radiosensitizes GSCs to
a greater extent than non-GSCs (38). The results of this
in vitro study do have clinical relevance as the authors
used patient-derived paired GSC and non-GSC cell lines
cultured in serum free stem cell medium and stem cell
depleting medium, rather than established cell lines. They
also used clonogenic assays to measure radiosensitivity
rather than viability or metabolic assays. Interestingly, KU-
55933 only partially stopped G2/M check point activation
in GSCs, which suggests DDR activation through ATR.
Further research by this group showed that ATM inhibition
caused a more pronounced radiosensitization in GSCs than
inhibition of ATR, CHKI1 or PARP-1 as single agents.
However, inhibiting both PARP-1 and ATR had a stronger
radiosensitizing effect than ATM inhibition alone, showing
that inhibiting multiple pathways of the DDR is more
effective than inhibiting a single pathway (35). Biddlestone-
Thorpe and colleagues were the first group to demonstrate
potent radiosensitization of KU-60019 in vive. They used
U1242/luc-GFP cells that form highly invasive and highly
mitotic tumors in brains of athymic mice. Nanomolar
concentrations of KU-60019 were delivered using
convection-enhanced delivery infusion, immediately followed
by 3 Gy radiation on 3 separate days. They found that mice
with mutated p53 gliomas lived more than 160 days longer
after combined treatment compared with radiation alone.
Mice with wild type p53 gliomas only lived 16 days longer
when receiving combined treatment compared with radiation
alone (40). This is another example of synthetic lethality with
ATM inhibition being much more effective in tumors that
lack functional p53 or PARP-1 (35,40). With respect to the
effects of ATM inhibitors on normal brain tissue, Golding
and colleagues co-cultured U1242 glioma cells with astrocytes
in the absence of radiation. They reported that KU-60019
and temozolomide alone or in combination had no effect
on astrocytes but reduced glioma cell growth by 40-50%
after either KU-60019 or temozolomide and by 70% after
combined treatment (39). Vecchio and colleagues addressed
the issue of safety by injecting different concentrations
of KU-60019 into the brain of healthy mice immediately
followed by a single dose of 2.5 Gy radiation. Neither this
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Figure 3 Treatment resistance mechanisms of GBMs. GBMs and particularly their small GSC subpopulation are extremely resistant to

treatment, including radiation therapy, which are discussed in detail in the text.

short-term exposure not prolonged exposure using osmotic
mini-pumps and re-absorbable clots caused neurological
symptoms, macroscopic changes or histopathological
alterations in brain, bone marrow, heart, kidney, liver, lungs,
spleen and testes in healthy mice. Although the safety aspects
of ATM inhibitors need to be assessed more thoroughly the
future, the lack of damage to multiple organs holds great
promise for future clinical studies (41).

Concluding remarks

A better understanding of the complexity of GBM
tumors, as diverse disorganized tissues consisting of many
phenotypes, including GSCs, has led to an appreciation
of the plasticity of GBMs. Treatment resistance is further
characterized by the ability to upregulate different survival
pathways, including EGFR and VEGEFR signaling and the
DDR and switch metabolic phenotypes when necessary
(summarized in Figure 3). After the failure of many EGFR
and VEGFR pathways inhibitors to increase patient
survival, recent research efforts have focused on inhibiting
components of the DDR to sensitize various cancer types
to DNA damaging therapies by interfering with cell cycle
checkpoint activation. Potent radiosensitization of ATM
inhibitors on GSCs iz vitro and in orthotopic mouse GBM
models, together with a good safety profile to date, makes
them prime candidates for progression into clinical trials.
Multimodal strategies, including radiation, temozolomide
and DDR inhibition for p53null/PTENwt GBMs/GSCs,
may deliver a strong enough clinical response to allow a
decrease of radiation dose to the brain, maintaining better
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cognitive and neurological function, whilst substantially
increasing survival of GBM patients.
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