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ABSTRACT

Surgical resection followed by radiation and adjuvant temozolomide (TMZ) is the
standard of care for glioblastoma (GBM). Not all GBMs respond to therapy, and most of
them quickly acquire resistance to TMZ and recur. In order to develop more effective and
rational treatments for GBM, it is crucial to understand the mechanisms underlying radio-
and chemo-resistance. We find that protracted TMZ treatment of mice bearing orthotopic
tumors (generated by xenografting GBM9 neurospheres) leads to acquired-TMZ resistance
resulting in tumor recurrence. In order to understand the basis for therapy-driven TMZ
resistance, we generated and functionally characterized ex-vivo cultures from the primary
and recurrent tumors. We found that cell lines derived from recurrent (TMZ-treated) tumors
were more resistant to TMZ in vitro compared to cell lines derived from primary (untreated)

tumors. We also found that the increased resistance to TMZ was due to the augmented repair



of TMZ-induced DNA double strand breaks (DSBs). TMZ induces DNA replication-
associated DSBs that are repaired primarily by the homologous recombination (HR)
pathway. We found that cell lines from recurrent cultures exhibited faster resolution of
Rad51 foci and higher levels of sister chromatid exchanges (SCEs), which indicated that a
higher level of HR was contributing to TMZ resistance in these lines. We have recently
shown that CDKs 1 and 2 promote HR in S and G2 phases of the cell cycle, in part, by
phosphorylating the exonuclease EXO1. We hypothesized, therefore, that blocking CDKs 1
and 2 might be a viable strategy for re-sensitizing recurrent tumors to TMZ. Indeed, we
found that CDK inhibitors, AZD5438 and Roscovitine, could attenuate HR in the recurrent
TMZ-resistant cell lines resulting in significant chemo-sensitization to TMZ. While HR is
primarily involved in the repair of TMZ-induced DSBs, ionizing radiation induced DSBs
would be mainly repaired by the non-homologous end joining (NHEJ) pathway. We,
therefore, developed another approach to sensitize these tumors to both radiation and TMZ
by using a dual PI3K/mTOR inhibitor, NVP-BEZ235, to block both DNA-PKcs and ATM,
key enzymes in the NHEJ and HR pathways, respectively. We found that NVP-BEZ235
inhibited both DNA-PKcs and ATM in tumors generated in mice from GBM?9 neurospheres,
thus blocking the repair of TMZ- and IR-induced DSBs, and resulting in significant chemo-
and radio-sensitization. Next, we established that NVP-BEZ235 can cross the blood-brain
barrier and recapitulated its radiosensitizing effects in an intracranial GBM model. We found
that NVP-BEZ235, administered with IR, can attenuate DSB repair in these intracranial

tumors, attenuate tumor growth, and extend survival of tumor-bearing mice. Importantly,
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attenuation of DSB repair was more pronounced in tumor cells compared to normal brain
cells, thereby providing a larger therapeutic window. In sum, this study indicates that
augmented DNA repair may underlie therapy resistance in GBM and provides support for the
potential use of DNA repair inhibition as an effective strategy for improving the efficacy of

GBM therapy.
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CHAPTER ONE
General introduction

Glioblastoma

Glioblastomas (GBM) are unfortunately both the most common and deadly type
of brain tumors. Patients with GBM exhibit median survival times of only about 15
months and a 5-year survival of less than 10% even with aggressive, multimodal
treatment regimens (Stupp et al., 2009a). Although GBM have relatively low incidence,
with about 10000 new cases every year (mainly in the older population), they are one of
the most devastating cancers, as they are invariably lethal (Dunn et al., 2012). The World
Health Organization (WHO) classifies GBM as grade IV diffuse gliomas (Louis et al.,
2007) solely based on the histological resemblance to glial cells. Presence of necrosis or
microvascular proliferation determines the grade IV glioma diagnosis (Miller and Perry,
2007).

GBM can be further classified into primary or secondary GBM. Primary GBM
arise de novo, whereas secondary GBM initially arise as grade II or III gliomas and
develop into GBM over time through the acquisition of additional mutations (Johnson et
al., 2014a). Interestingly, primary GBM account for about 90% of all GBM and have a
higher incidence in older patients, whereas secondary GBM account for the remaining
10% and have higher incidence in younger patients. It is important to note that although

these two subclasses of GBM are histopathologically indistinguishable, they represent
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two very distinct tumor entities with different natural histories, age distributions, genetic
signatures, and prognosis (Ohgaki et al., 2014) (Fig. 1.1). A salient feature of secondary
GBMs is the distinct presence of 7P53 and /DHI mutations, which interestingly resemble
the Proneural subtype of GBM (see below).

With the advent of the original Cancer Genome Atlas (TCGA) study for GBM
(TCGA, 2008), in which the recurrent genomic alterations in more than 200 tumors were
identified, four distinct GBM subtypes were defined based on their genomic signature:
Classical, Mesenchymal, Neural, and Proneural (Verhaak et al., 2010). The Classical
subtype displays the most common recurrent genomic alterations of GBM including
Chromosome 7 amplifications and Chromosome 10 deletions, EGFR amplifications, and
homozygous deletions spanning the Ink4a/Arflocus. Notably, this subtype in general
lacks additional alterations in 7P53, NF 1, PDGFRA, or IDHI. As the flipside of the
Classical subtype, the Proneural subtype does not present Chromosome 7 amplifications
and Chromosome 10 deletions as frequently and displays high frequency of 7P53,
PDGFRA and IDH1 alterations. Of clinical relevance, this subtype shows no evidence of
therapeutic advantage to high intensity therapies, such as concomitant radiation and
chemotherapy. Samples of the Mesenchymal subtype have high expression or
mesenchymal markers such as CHI3LA and MET. This subtype is also marked by either
homozygous loss, mutations, or simply low expression of NF'/. The Neural subtype of
GBM most closely resembles the expression pattern of normal brain tissue, with clear

overlaps with neuronal and astrocytic gene signatures.
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Figure 1.1. Classification of GBM. Primary GBM arise de novo from precursor cells
whereas secondary GBM develop from lower grade astrocytomas over time. All subtypes
of GBM (neural, classical, mesenchymal and proneural) are represented in the primary
GBM, whereas the secondary GBM are all of the proneural subtype, and display /IDH1/2
mutations and a hypermethylation phenotype. Figure modified from Ohgaki et al., 2014.



Glioblastoma treatment

No contemporary treatment is curative. The standard of care of GBM consists of
maximal, safe surgical resection followed by radiotherapy and chemotherapy. Significant
progress has been made in understanding the biology of GBM, but unfortunately this
knowledge has not translated in better treatments in the clinic. One of the major
difficulties hindering treatment efficacy, and what makes GBM a very unique type of
tumor, is its location. As opposed to other types of tumors, a simple biopsy represents a
major brain surgery. Also local growth control is majorly restricted by both the difficulty
in performing major tumor resections and by its infiltration into vital nervous tissue.
Additionally, limiting drug availability, GBMs hide behind the blood-brain barrier. In
addition to its location, its remarkable inter- and intratumoral heterogeneity make GBM
multiple diseases at the same time, each potentially with its own resistance and
vulnerability, making tumor relapse a given. Indeed multiple subtypes have been
identified within the same patient’s GBM (Sottoriva et al., 2013). Furthermore, the
existence of heterogeneous clones with varying sensitivities to chemotherapy has been
confirmed within a single tumor (Meyer et al., 2015).

Surgery. Since the first brain tumor was surgically removed in 1884 (Kirkpatrick,
1984), the field of neurosurgery has dramatically evolved. It soon became evident that
surgery, even as radical as whole hemisphere removal, did not cure the cancer. In modern
surgeries the goals are to obtain biopsies for pathological diagnosis, relief mass effect,

and maximize removal of the tumor. Special attention is taken to spare speech and motor



centers, through the use of awake surgeries, electrodes, and MRI before and during the
surgery. Multiple studies have documented the benefits of surgery and its extent
(Ammirati et al., 1987; Fadul et al., 1988; Keles et al., 1999; Ryken et al., 2008; Sanai
and Berger, 2008). One study with a population size of more than 400 patients, found that
a significant survival advantage was associated with resection of 98% or more of the
tumor volume with median survival of 13 months vs. 8.8 months in patients with <98%
resection (Lacroix et al., 2001). Recurrent GBM are rarely surgically resected as patients
may not be eligible for surgery, and the benefit in performing the surgery has not been
determined. This makes tumor evolution and resistance studies difficult due to the dearth
of matched primary vs. recurrent tumors.

Radiotherapy. Paradoxically, radiation exposure is the only known risk factor for
gliomagenesis and also the backbone of GBM treatment. Radiotherapy is usually given
concomitantly with temozolomide (see below) or alone in elderly patients (Keime-
Guibert et al., 2007). Postoperative radiotherapy has been shown to increase the median
survival of GBM patients compared to surgery alone from 14 to 36 weeks (Walker et al.,
1978). A dose escalation study showed that giving a higher radiation dose extended the
survival from 9 months in the 45Gy regimen to 12 months in the 60Gy regimen (Bleehen
and Stenning, 1991). Also when analyzing radiological data, it was determined that 90%
of the tumors recurred within a 2cm margin of the originally resected tumors (Liang et
al., 1991). Therefore, currently the recommended scheme for postoperative radiotherapy
includes a maximum cumulative dose of 60Gy, given in 2Gy daily fractions, and directed

towards the radiographically defined T1 contrast-enhancing (by MRI) area plus a 1-2cm



margin (Buatti et al., 2008). Although there are other radiotherapy modalities such as
interstitial brachytherapy, they are rarely used and their effectiveness remains to be
tested.

Chemotherapy. As it became clear that surgery, even with the radiation adjuvant
was not curative, oncologists started experimenting with cytotoxic chemotherapy. As
mentioned above, a major hindrance to the use of chemotherapeutic agents for GBM is
the blood-brain barrier (BBB), which effectively excludes many agents from the CNS.
Therefore, intracranial drug delivery methods are currently under development to go
around this issue so that drug toxicities can be reduced as lower doses would be needed to
achieve the desired concentrations in the brain tumor. Though not the case anymore,
nitrosoureas (BCNU or CCNU) were the major chemotherapeutic agents for GBM
treatment, as they apparently had modest increases in survival (Chang et al., 1983).
However, the use of such agents remained controversial as results were not conclusive.
Recently, a study by Stupp et al. (2005) showed conclusively that temozolomide (TMZ),
an alkylating agent (see Chapter Two for mechanism of action), was able to extend the
median survival of GBM patients from ~12 to ~14 months. Patients also saw significant
increase in 2, 3, 4 and 5 year survivals from 27.2%, 16.0%, 12.1%, and 9.8%,
respectively, with radiotherapy plus temozolomide, versus 10.9%, 4.4%, 3.0%, and 1.9%
with radiotherapy alone (Stupp et al., 2009). Temozolomide was approved by the FDA in
2005 for the treatment of newly diagnosed GBMs and has since then remained part of the

mainstay of treatment.



Targeted therapy. With the identification of recurrent genomic alterations in
primary GBM, numerous clinical trials testing potential targets are underway. However,
for a large fraction of patients clinical response to these agents is either insignificant or
short-lived. The epidermal growth factor receptor gene (EGFR) is a very attractive
candidate for targeted therapy as it is amplified in ~50% of GBM (TCGA, 2008)(Parsons
et al., 2008), and a significant fraction of tumors also displays gain-of-function mutated
versions such as EGFRvIII (Huang et al., 2009). Also overexpression of PDGFR has been
documented in GBMs (TCGA, 2008). These events significantly activate PI3K and
downstream effectors and result in proliferation and pro-survival signals. Despite the
well-justified expectations for inhibitors targeting the kinase domain of EGFR and EGFR
mutants, erlotinib and gefitinib showed disappointing clinical benefits (Franceschi et al.,
2007; Kesavabhotla et al., 2012; Raizer et al., 2010; van den Bent et al., 2009; Yung et
al., 2010). Also imatinib, a kinase inhibitor of PDGFR, showed no benefit in recurrent
GBM (Razis et al., 2009). Since GBM are characterized by sustained angiogenesis, there
was an interest in targeting this process by inhibiting its key regulator, VEGF. A
humanized, monoclonal antibody targeting VEGF, Bevacizumab, has been tested
clinically and shows modest activity against primary GBM but no increase in survival
when given in combination with standard therapy (Gilbert et al., 2014; Peters et al.,
2015). Interestingly, Bevacizumab showed a modest but significant benefit in survival in
recurrent GBM and has been approved for treatment (Friedman et al., 2009; Vredenburgh

et al., 2007).



DNA repair and resistance

GBMs invariably recur. Despite aggressive treatment and initial response, GBM
tumors eventually stop responding to conventional and targeted treatment. It is becoming
increasingly clear that GBMs display patterns of branched evolution where cells from the
founding population can acquire different mutations and follow different evolutionary
paths (Sottoriva et al., 2013). Such branching creates heterogeneity and multiple paths to
resistance, which may partly explain the failure of targeted therapies. Moreover, it has
been shown that glioma treatment may propel the evolution of these tumors by
introducing characteristic mutations (C>T mutations in the case of TMZ) and selecting
for resistant clones (Johnson et al., 2014). Very few shared mutations among the initial
glioma and its recurrences are observed (Fig. 1.2) (Johnson et al., 2014a). However, the
relative contribution of TMZ therapy to this diversification it is not clear from these
studies , since the progression of tumors alone also introduces new mutations. Since
surgical resection is almost complete in a high proportion of patients, it is likely that the
recurrent tumors may originate from residual cells representing minor clones that
remained undetected in the initial tumors. The study of the evolutionary trees of GBM
tumors has identified the presence of both subclonal mutations, late occurring events that
are present in a few cells, and clonal events which occur in the trunk of the evolutionary
tree. These truncal events represent more attractive targets as they are shared among a

bigger group of cells and are more likely to be present in the recurrences. Although an
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enormous amount of research has been done in order to understand the driving oncogenic
events and vulnerabilities of primary tumors, this knowledge may have limited utility as
recurrent GBM are very different.

In the past decade, data has accumulated to support a hierarchical organization of
solid tumors including GBM (Chen et al., 2010; Reya et al., 2001; Singh et al., 2004), in
which the so called stem-like cells can give rise to the heterogeneous cells within a
tumor. These cancer stem-like cells have been proposed to represent a population of
therapy-resistant cells that give rise to recurrences despite tumor response to treatment.
As such, cancer stem-like cells would represent the evolving unit of the tumor. Intrinsic
and acquired mechanisms of resistance in GBM cancer stem-like cells that limit both
radio- and chemotherapy are therefore important to study. The underlying mechanism for
such augmented resistance of these cells has been attributed to overexpression of ATP-
binding cassette transporters (Dean et al., 2005), activation of survival pathways
(Hambardzumyan et al., 2008), and greater DNA-damage repair (Bao et al., 2006). Given
that the mechanism of action of TMZ and radiation (the backbone of GBM therapy) is
generation of DNA damage, DNA-damage repair is of special importance in treatment
failure.

Cells, including cancer cells, are the target of tens of thousands of lesions in the
DNA per day. These lesions, if not properly repaired, can impair transcription and
replication, or even lead to mutations or gross chromosomal aberrations that can result in
aberrant signaling and cell death (Jackson and Bartek, 2009). DNA damage can range

from base damage, mismatches, or base loss to strand breaks such as single strand breaks
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(SSB). Single strand breaks can give rise to double strand breaks (DSB), the most toxic
type of DNA lesion, if they are located very close to each other or if encountered by a
replication fork. Given that cancer cells are under a higher level of replication stress due
to increased levels of proliferation, they usually have an altered DNA damage response
(DDR). Activation of oncogenes and loss of tumor suppressor genes allow cancer cells to
suppress cell cycle checkpoint activation and pro-apoptotic signaling allowing them to
survive with disturbingly high levels of genomic instability (Halazonetis et al., 2008). In
the context of radiotherapy and TMZ treatment, both of which result in multiple types of
DNA lesions including DSBs, multiple genetic and epigenetic alterations related to the
DDR have been identified that help the cells resist therapy.

Heightened DSBs repair capabilities have been reported before as mechanisms of
resistance to genotoxic therapies in glioma cells. One mechanism is upregulation of non-
homologous end-joining (NHEJ), one of the two pathways that the cell uses to repair
DSBs. This heightening of NHEJ has been shown to occur by over-activation of the DNA
repair apical kinase, DNA-PKcs, by Akt in glioma cells with upregulated PI3K/Akt
signaling (Mukherjee et al., 2009). Additionally, it has been shown that radiation
treatment enriches for glioma stem cells, and these stem cells show a higher activation of
ATM, another apical kinase in the DSB repair, and more efficient repair (Bao et al.,
2006). Heightened DSB repair can also occur due to upregulation of downstream
effectors in the DDR. For instance Rad51, a key protein in the process of homologous
recombination (HR), the other pathway used to repair DSBs, has been shown to be

overexpressed in several cancers, and this correlated with heightened resistance to
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genotoxic therapies including radiation and TMZ (Kiyohara et al., 2012; Raderschall et
al., 2002; Short et al., 2011). Therefore targeting the DDR has been proposed as a

strategy for sensitizing cancers to both radiation and genotoxic agents.

Targeting the DNA damage response

Not all GBMs respond to radiotherapy, and most of them quickly acquire
resistance to TMZ and recur. In order to develop more effective and rational treatments
for GBM, it is crucial to understand the mechanisms underlying radio- and chemo-
resistance. The work presented here sets out to gain a better understanding of the
underlying mechanisms of temozolomide resistance. Using this knowledge, we set to
show in a proof of principle manner, that inhibiting two important apical kinases in the
DNA damage response (DDR), ATM and DNA-PKcs, could be used as an effective
strategy to both chemo- and radio-sensitize GBM. This work can thus be summarized as
follows:

1) Development of an orthotopic mouse model of tumor recurrence after TMZ

chemotherapy (Chapter Two).

2) Establishing the mechanism(s) of TMZ-resistance in the aforementioned

model (Chapter Two).

3) Designing rational strategies for therapeutic sensitization by targeting HR

with CDK 1 and 2 inhibitors (Chapter Two) and by inhibiting both HR and
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NHEJ with an ATM and DNA-PKcs inhibitor (Chapter Three) — in vitro
studies.
4) Validation of DNA repair inhibition as a viable strategy for sensitizing tumors

to TMZ and radiotherapy (Chapter Three) — in vivo studies.
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CHAPTER TWO
Mechanisms of resistance to temozolomide

Introduction

Glioblastomas (GBMs) are incurable, malignant brain tumors (Dunn et al., 2012).
The median survival of patients with GBM is only slightly above a year and the 5-year
survival is less than 10% despite aggressive treatment regimens (Stupp et al., 2009b). The
current mainstay of treatment is surgical resection, followed by radiation therapy
combined with concomitant and adjuvant temozolomide chemotherapy (Stupp et al.,
2009b). Addition of temozolomide to standard therapy increases the survival rates
significantly, though minimally (Stupp et al., 2009b). This lack of effectiveness is mostly
due to intrinsic and acquired resistance of tumors to TMZ (Sarkaria et al., 2008). With
only three drugs ever being approved for clinical use for treatment of GBM (McNeill et
al., 2014) patients are virtually left without treatment options after tumor recurrence;
therefore, it is crucial to find the mechanisms of resistance in order to find strategies to
re-sensitize these tumors to TMZ.

TMZ is an alkylating agent that methylates DNA at the N” position of guanine,
the O° position of adenine and the O° position of guanine (Friedman et al., 2000).
Cytotoxicity from TMZ is mostly derived from the 06-methyl guanine (0°-meG) (Dolan
et al., 1991; Wedge et al., 1996a; Wedge et al., 1996b). If not reversed by direct

enzymatic repair of O%-methylguanine methyl transferase (MGMT), O°-meG mismatches
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with thymine during replication. The mismatch is recognized by the DNA mismatch
repair (MMR) machinery, which promotes the excision of the newly synthesized strand
leaving the parental strand with the O°-meG lesion intact (Friedman et al., 2000). O°-
meG can then mismatch again with thymine leading to repeated cycles of repair attempts
and persistent single strand stretches (Fu et al., 2012). During the following round of
replication, the replication fork encounters single stranded DNA, and a single-ended
double strand break (DSB) is formed (Ochs and Kaina, 2000). DSBs are extremely toxic
to the cell and can lead to cell death if not repaired accurately by homologous
recombination repair, the dominant DSB repair pathway in the S/G2 (replicative phases)
of the cell cycle (Jackson and Bartek, 2009).

Though TMZ-induced DSBs are very toxic, TMZ’s efficacy is greatly limited by
both inherent and acquired resistance mechanisms developed by the cell. MGMT can
directly reverse the O°-meG lesions; therefore, high expression of the protein leads to
TMZ resistance. MGMT promoter methylation (which silences expression of MGMT)
correlates with better response to TMZ (Hegi et al., 2005a; Wiewrodt et al., 2008).
Conversely, acquired resistance has been correlated to heightened expression of MGMT
in recurrent tumors in clinical and mouse xenograft studies (Felsberg et al., 2011;
Happold et al., 2012; Kitange et al., 2012; Sarkaria et al., 2008). Another reported
mechanism of acquired resistance is loss of MMR (Cahill et al., 2007; Felsberg et al.,
2011; Happold et al., 2012; Hunter et al., 2006; Johnson et al., 2014b; Nguyen et al.,
2014; Sarkaria et al., 2008; Yip et al., 2009). The basic principle being that without

MMR, single stranded DNA stretches are not generated and consequently no DSBs are
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formed at replication forks. In this case the cells are able to survive with the resulting
C>T/A>G mutations. In both cases no DSBs are induced.

Though important, MGMT and MMR status do not account for resistance to TMZ
in all cases (2008; Happold et al., 2012). About half of patients express MGMT (Hegi et
al., 2005a) and only a fraction exhibit evidence of MMR deficiency (2008; Cahill et al.,
2007; Felsberg et al., 2011), making it evident that there must be yet undiscovered
mechanisms of resistance. Here, we report that protracted treatment with TMZ of MGMT
deficient, orthotopic GBM tumors can result in acquired TMZ resistance due to
heightened DSB repair of TMZ-induced DSBs. This resistance can be attributed to
augmented homologous recombination repair, a pathway that can be targeted for

chemosensitizing GBM.

Methods

Cell culture and in vitro TMZ treatments. Neurosphere cultures were maintained as
described (Estrada-Bernal et al., 2011). Briefly, GBM9 spheres were maintained in
DMEM/F12 1:1 media (Life Technologies) supplemented with B27 without Vitamin A
(Life Technologies), 10 ng/mL EGF, and 10 ng/mL bFGF (Peprotech). Monolayer human
glioma lines were maintained in DMEM media with 5% FBS, 5% NCS, 1% P/S. U138
was supplemented with non-essential amino acids. HSFs were maintained in cMEM
supplemented with 20% FBS. All cells were kept in humidified incubators at 37°C with

5% COa,. All cells were tested to be Mycoplasma free. To generate temozolomide
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resistant lines, GBM9 spheres, and U251, US7MG, LN229, T98G, U138 monolayer
cultures were treated with 50uM temozolomide and replenished every other day for 24

days.

Animal injections, treatments, and ex-vivo culture generation. Animal studies were
performed in accordance of the UT Southwestern IACUC-approved protocol #2010-
0077. Intracranial tumors were generated by injecting 5 x 10° GBMO cells in 5 pL of
growth media into the right corpus striatum (Mukherjee et al., 2009) of Nu/Nu nude mice
(Charles River, Stock#88). Treatment was initiated 7 days after injections. Mice were
treated every other day with 20mg/kg temozolomide by oral gavage (vehicle:
polyethylene glycol 300, Sigma-Aldrich) a total of 12 times. Mice bearing intracranial
tumors were sacrificed when they became moribund. Brains were removed and tumors
dissected. Ex-vivo cultures were generated by triturating tumor tissue with trypsin and

placing the mixture in plastic flasks with DMEM 10% FBS media.

Colony survival. Cells were plated in triplicate onto 60-mm dishes (1,000 cells per dish),
and treated either with ionizing radiation, temozolomide, N-methyl-N'-nitro-N-
nitrosoguanidine, Camptothecin, or Etoposide at the indicated doses. At 48 hours after
TMZ or MNNG, 2hr after CPT, or 1hr after Epo addition, drug-containing medium was
replaced with drug-free medium. For the chemosensitization experiments, TMZ-

containing media was replaced with either SuM Roscovitine or 0.25uM AZD5438
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containing media for 48hr. Surviving colonies were stained with crystal violet

approximately 10 to 14 days later as described before (Mukherjee et al., 2012).

Western Blot. Cells were mock irradiated or irradiated with 10Gy of IR. Cell lysates were
prepared 0.5hr after irradiating and Western blotted as described before (Mukherjee et al.,
2012). Antibodies used were as follows: Actin, Sigma, 1:1000; Chk1, Cell Signaling,
1:500; Chk1 (Ser317) Cell Signaling, 1:500; Chk2, Cell Signaling, 1:500; Chk2 (Thr68),
Cell Signaling, 1:500; MGMT, Millipore, 1:1000; MLH1, BD Biosciences, 1:500;
MSH2, BD Biosciences, 1:500; MSH3, Assay Biotech, 1:1000; MSH6, Assay Biotech,

1:1000.

Microsatellite Instability. Genomic DNA was obtained from high passage ex-vivo
cultures by using the DNeasy Tissue and Blood kit (Qiagen). Microsatellite-containing
loci were amplified by PCR and products ran in 8% polyacrylamide gels to determine
their relative sizes. PCR reaction conditions and primers were used as described

(Dietmaier et al., 1997b).

DNA repair assay. For monitoring DSB repair, cells in chamber slides were pulsed with
TMZ (10uM) for 48hr, MNNG (1puM) for 48hr, CPT (50nM) for 2hr, Epo (2uM) for 1hr,
or irradiated with 1Gy of IR. Cells were fixed at the indicated times and processed for

immunofluorescence staining as described (Mukherjee et al., 2012) using antibodies
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against 53BP1 (Santa Cruz, 1:1000), or Rad51 (Santa Cruz, 1:1000). Foci were counted

manually in more than 50 cells and average values were calculated.

Flow cytometry. Cells were treated with 10uM TMZ for 48hr, or irradiated with 10Gy of
IR, fixed at the specified timepoints and processed for propidium idodide staining and

flow cytometry (McEllin et al., 2010).

Resection assays. For the BrdU incorporation assay, cells were grown in BrdU
(40ug/mL) for 2 days (1 cell division) before addition of CPT. For both assays, BrdU
incorporation and RPA foci staining, cells were pulsed with CPT (50nM) for 2hr, and
fixed at indicated timepoints. Cells were extracted and processed for staining as described

(Tomimatsu et al., 2014).

Sister Chromatid Exchanges. To visualize SCEs, cells were incubated in the presence of
BrdU (BD Biosciences, 20uM) and DMSO or CPT (50nM) for two cell divisions (4
days), after which metaphases were prepared as described before (McEllin et al., 2010).
SCEs were counted and normalized to the total number of chromosomes per spread for

25 metaphase spreads per treatment group.

Results
Temozolomide treatment leads to acquired TMZ-resistance in MGMT negative

cells. Temozolomide (TMZ) chemotherapy is part of the backbone of GBM treatment;
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however, these tumors inevitably become resistant to temozolomide. Given the
universality of tumor recurrence, more studies are desperately needed to address
mechanisms of chemoresistance in glioblastoma (GBM). As a prelude to in vivo studies,
we treated human glioma cells with 50uM TMZ (12 doses over 24 days), as this is lower
than measured plasma concentrations and around the predicted concentrations in the
tumors of GBM patients. We used the MGMT-expressing, adherent cell lines, T98G and
U138, the MGMT-negative, adherent lines U251, US7MG, LN229, and the MGMT-
negative sphere-forming (“stem-like cells”) GBM9. The MGMT-expressing lines were
initially very resistant to TMZ (Fig. 2.1A and B). Not surprisingly, the resulting lines
after prolonged TMZ-treatment (T98G-T12 and U138-T12) were also very resistant. On
the other hand, the MGMT-negative lines U§7MG and LN229 stopped dividing after the
6-8" dose of TMZ and remained senescent. In contrast, the U251 and GBM9 cells, even
though initially sensitive, became more resistant to TMZ after prolonged treatment with
TMZ (Fig. 2.1C and D). Importantly, this acquired resistance in cells U251-T12 and
GBM9-T12 was not accompanied by overexpression of MGMT. This result suggests that
other mechanisms of resistance may be in action that either impede the formation of
double-strand breaks (DSB) or aide the cells in handling or responding to DSBs to avoid
cell death. In order to further understand the acquired TMZ-resistance, we decided to use

a more realistic, in vivo orthotopic model.
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Figure 2.1. Acquired resistance does not correlate with increased MGMT. A-D.
T98G, U138, U251 and GBMY, and their long-term treated counterparts (T12) were used
in a colony survival assay with increasing concentrations of TMZ. Error bars, S.D. ***%*,
P<0.0001. Cell lysates treated with DMSO or TMZ were probed for MGMT expression.
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GBM orthotopic mouse model generation. One reason for the lack of studies
addressing TMZ resistance is the lack of matched primary and recurrent patient
samples/cell lines, and the lack of good experimental models to study acquired resistance.
In this study, we have generated an in vivo model of acquired resistance to address this
need. We first surgically implanted GBM9 sphere-forming cells into the brain of nude
mice. GBM9 were obtained from a treatment naive patient and established as cultures in
serum free media. These growing conditions have allowed these cells to maintain an
undifferentiated state, which is key to maintain important genomic signatures from the
original tumor (such as EGFR overexpression in GBM9) (Estrada-Bernal et al., 2011).
Therefore, this line forms tumors in the brain that closely resemble the original tumor.
Seven days after implantation, mice remained untreated or were treated with TMZ
repeatedly (20mg/kg, 12 doses every other day), mimicking the adjuvant phase of
treatment in the clinic. When the mice became moribund due to brain tumor burden, ex-
vivo cultures were generated from each independently evolving tumor. In this model the
untreated tumors represent the original, treatment-naive, primary tumor, and the tumors
after TMZ treatment represent the recurrent tumor of an isogenic, matched tumor pair
(Fig. 2.3A). Importantly, mice bearing GBM9 tumors treated with TMZ had a longer
survival than untreated mice, showing that the GBMO cells were initially sensitive and
acquired TMZ-resistance during the course of TMZ treatment (Fig. 2.2). Furthermore,
when we performed clonogenic assays with increasing doses of TMZ, we found that
recurrent GBM9 ex-vivo cultures (shown in green) were generally more resistant to TMZ

than the primary GBM9 ex-vivo cultures (shown in black; Fig. 2.3B). Two cultures, 419
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Figure 2.3. Acquired TMZ-resistance arises after protracted in vivo treatment. A.
GBMY9 neurosphere cultures of a patient sample were expanded in culture and injected
intracranially in nude mice. Brain tumors from untreated (primary) and TMZ treated mice
(recurrent) were harvested and ex-vivo cultures were generated for further
characterization. B. Primary (shown in black: 414, 483 and 484) and recurrent (shown in
green: 419, 479 and 481) cultures were used in a colony survival assay with increasing
concentrations of TMZ. Error bars, S.D. **** P<0.0001. **, P=0.0017. C. Primary (483
and 484) and recurrent (419 and 481) cultures were treated with SOuM TMZ for 48hr,
stained using PI, and intensity of 10000 cells measured by flow cytometry.
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and 481, were exceptionally chemoresistant and were therefore chosen for further
analysis. Two sensitive cultures (483 and 484) were chosen as the primary controls.

We observed a normal S/G2 arrest in response to TMZ treatment in the primary cultures
but not in the recurrent ones, further showing the dichotomous sensitivities between these
two groups (Fig. 2.3C). Importantly, this was not due to an abrogated checkpoint
activation in the recurrent cultures, as we did observe a robust arrest in G2 and
phosphorylation of checkpoint proteins Chk1 and Chk2 in these cells upon irradiation
(Fig. 2.4).

Augmented DNA repair via HR is the basis of acquired TMZ-resistance. We next
wanted to find out the mechanism of this acquired TMZ-resistance in the recurrent
tumors. As mentioned above, the main mechanisms of resistance seen in patients are re-
expression of MGMT and loss of MMR proficiency, both of which impede the generation
of DSBs in the tumor cells. MGMT-mediated repair does not play a role in the observed
resistance, as neither the original GBM9 spheres, the primary, nor the recurrent ex-vivo
cultures express MGMT (Fig. 2.5A). To assess MMR status, we looked at four MMR
proteins whose expression levels have been shown to decrease after TMZ treatment
(Cahill et al., 2007; Felsberg et al., 2011). There was no difference in protein levels
between the original GMB9 cells and ex-vivo cultures suggesting these cells are MMR
proficient (Fig. 2.5B). However, this does not rule out mutations in these genes which are
also believed to render cells MMR deficient (Cahill et al., 2007; Hunter et al., 2006;

Johnson et al., 2014b; Nguyen et al., 2014; Yip et al., 2009). Therefore, we looked at the
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Figure 2.4. Primary and recurrent cultures can arrest in G2. A. Primary and
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Figure 2.5. TMZ generates DSBs in ex-vivo cultures. A-B. Whole cell lysates were
obtained and probed for MGMT (A) and MMR proteins (B). C. MSI was assayed by
PCR of regions in loci BAT 25, BAT26, BAT40 and D2S123 encompassing
microsatellites to asses MMR proficiency. D. Primary (483 and 484) and recurrent
cultures (419 and 481) were pulsed with 10uM TMZ for 48hr, fixed at the indicated
timepoints, immunofluorescence stained for 53BP1 foci (red) and imaged at 40X
magnification to obtain the DNA repair kinetics upon TMZ treatment. Nuclei are stained
with DAPI (blue). 53BP1 foci in 50 nuclei per timepoint were counted and plotted. Error
bars, S.E.M. **** P<(.0001 (any recurrent versus any primary culture at 48hr).
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presence of microsatellite instability (MSI), which is a functional consequence indicative
of MMR deficiency (Dietmaier et al., 1997a) . MSI was assayed by amplifying the region
within the loci containing microsatellites and then determining whether the product has
insertions/deletions by looking at amplicon size by gel electrophoresis. We used low
passage human skin fibroblasts (HSFs) as a MMR-proficient control and the colon cancer
line, HCT116, as a MMR-deficient control (Bhattacharyya et al., 1994). As pointed by
the red arrows, HCT116 samples have PCR products that are either higher or lower than
those of the HSF samples (black arrows) indicating indels and MSI. In contrast we found
there were no indels and therefore no MSI in either the original GBM9 or the ex-vivo
cultures at four commonly unstable loci (Fig. 2.5C). In agreement with these data
showing lack of MGMT expression and a proficient MMR, we saw that TMZ induced a
statistically comparable (P>0.08) amount of 53BP1 foci, a marker for DNA breaks,
between any primary and any recurrent culture. The induction of DSBs underscores the
fact that MMR is proficient in these cultures. Importantly, the recurrent cultures exhibited
a faster kinetics of resolution for 53BP1 foci (Fig. 2.5D), which could explain acquired
TMZ-resistance.

If accelerated DSB repair was the basis for the acquired TMZ-resistance, then the
recurrent cultures should be cross-resistant to other genotoxic agents. To test this idea, we
used ionizing radiation (IR), etoposide (Epo), N-methyl-N'-nitro-N-nitrosoguanidine
(MNNG) and camptothecin (CPT), all of which generate DSBs, albeit through different
mechanisms. IR can directly ionize DNA and also ionize water which results in radicals

that then react with DNA to induce DSBs independently of the cell cycle. Epo is a
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TOPO?2 isomerase poison which locks the DNA bound enzyme after it has cut the DNA
at both strands and therefore also induces DSBs irrespective of the cell cycle. MNNG is a
functional analog of TMZ and depends on a proficient MMR to create nicks in the DNA
that are then converted into DSBs during replication. CPT is a TOPOI1 isomerase poison
which blocks the DNA bound enzyme after it has made its single strand cut in the DNA,
and therefore it generates DSBs after these single strand nicks encounter a replication
fork. Hence, MNNG- and CPT-induced breaks, just like TMZ-induced breaks, are
replication associated. Interestingly, we found that the recurrent cultures were not cross-
resistant to IR or Epo (Fig. 2.6A-B) and repaired IR- or Epo-induced breaks at a rate
similar to that of the primary cultures (Fig. 2.7A-B). On the other hand, the recurrent
cells were cross-resistant to both MNNG and CPT (Fig. 2.6C-D) and repaired the
replication-associated MNNG- and CPT-induced breaks at a much faster rate compared
to the primary cultures (Fig. 2.7C-D). Since the augmented DSB repair was specific to
replication associated breaks, we hypothesized that the recurrent cultures exhibit
heightened DSB repair via homologous recombination (HR), which is active only during
the S and G2 phases when a sister chromatid is available and serves as a template for
recombination. Importantly, when we compared the CPT-induced break repair
capabilities of normal human astrocytes (NHA) to the ex-vivo cultures, we saw NHAs
were comparable to the primary (P=0.0870, P=0.1183; NHA versus 483 and 484,
respectively) and different from recurrent cultures (P=0.0004, P=0.0013; NHA versus

419 and 481, respectively) (Fig. 4D).
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Figure 2.6. Recurrent cultures are cross resistant to MNNG and CPT but not to IR
and Etoposide. A-D. Primary (483 and 484) and recurrent cultures (419 and 481) were
seeded for clonogenic assays and irradiated (A), pulsed with Epo for 1hr (B), pulsed with
1 MNNG for 48hr (C), or pulsed with CPT for 2hr (D) at the doses shown.
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Figure 2.7. Recurrent cultures have heightened repair of replication associated
breaks. A-D. Primary (483 and 484) and recurrent cultures (419 and 481) were irradiated
with 1Gy (A), pulsed with 2uM Epo for 1hr (B), pulsed with 1uM MNNG for 48hr (C),
or pulsed with 50nM CPT for 2hr (D), fixed at the indicated timepoints,
immunofluorescence stained for 53BP1 foci (red) and imaged at 40X magnification to
obtain the DNA repair kinetics upon DSB induction. Nuclei are stained with DAPI
(blue). 53BP1 foci in 50 nuclei per timepoint were counted and plotted. Error bars,
S.E.M. **** ' P<0.0001 (any recurrent versus any primary culture at 48hr in C and 24hr

in D).



To confirm augmented HR and mechanistically understand how it is upregulated
in the recurrent cultures, we tried to elucidate differences in specific steps of HR between
primary and recurrent cultures. For the following experiments we used a short pulse of
CPT, which is sufficient to induce damage in cells that are in S phase (as opposed to
TMZ which requires two rounds of replication to induce breaks). Importantly CPT
induces DSBs that are mostly processed by HR as evidenced by the high Rad51 to
YH2AX ratio (Fig. 2.8). In order for recombination to occur, DNA ends flanking the
DSBs need to be resected first (Symington and Gautier, 2011). DNA end resection (5’ to
3’) results in the formation of a 3’-OH single stranded tail that is first coated with
replication protein A (RPA). To look at the progression of resection, we stained the ex-
vivo cultures for RPA, but found no significant difference in the amount of RPA foci
between recurrent and primary cultures (Fig. 2.9A). To substantiate these results, we
carried out a BrdU incorporation-based assay in which resection of DNA unmasks the
epitope of the incorporated BrdU which can then be stained in the single-stranded DNA
around the breaks (Tomimatsu et al., 2014). Again, we found that there was no significant
difference in the amount of BrdU foci (Fig. 2.10). Next we analyzed Rad51 loading,
which is an HR specific protein that displaces RPA from the resected ends of DNA at the
break site (Krejci et al., 2012). Rad51 forms nucleoprotein filaments (Conway et al.,
2004) that catalyze the homology search and DNA strand exchange (Krejci et al., 2012;
Sung, 1994). Induction of Rad51 foci was similar in primary and recurrent cultures;
however, the recurrent cultures showed a faster foci resolution (Rad51 dissociation) (Fig.

2.9B), an essential step that exposes the 3’-OH required for DNA synthesis and repair
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Figure 2.8. CPT induces breaks that are repaired via homologous recombination.
Ex-vivo cultures were pulsed with 50nM CPT and stained 2hr after drug removal for
Rad51 and gH2AX to assess the fraction of breaks repaired by homologous

recombination.
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Figure 2.9. Recurrent cultures have augmented HR and faster Rad51 foci
resolution. A. Primary (483 and 484) and recurrent cultures (419 and 481) were pulsed
with 50nM CPT for 2hr, and fixed 2hr later. Cells were immunofluorescence stained for
RPA foci (red) and imaged at 40X magnification to assess the level of resection. Nuclei
are stained with DAPI (blue). RPA foci in 50 nuclei per culture were counted and
plotted. Error bars, S.E.M. B. Primary (483 and 484) and recurrent cultures (419 and 481)
were pulsed with 50nM CPT for 2hr, fixed at the indicated timepoints,
immunofluorescence stained for Rad51 foci (red) and imaged at 40X magnification to
assess the extent (2hr timepoint) and efficiency (24hr timepoint) of HR. Nuclei are
stained with DAPI (blue). Rad51 foci in 50 nuclei per culture were counted and plotted.
Error bars, S.E.M. **** P<0.0001 (any recurrent versus any primary culture at 8 or
24hr). C. Primary (483 and 484) and recurrent cultures (419 and 481) were labeled with
BrdU during two cell cycles while on CPT treatment. Metaphase spreads were prepared
from treated and untreated samples, slides were stained with acridine orange (green) and
imaged at 40X magnification to quantify the amount of SCE as a measurement of HR.
Error bars, S.E.M. **** P<(0.0001 (any recurrent versus any primary culture treated with
CPT)

completion (Krejci et al., 2012; Miyazaki et al., 2004). Therefore, we believe that the
underlying mechanism for augmented HR lies in a step downstream of Rad51 loading
and leads to a higher level of recombination. Finally, we checked the extent of
recombination, measured as cross-over events, occurring after CPT treatment in the ex-
vivo cultures. We quantified the amount of crossovers as a measurement of HR by
assessing the frequency of sister chromatid exchanges (SCE) (McEllin et al., 2010). As
expected, there was an increased number of SCE in the recurrent cultures compared to
the primary tumor cultures, thereby confirming the difference in HR proficiency between
these groups (Fig. 5C). When we assessed the level of known HR-related proteins, we
did not find a significant difference between the primary and recurrent cultures (data not
shown). This suggests that probably HR is differentially regulated via post-translational
modifications (PTM) rather than by transcriptional or translational modulation of the HR

players. PTMs such as phosphorylation have been shown to have essential roles in the
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Figure 2.10. Ex-vivo cultures show similar levels of DNA end resection. Cells were
cultures in BrdU-containing media for one cell division. Incorporated DNA is exposed
upon resection and was visualized by immunofluorescence.
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control of HR proteins such as Rad51 either by modulating its recombinase activity or its
intracellular localization.

Re-sensitization of recurrent cultures. Honing in on HR deficiency as a possible
mechanism of resistance, we wanted to see if we could re-sensitize the recurrent cultures
by inhibiting HR. One way to target HR would be by directly inhibiting Rad51;
alternatively, one can indirectly block HR by targeting pathways affecting HR (Ward et
al., 2015). Although already in development (Budke et al., 2012; Huang et al., 2012;
Takaku et al., 2011; Zhu et al., 2013), Rad51 inhibitors are not currently in clinical use.
However, CDKs 1 and 2 have been shown by our lab and others to regulate multiple
steps during HR (Buis et al., 2012; Davies and Pellegrini, 2007; Esashi et al., 2005; Falck
et al., 2012; Huertas and Jackson, 2009; Restle et al., 2008; Tomimatsu et al., 2014;
Wang et al., 2013; Yun and Hiom, 2009), such as DNA end resection via phosphorylation
of Exol (Tomimatsu et al., 2014). As opposed to Rad51, there are multiple CDK1 and 2
inhibitors available already in clinical trials which could be repurposed for HR inhibition;
therefore, in light of the nascent link between cell cycle regulation and HR, we used
AZD5438 (a potent inhibitor of CDKs 1, 2, and 9) and Roscovitine (a potent inhibitor of
CDKs 1, 2, and 5). To determine if CDK inhibition indeed inhibits HR DNA repair in our
ex-vivo cultures, we pulsed them with TMZ for 48 hours to induce breaks and then added
DMSO, AZD5438, or Roscovitine for another 48 hours. Importantly, very low doses of
AZD5438 (0.25uM) and Roscovitine (SuM) were used to limit off-target effects. Cells

were stained for 53BP1 in a timecourse experiment to analyze the kinetics of DSB repair.
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Figure 2.11. Inhibition of HR chemosensitizes recurrent cultures to TMZ. A.
Recurrent cultures (419 and 481) were pulsed with 10uM TMZ for 48hr, then treated
with either DMSO, 0.25uM AZD5438, or 5SuM Roscovitine, and finally fixed at the
specified timepoints. Cells were immunofluorescence stained for S3BP1 foci (red) and
imaged at 40X magnification to the extent of repair inhibition. Nuclei are stained with
DAPI (blue). 53BP1 foci in 50 nuclei per culture were counted and plotted. Error bars,
S.E.M. *##¥* pP<0.0001 (TMZ versus TMZ+AZD or TMZ+Roscovitine at 48hr). B.
Recurrent cultures (419 and 481) were plated for colony survival assays in which cells
were pulsed with increasing concentrations of TMZ for 48hr and later DM SO, 0.25uM
AZD5438 or 5uM Roscovitine were added for another 48hr. Error bars, S.D. *,
P=0.0109. **, P=0.0019. *** P=0.0006.

By 48 hours post-AZD5438 or Roscovitine exposure, a significantly higher number of
breaks remained when compared to the DMSO treated samples implying abrogated DNA
repair (Fig. 2.11A). Notably, this abrogation in DNA repair translated in a significant
chemosensitization to

TMZ as demonstrated by clonogenic assays (Fig. 2.11). Of note, even though cell
doubling would presumably be decreased by CDK inhibition, which would result in TMZ
resistance, CDK inhibition still had a striking chemosensitization effect because it was
administered only after breaks had been induced by TMZ. This underscores the
importance of determining the right schedule for drug administration. Altogether this

work suggests that HR can contribute to TMZ-resistance, and that it can be targeted by

CDK 1 and 2 inhibition for chemosensitizing recurrent tumors.

Discussion

It is very difficult to study GBM recurrence, mainly because of the dearth of

primary and recurrent matched tumor samples since biopsy sampling occurs usually at
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diagnosis only. Even with the few available matched pairs, there are limited parameters
that can be measured, such as histopathology, and genomic and proteomic profiles; no
functional assays can be done without live cell lines. Adding a whole new layer of
complexity, GBMs are highly intra-tumorally heterogeneous (Meyer et al., 2015; Patel et
al., 2014; Sottoriva et al., 2013); therefore, it is questionable whether a single, small
biopsy truly represents the wide genetic heterogeneity observed in GBM. This would
make it difficult to assess whether a specific alteration is acquired after treatment or
whether it was already present in the primary tumors but not represented in the biopsy.

We generated a model of tumor recurrence that allowed us to assess tumor
response by functional assays in matched isogenic samples, as opposed to expression
profiles. A caveat of the model is that it starts with a relatively monoclonal population
with very little time to allow for heterogeneity to be established; therefore,
interdependent and co-operative evolution would be misrepresented. On the other hand,
this reductionist model allows us to identify therapy-specific changes as whole tumors are
harvested and therefore spatially separated sub clones should be represented in the ex-
vivo cultures. An important caveat is that selection may take place during culturing
though we have limited this by using low passage (3-5 divisions) cultures. Another caveat
is that all the functional assays were carried out in vitro; however, here we attempted to
model development of TMZ-resistance which did occur in vivo in the mouse brain which
retains important cancer-microenvironment relations.

While the experiments presented here clearly show that TMZ had a significant

effect in shaping the tumors’ chemoresistance, they did not determine whether there was
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selection of a low frequency, pre-existing resistant clone or whether TMZ-resistance was
acquired during treatment. If TMZ resistance was due to an aberrant genomic alteration,
and had we identified it, deep sequencing (1000X for variants that are 1% frequent) could
be applied to detect the low allelic frequency genomic alterations in the untreated tumors.
However, since we do not have a resistance marker to sequence, determining whether
TMZ resistance was pre-existing would be difficult. Isolating single cells from the
primary cultures, allowing them to form colonies, and comparing the individual
sensitivities to the recurrent tumors could identify rare, pre-existing clones. Presence of a
range of sensitivities would indicate heterogeneity within the primary cultures which
would point to the existence of rare TMZ resistant clones.

Importantly, we found recurrent tumors to have augmented HR, which did not
correlate with overexpression of known HR-related proteins, and therefore would have
been missed if not using functional assays. Nevertheless, these results are in agreement
with other reports in numerous cancers pointing to a role of HR in chemotherapy
resistance (Ohba et al., 2014). Though we have narrowed it down to the post-resection
phase of HR, it still remains to be determined how exactly HR is upregulated; what are
the mediators and effectors involved. It is possible that different molecular mechanisms
are active in the individual recurrent tumors leading to heightened HR (convergent
evolution). Consistent with this idea, when we analyzed the data of the TCGA (2008), we
found all (n=11) recurrent GBMs treated with TMZ to have overexpression of HR related

genes in a non-recurrent, almost mutually exclusive fashion.
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The fact that HR is augmented upon TMZ-treatment has important clinical
implications. First of all, it suggests that re-challenging tumors with TMZ alone would
not be beneficial. This is in agreement with the results of a Phase II clinical trial, where
re-treatment with TMZ of recurrent tumors had minimal effects on most patients
(especially those who had been treated for extended periods of time with TMZ prior to
the study) (Perry et al., 2010). Notably, our results expose a drugable vulnerability.
Inhibitors of Rad51 are currently in development (Budke et al., 2012; Huang et al., 2012;
Takaku et al., 2011; Zhu et al., 2013) and soon such an inhibitor may be available in the
clinic. In the meantime, the nascent link between CDK signaling and HR activation can
be exploited for chemosensitization purposes, since CDK inhibitors are currently in
clinical trials and could be quickly repurposed. For this approach, tumor selectivity may
be driven by a higher proliferation level in GBMs and an elevated expression of CDK 1
and 2 in tumors compared to normal cells. A caveat of this approach might be the relative
similarity among CDKs which makes selective targeting difficult. For instance,
Roscovitine and AZD5438 both have additional targets besides CDK1 and CDK2 (albeit
with much higher IC50s) that may contribute to increased toxicities. However this
drawback is being circumvented by the rational development of specific, next generation
inhibitors based on the crystal structures of CDK1 and CDK2 (Brown et al., 2015;
Carbain et al., 2014). Importantly, this strategy of combining TMZ with CDK1/2
inhibitors may give an option to patients with recurrent GBMs but is not limited just to
this set of patients. Indeed, it would be beneficial for all patients in which TMZ is able to

induce breaks as HR is the main pathway by which these breaks are repaired regardless
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of whether they are in a recurrent or primary tumor (Short et al., 2011). This approach,
besides being very toxic to all tumor cells, would sensitize resistant, rare clones that may

be present in the primary tumor before they are selected for and expand.
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CHAPTER THREE
Targeting the DDR for chemo- and radio-sensitization

Introduction

Ionizing radiation (IR) induces DNA double-strand breaks (DSB), the most
deleterious of all types of DNA lesions, that can lead to cell death if left unrepaired
(Jackson and Bartek, 2009). Abrogating the DNA damage response (DDR) to these
breaks is, in principle, an attractive strategy to sensitize cancers to radiation and
chemotherapy (Begg et al., 2011; Helleday et al., 2008; Lord and Ashworth, 2012). DSBs
can be repaired either through the error-prone non-homologous end joining (NHEJ)
pathway or the error-free homologous recombination (HR) pathway, in which the PI3K-
like kinases, DNA-PKcs and ATM, respectively, are centrally involved (Shiloh and Ziv,
2013; Wang and Lees-Miller, 2013). Therefore, these two apical kinases are very
attractive targets for radiosensitization of GBM and other tumors. Research over the past
decade has led to the development of specific DNA-PKcs and ATM inhibitors, some of
which are quite potent (Finlay and Griffin, 2012). Unfortunately, potent ATM or DNA-
PKcs inhibitors that have good bioavailability for pre-clinical tumor studies and that can
also cross the blood-brain-barrier (BBB) have not yet been successfully developed
(Finlay and Griffin, 2012).

NVP-BEZ235 is a small molecule inhibitor that was originally identified as a dual

PI3K/mTOR inhibitor (ICsy=4-75nM, 1Cs5y=20nM, respectively) (Maira et al., 2008);
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reviewed in (Garcia-Echeverria and Sellers, 2008). We reported earlier that NVP-
BEZ235 also potently inhibits both ATM and DNA-PKcs, thereby attenuating both HR
and NHEJ and resulting in unprecedented radiosensitization in a panel of GBM cell lines
(Mukherjee et al., 2012). NVP-BEZ235 was also found to inhibit ATR, another member
of the PI3K-like family (Toledo et al., 2011). Unlike specific inhibitors of PI3K-like
kinases (Finlay and Griffin, 2012), NVP-BEZ235 is currently in Phase I/II clinical trials
as an mTOR inhibitor and has shown great promise in controlling solid tumors in pre-
clinical mouse models (Peyton et al., 2011). Thus, this drug provides us with the unique
opportunity of carrying out proof-of-principle experiments in pre-clinical mouse models
to test the possibility of improving GBM therapy by blocking both DNA-PKcs and ATM.
In this study, we examined whether NVP-BEZ235 could act as a DDR inhibitor in
pre-clinical mouse models and, if so, whether combining this drug with IR could be a
viable strategy for improving GBM therapy. We find that NVP-BEZ235 can block both
DNA-PKcs and ATM and abrogate the repair of IR-induced DSBs in tumors in vivo,
thereby controlling brain tumor growth and significantly prolonging survival of brain
tumor-bearing mice. Our results indicate that GBM therapy could possibly be improved
by using a combination of IR and specific inhibitors of DNA-PKcs and/or ATM that are

potent and bioavailable.

Materials and methods

Cell culture and drug treatment. U8TMG cells ectopically expressing EGFRvIII (U87-
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vIII) have been described before (Mukherjee et al., 2009) and were maintained in
Dulbecco’s Modification of Eagle Medium (DMEM) with 10% fetal bovine serum in a
humidified 37°C incubator with 5% CO2. U87-vIII cells expressing luciferase were
generated by infection with a lentivirus carrying firefly luciferase under the control of the
PGK promoter. Lentivirus was generated by packaging pLenti PGK V5-LUC Puro
(Campeau et al., 2009) in 293FT cells using the ViraPower Lentiviral Packaging System
(Invitrogen). pLenti PGK V5-LUC Puro was a gift from Dr. Kaufman (Addgene; plasmid
#19166). Luciferase-expressing cells were selected with 1 pg/ml Puromycin (GIBCO)
and were maintained in medium containing Puromycin. GBM9 neurosphere culture has
been described before (Puliyappadamba et al., 2013). Briefly, these cells were maintained
in DMEM/F12 1:1 media (Life Technologies) supplemented with B27 without Vitamin A
(Life Technologies), 10 ng/ml EGF, and 10 ng/ml bFGF (Peprotech). Once spheres
reached a size of ~100 um, they were dissociated by triturating in Accutase (Sigma-
Aldrich) and sub-cultured at a 1:3 dilution. All cells were Mycoplasma free. NVP-
BEZ235 (Selleck Chemicals) and TMZ (Sigma-Aldrich) were dissolved in dimethyl
sulfoxide (DMSO; Sigma-Aldrich), and 10 mM and 100 mM stocks, respectively, were
stored at -20°C. Cells were treated with drugs for 1 hour before irradiation. Cells were
irradiated with gamma rays from a 137Cs source (JL Shepherd and Associates) at the

indicated doses.

Mouse tumor studies. The Nestin-GFP transgenic mouse (Yamaguchi et al., 2000) was

obtained from the Mouse Cancer Models Consortium. Nu/Nu nude mice were obtained
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commercially (Charles River, Stock#88). Subcutaneous tumors were generated by
injecting 3.00x106 U87-vIII or 1.00x106 GBMO cells subcutaneously in 50 pL
PBS/Matrigel into 6 weeks-old Nu/Nu mice. Tumors were measured at the indicated
times with digital calipers (Fisher Scientific), and tumor volumes were calculated (length
x width x height x 0.5). For intra-cranial stereotactic injections, 5.00x105 U87-vIII cells
were suspended in PBS (7.5ul) and delivered into the left corpus striatum of the brains of
6 weeks-old Nu/Nu nude mice as described before (Mukherjee et al., 2009). Tumor
development was monitored by bioluminescence imaging (BLI). Treatment was initiated
when the subcutaneous tumors reached an average size of 150-200 mm3, and when the
intra-cranial tumors reached a signal of 0.5-1.0x109 photons/s. Mice were treated with
NVP-BEZ235, TMZ, or both by oral gavage or with vehicle (N-methyl-2-
pyrrolidone/polyethylene glycol 300; 1:9 vol/vol; Sigma-Aldrich) as control; radiation
was administered 2 hours after treatment. The treatment regimen consisted of a total of
12 doses of drug and/or IR given every other day. Mice bearing subcutaneous tumors
were treated with 50 mg/kg NVP-BEZ235 and/or 20 mg/kg TMZ. Mice bearing intra-
cranial tumors were treated with 75 mg/kg NVP-BEZ235. Subcutaneous as well as intra-
cranial tumors were irradiated with an X-ray device (X-RAD 320, Precision X-ray; 250
kV, 15 mA, 0.2 min, 1.65 mm Al filter, at S5cm) fitted with a specifically designed
collimator providing a 10.08 mm-diameter field size iso-dose exposure for a total dose of
2 Gy per treatment. Subcutaneous tumors were excised after they reached a group mean
volume of 1000 mm’. Mice were perfused with 1X phosphate buffered saline (PBS)

followed by 4% paraformaldehyde (PFA) (Sigma-Aldrich). Excised tumors were post-
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fixed by immersion in 4% PFA and either embedded in paraffin or processed for
cryosectioning. Mice bearing intra-cranial tumors were sacrificed when they became
moribund. Symptomatic mice were perfused with PBS followed by 4% PFA. Brains were
dissected out, post-fixed by immersion in 4% PFA, embedded in paraffin, and sectioned
coronally. Mice were weighed three times per week during the drug-treatment period and
afterwards to ensure that weight loss due to drug treatment was less than 20% and that
mice regained weight once treatment was stopped. All animal studies were performed
under protocols approved by the Institutional Animal Care and Use Committee of UT

Southwestern Medical Center.

Non-invasive intra-cranial bioluminescence imaging. Serial bioluminescence images of
tumor-bearing mice were obtained using the IVIS Lumina System (Xenogen Corp.)
coupled to Living Image data acquisition software (Xenogen Corp.). During imaging,
mice were anaesthetized with isoflurane (Baxter International Inc.), and a solution of D-
luciferin (180 mg/kg in PBS; total volume: 80 uL; Gold Biotechnology) was
administered subcutaneously in the neck region. Images were acquired between 10 and
20 minutes post-luciferin administration and peak luminescence signals were recorded.
The BLI signals emanating from the tumors were quantified by measuring photon flux

within the region of interest (ROI) using the Living Image software package.

Western blot analyses. Nuclear extracts from irradiated cells were prepared and Western

blotted as described before (Peterson et al., 1995). For analysis of DNA-PKcs and ATM
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activation in vivo, tumors were allowed to grow to 100 mm3 and treated with NVP-
BEZ235 or vehicle and irradiated 2 hours later at the indicated doses. Tumors were
excised and snap frozen in liquid nitrogen 30 minutes after irradiation. Tumors were
homogenized in hypotonic lysis buffer, nuclear extracts were obtained, and Western blot
analysis was carried out as described before(Peterson et al., 1995). Antibodies used were
as follows: anti-phospho-Akt(S473), anti-Akt, and anti-phospho-p53(S15) (Cell
Signaling); anti-ATM (Sigma-Aldrich); anti-p53, (Santa Cruz Biotechnology); anti-
phospho-KAP-1(S824), anti-KAP-1 (Bethyl); anti-phospho-ATM(S1981) (GenScript);
anti-phospho-DNA-PKcs(S2056) (Abcam); anti-DNA-PKcs (Thermo Fisher); anti-Ku80
(kind gift from Dr. B. Chen); HRP-conjugated secondary antibodies (Biorad);

Alexa488/568-conjugated secondary antibodies (Molecular Probes).

Immunofluorescence staining. Subcutaneous tumors and tumor-bearing brains were cut
into 20 um cryosections or 5-10 um paraffin sections. Tissue sections were stained
according to immunofluorescence protocols as described (Blaiss et al., 2011; Mukherjee
et al., 2009). Antibodies used for immunofluorescence staining were as follows: anti-
53BP1 (Santa Cruz), anti-Ki67 (Abcam), anti-phospho-S6(S235/236) (Cell Signaling). A
Leica DM5500 microscope was used for imaging. Ki67 and pS6 images were taken at

10X magnification and 53BP1 foci were imaged at 40X magnification.
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H&E and TUNEL staining. TUNEL staining was performed on paraffin sections using
the FragEL™ DNA Fragmentation Detection Kit (Merck KGaA). Hematoxylin and eosin

(H&E) staining was done by standard techniques.

Colony formation assays. Cells were plated in triplicate onto 60-mm dishes (1000 cells
per dish), treated with the indicated drugs, and irradiated 4 hours later with graded doses
of radiation. At 16 hours after irradiation, drug-containing medium was replaced with
drug-free medium. Surviving colonies were stained with crystal violet approximately 10

to 14 days later as described (Mukherjee et al., 2009).

DSB repair assays. For monitoring DSB repair in vivo, mice were treated with NVP-
BEZ235 (150 mg/kg) or vehicle and irradiated 2 hours later at the indicated doses. Mice
were treated when the subcutaneous tumors reached a volume of 100 mm3 or the intra-
cranial tumors reached a BLI intensity of 0.5-1 x 109 photons/sec. Tumors were collected
at the indicated times and processed for immunofluorescence staining as described above.
For quantifying 53BP1 foci, a stack of images along the Z-axis (at 0.5 um intervals
throughout the depth of the tissue) was obtained with a Leica DM5500 microscope and
Leica Application Suite software. The Z-stacks were combined (Projection Type:
Maximum Intensity) using Image J software and all visible foci were counted manually
by the same scorer. Nuclei overlapping with other nuclei were excluded. The number of

53BP1 foci per nucleus (average of >50 nuclei per tumor) was determined for each time
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point or treatment and plotted after subtracting background (average number of foci per

nucleus of vehicle treated, mock-irradiated mice).

Statistical analysis. DNA repair and cell proliferation data were analyzed by unpaired,
two tailed t-tests with Welch's correction using the Graphpad Prism software package.
Mouse survival data were plotted using the Kaplan-Meier method and compared using
the logrank test. Tumor growth profiles between different groups were compared by the
Mixed Model method. An AR(1) covariance structure for repeated tumor volume

measures was used in the model. SAS 9.3 for Windows was used for analysis.

Results

NVP-BEZ235 is a potent inhibitor of DNA-PKcs and ATM in tumors in vivo. NVP-
BEZ235 has exhibited good bioavailability as well as potent inhibition of its canonical
targets, mMTOR and PI3K, in pre-clinical mouse models (Brachmann et al., 2009;
Chanthery et al., 2012; Chiarini et al., 2010; Cho et al., 2010; Eichhorn et al., 2008;
Engelman et al., 2008; Konstantinidou et al., 2009; Liu et al., 2009; Santiskulvong et al.,
2011; Schnell et al., 2008; Serra et al., 2008), and is currently in clinical trials for the
treatment of solid tumors. We have previously reported that NVP-BEZ235 can also block
the PI3K-like kinases, DNA-PKcs and ATM, in vitro (Mukherjee et al., 2012). This
provides us, for the first time, with a potent DSB repair inhibitor that is bioavailable and

that can be used to evaluate whether clinical radiosensitization of GBM may be a viable
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option for improving therapy. For our study, we chose US7MG human glioma cells
expressing the constitutively active form of EGFR, EGFRVIII (henceforth called U87-
vIII). We have previously shown that these cells form radioresistant intra-cranial tumors
that are very suitable for radiosensitization studies (Mukherjee et al., 2012). As a prelude
to intra-cranial GBM studies, we wanted to determine whether this drug could inhibit
DNA-PKcs and ATM in subcutaneous tumors in vivo. We first confirmed that NVP-
BEZ235 could block DNA-PKcs and ATM in U87-VIII cells in culture leading to acute
radiosensitization (Fig. 3.1) similar to that reported by us previously for a panel of glioma
lines (Mukherjee et al., 2012). It was previously reported that NVP-BEZ235 levels peak
in tumors approximately 2 hours after drug administration (Maira et al., 2008). Therefore,
we treated mice bearing U87-vIII subcutaneous tumors with increasing downstream
signaling events such as KAP-1 and p53 phosphorylation (Shiloh and Ziv, 2013) doses of
NVP-BEZ235, focally irradiated the tumors 2 hours later, and harvested them at 0.5
hours post-IR. We then examined IR-induced DNA-PKcs and ATM activation by
Western blotting tumor extracts with phospho-specific antibodies that recognize auto-
phosphorylated DNA-PKcs or ATM (Shiloh and Ziv, 2013; Wang and Lees-Miller,
2013). We found that NVP-BEZ235 could inhibit IR-induced activation of both ATM
and DNA-PKcs in tumors (Fig. 3.2A). As also seen in vitro (Fig. 3.1), phosphorylation of
DNA-PKcs in tumors was impaired to a greater extent than that of ATM. Nevertheless,
the partial inhibition of ATM in tumors was sufficient to block (Fig. 3.2A).
Consequently, DSB repair was severely impaired in irradiated tumors as seen in a time

course experiment in which tumor sections were immunostained for 53BP1 foci, a
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Figure 3.1. NVP-BEZ235 inhibits the DDR in U87-vIII cells. A. Cells were treated for
1 hour with NVP-BEZ235 (indicated doses) or DM SO before irradiation (10Gy). Cells
were harvested 30 minutes after irradiation and nuclear extracts were assessed for
phosphorylation of proteins by Western blotting with the indicated antibodies. B.
Survival of U87-VIII cells after treatment with NVP-BEZ235 (100nM) or DMSO and
radiation was quantified by colony formation assays. The fraction of surviving colonies
(y-axis) was plotted against the corresponding radiation dose (x-axis). Error bars, S.E.M.
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Figure 3.2. NVP-BEZ235 blocks both ATM and DNA-PKcs in tumors and inhibits
DSB repair. A. Subcutaneous tumors generated from U87-vIII cells were mock-
irradiated or irradiated (IR) with a total dose of 10 Gy. Tumor-bearing mice were treated
with the indicated doses of NVP-BEZ235 or with vehicle alone 2 hours prior to
irradiation. Tumors were excised 30 minutes after irradiation and tumor extracts were
Western blotted with the indicated antibodies. Note attenuation of IR-induced
autophosphorylation of DNA-PKcs and ATM and reduced phosphorylation of ATM
targets, KAP-1 and p53. B. Tumor-bearing mice were treated with NVP-BEZ235 and
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irradiated 2 hours later with 4 Gy of IR. Tumors were harvested at 0.5, 2, 4, 8, or 24
hours post-irradiation, and cryosections were immunofluorescence stained for 53BP1 foci
(green) and imaged at 40X magnification. Nuclei are stained with DAPI (blue). 53BP1
foci in 50 nuclei per tumor were counted and plotted for each time point. n = 2 tumors per
time point. Error bars, S.E.M. Note abrogated DSB repair in NVP-BEZ235-treated
tumors.

surrogate marker for DSBs (Fig. 3.2B). Thus, it is clear that the pronounced inhibition of

these PI3K-like kinases and DSB repair seen in vitro can be recapitulated in vivo.

DSB repair inhibition by NVP-BEZ235 results in accumulation of DSBs in tumors
and striking radiosensitization. In order to determine if inhibition of DSB repair by NVP-
BEZ235 would result in radiosensitization and tumor regression, we generated
subcutaneous tumors using U87-VIII cells, and allowed the tumors to grow to a volume of
200 mm’ before initiating treatment. The treatment regimen consisted of twelve doses,
given every other day, of 50 mg/kg of NVP-BEZ235 given by oral gavage, followed 2 hr
later by 2 Gy of IR localized to the tumor. Six mice were randomly allocated for each
treatment group: 1) mock-irradiation and vehicle only (Vehicle), 2) irradiation and
vehicle only (IR), 3) mock-irradiation and NVP-BEZ235 (BEZ), and 4) irradiation and
NVP-BEZ235 (IR+BEZ) (Fig. 3.3A). Mice treated with IR alone exhibited tumor growth
profiles that were only slightly delayed compared to untreated animals, demonstrating the
highly radioresistant nature of these tumors. The BEZ arm also showed a minor initial
response, but the tumors resumed rapid growth which was not unexpected as adaptive
resistance to NVP-BEZ235 has been reported before (Muranen et al., 2012). In striking

contrast, combinatorial treatment with IR and NVP-BEZ235 resulted in tremendous
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radiosensitization as evidenced by inhibition of tumor growth throughout the treatment
period and for approximately 60 additional days after treatment was stopped (Fig. 3.3A,
B; Fig. 3.4A).

In order to determine if the regressing tumors (IR+BEZ arm) carried a greater
burden of DSBs compared to the non-responding tumors (the other three arms), three
replicate sets of tumor-bearing mice were treated as before, and tumors were harvested at
mid-treatment, i.e., 24 hours after dose 7. We detected significant accumulation of 53BP1
foci in tumors treated with both IR and NVP-BEZ235 compared to those treated with
either modality alone (Fig. 3.3C) which correlated with the tumor response (Fig. 3.3A).
The IR+BEZ235 tumors also showed a striking reduction in proliferation assessed by
Ki67 staining in accord with the greater burden of DSBs in these tumors (Fig. 3.3D). The
tumors from the different groups did not exhibit significant levels of apoptosis as assayed
by TUNEL staining (Fig. 3.4B). However, NVP-BEZ235 has been reported to trigger
necrosis (Fokas et al., 2012) as well as autophagy (Cerniglia et al., 2012) in irradiated
cells in vitro, and these processes could also modulate tumor responses in vivo. Taken
together, our observations indicate that DNA repair inhibition in irradiated tumors results

in a high burden of DSBs and inhibition of tumor growth.

NVP-BEZ235 does not interfere with TMZ, an agent co-administered with
radiation for GBM treatment. The Sx1-type DNA alkylating drug temozolomide (TMZ)
is the only chemotherapeutic agent that offers survival benefit when administered with IR

for GBM therapy (Stupp et al., 2009a; Stupp et al., 2005). Thus, any new radiosensitizing
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Figure 3.3. Administration of NVP-BEZ235 with radiation results in accumulation
of DSBs in tumors and striking radiosensitization. A. Subcutaneous tumors generated
from U87-vIII cells were allowed to reach a volume of 200 mm3 following which mice
were treated every other day with vehicle, NVP-BEZ235, IR, or NVP-BEZ235 with IR (2
Gy, given 2 hours after drug administration) for a total of 12 doses (shaded area). Tumor
growth was monitored until tumors reached 1000 mm3. n = 6 for each treatment group.
Error bars, S.E.M. P <0.0001 (IR vs. IR+BEZ). B. A set of tumors excised at end of
treatment period illustrate the marked reduction in tumor size with combinatorial
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treatment. Bar, 10 mm. C. A set of tumors was harvested 24 hours after dose 7, and
cryosections were immunofluorescence stained for 53BP1 foci (green) and imaged at
40X magnification to obtain a snapshot of the DNA damage load in tumors undergoing
treatment. Nuclei are stained with DAPI (blue). S3BP1 foci in 50 nuclei per tumor were
counted and plotted. n = 3 tumors per group. Error bars, S.E.M. **** P <(.0001. D.
Cryosections were immunofluorescence stained for Ki67 (green) and imaged at 10X
magnification. More than 5000 nuclei per tumor were scored using Cell Profiler software
and the percentages of Ki67-positive cells were plotted. n = 3 tumors per group. Error
bars, S.EM. ** P =0.0018.

approach for GBM needs to be compatible with TMZ. We and others have shown that
lethality from Sx1-type alkylating agents is due to secondary DSBs that are generated
during DNA replication (Kaina et al., 2007; McEllin et al., 2010; Roos et al., 2007). The
anti-proliferative activity of NVP-BEZ235 could attenuate induction of such secondary
DSBs and thereby antagonize the effects of TMZ. To rule out this possibility, we
generated U87-vIII tumors and allowed them to reach a size of 200mm’. We then treated
the mice every other day (total of 12 treatments over 24 days; 6 mice per treatment
group) with TMZ only (TMZ) or a combination of both TMZ and NVP-BEZ235 (20
mg/kg and 50 mg/kg, respectively) given at the same time by gavage (TMZ+BEZ) (Fig.
3.5A). We found that while these tumors regressed upon treatment with TMZ, they
always recurred and grew rapidly thereafter. Upon addition of NVP-BEZ235 to the TMZ-
treatment regimen, 50% of TMZ+NVP-BEZ235-treated tumors showed no major
differences in tumor growth, while the remaining 50% exhibited significantly longer
tumor remission compared to TMZ alone (Fig. 3.6). This experiment was repeated, and
the same split response was observed again. Pooled data from both experiments is shown

(Fig. 3.5A). It is clear from these data that NVP-BEZ235 does not interfere with the
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Figure 3.4. NVP-BEZ235 impairs growth of U87-vIII tumors when given in
conjunction with IR. A. Subcutaneous tumor-bearing mice at the end of treatment with
IR alone or IR with NVP-BEZ235. Bar, 10mm. B. Tumors were excised 24 hr after dose
7 and TUNEL staining was performed on paraffin sections to assess levels of apoptosis.
As a positive control, a mock-irradiated tumor section was treated with DNAse.
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growth further. n = 12 mice per treatment group. Error bars, S.E.M. P = 0.04 (TMZ vs.
TMZ+BEZ). Vehicle and BEZ plots from Figure 2A are shown for comparison. B. A set
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immunofluorescence stained for 53BP1 foci (green) and imaged at 40X magnification to
obtain a snapshot of the DNA damage load in tumors undergoing treatment. Nuclei are
stained with DAPI (blue). 53BP1 foci in 50 nuclei per tumor were counted and plotted. n
= 3 tumors per group. Error bars, S.E.M. C. Cryosections were immunofluorescence
stained for Ki67 (green) and imaged at 10X magnification. More than 5000 nuclei per
tumor were scored using Cell Profiler software and the percentages of Ki67-positive cells
were plotted. n = 3 tumors per group. Error bars, S.E.M.

antitumor effects of TMZ, and in a subset of the tumors, dual treatment actually shows an
advantage in tumor growth control. A similar synergy between TMZ and NVP-BEZ235
has also been reported before with a different dosing schedule though the underlying
mechanism was not elucidated (Maira et al., 2008).

Next, three replicate sets of tumor-bearing mice were treated as before with NVP-
BEZ235 and/or TMZ and tumors in the middle of the treatment regimen (i.e., 24 hours
after dose 7) from each arm were harvested and immunostained for 53BP1 and for Ki67.
We found that the TMZ-treated tumors show an increased number of 53BP1 foci
compared to the control tumors (Fig. 3.5B), which correlates with a decrease in
proliferation (Fig. 3.5C). These effects of TMZ are clearly not attenuated by the addition
of NVP-BEZ235 to the treatment regimen (Fig. 3.5B, C). Taken together, these data
indicate that NVP-BEZ235 does not antagonize the anti-tumor effect of TMZ, and in a

subset of tumors, actually augments these effects.

NVP-BEZ235 radiosensitizes tumors derived from GBM neurospheres. Next, we

wanted to examine if radiosensitization with NVP-BEZ235 could be recapitulated in
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early-passage, primary GBM cells grown as neurospheres. We chose the previously
described GBMO cells for this purpose as these cells retain high levels of amplified
EGFRVIII and are thus complementary to the U87-vIII cells used in this study
(Puliyappadamba et al., 2013). We found that NVP-BEZ235 could block IR-induced
activation of DNA-PKcs and ATM in GBMY cells in culture leading to acute
radiosensitization, similar to that seen with the U87-VIII cells (Fig. 3.7). We then
generated subcutaneous tumors in Nu/Nu mice using GBMO cells and found that NVP-
BEZ235 could inhibit IR-induced activation of both ATM and DNA-PKcs and
phosphorylation of downstream substrates in these tumors (Fig. 3.8A). As a result, DSB
repair was compromised in irradiated tumors as seen by immunostaining tumor sections
for 53BP1 foci (Fig. 3.8B).

In order to determine if NVP-BEZ235 could radiosensitize tumors generated from
GBMO cells, we allowed the tumors to grow to a volume of approximately 150 mm’
before initiating treatment. As with the U87-vIII tumors, the treatment regimen consisted
of twelve doses, given every other day, of 50mg/kg of NVP-BEZ235 given by gavage,
followed 2 hours later by 2 Gy of IR localized to the tumor. Six mice were randomly
allocated to each treatment group. While mice treated with IR or NVP-BEZ235 alone
exhibited some delay in tumor growth, combinatorial treatment with both IR and NVP-
BEZ235 resulted in striking radiosensitization as evidenced by inhibition of tumor
growth throughout the treatment period and for at least 45 additional days after treatment
was stopped (Fig. 3.8C). Tumor regression was clearly accompanied by a greater burden

of DSBs in the tumors as seen by staining a set of tumors at the mid-treatment point for
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Figure 3.7. NVP-BEZ235 inhibits the DDR in GBM9 neurospheres. A. Bright-field
microscopy image of GBM9 neurospheres. Bar, 60 um. B. Neurospheres were treated for
1 hour with NVP-BEZ235 (100 nM) or DMSO before irradiation (10 Gy). Cells were
harvested 30 minutes after irradiation and nuclear extracts were analyzed for
phosphorylation of proteins by Western blotting with the indicated antibodies. Survival of
GBM9 neurospheres after treatment with NVP-BEZ235 (100 nM) or DMSO and
radiation was quantified by colony formation (C) and sphere formation (D) assays.
Neurospheres were irradiated at the indicated doses, dissociated into single cells 6 hours
after irradiation, and plated onto 6 cm dishes in serum-containing medium for colony
formation or suspended as single cells in stem cell medium in 96-well plates for sphere
formation. The fraction of colonies or spheres formed (y-axis) was plotted against the
corresponding radiation dose (x-axis). Error bars, S.E.M.
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Figure 3.8. NVP-BEZ235 radiosensitizes tumors derived from GBM neurospheres.
A. Subcutaneous tumors generated from GBM9 neurospheres were mock-irradiated or
irradiated (IR) with a total dose of 10 Gy. Tumor-bearing mice were treated with the
indicated doses of NVP-BEZ235 or with vehicle alone 2 hours prior to irradiation.
Tumors were excised 30 minutes after irradiation and tumor extracts were Western
blotted with the indicated antibodies. Note attenuation of IR-induced autophosphorylation
of DNA-PKcs and ATM and reduced phosphorylation of ATM targets, KAP-1 and p53.
B. In order to quantify DSB repair in irradiated tumors, tumor-bearing mice were treated
with NVP-BEZ235 and irradiated with 4 Gy of IR after 2 hr. Tumors were harvested at



0.5 or 24 hr post-irradiation, and cryosections were immunofluorescence stained for
53BP1 (red) and imaged at 40X magnification. Nuclei are stained with DAPI (blue).
53BP1 foci in 50 nuclei per tumor were counted and plotted for each time point. n =3
tumors per time point. Error bars, S.E.M. **** P <(.0001 C. Tumors were allowed to
reach a volume of 150 mm? following which mice were treated every other day with
vehicle, NVP-BEZ235, IR, or NVP-BEZ235 with IR (2 Gy, given 2 hours after drug
administration) for a total of 12 doses (shaded area). Tumor growth was monitored until
tumors reached a size of 1000 mm®. n = 6 mice per treatment group. Error bars, S.E.M. P
<0.0001 (IR vs. IR+BEZ). D. A set of tumors was harvested 24 hours after dose 7, and
cryosections were immunofluorescence stained for S3BP1 (red) and imaged at 40X
magnification. 53BP1 foci in 50 nuclei per tumor were counted and plotted. n = 3 tumors
per group. Error bars, S.E.M. **** P <(0.0001.

53BP1 foci (compare IR+BEZ arm with the other three arms) (Fig. 3.8D). Our results,
showing that NVP-BEZ235 can radiosensitize tumors generated from both U87-vIII cells
and GBM9 neurospheres, indicate that DSB-repair inhibitors could have broad utility in

GBM therapy.

NVP-BEZ235 crosses the blood-brain-barrier (BBB) and inhibits DSB repair and
tumor growth in orthotopic GBM models. A concern with new compounds for the
treatment of diseases localized in the central nervous system is whether they will be able
to cross the BBB. To see if NVP-BEZ235 can cross the BBB, we treated Nestin-GFP
mice (Yamaguchi et al., 2000) with NVP-BEZ235 and sacrificed mice at time points
ranging from 0.5 to 16 hours post-treatment. Inhibition of the PI3K-Akt-mTOR pathway
by NVP-BEZ235 was assessed by staining for phosphorylation of the ribosomal protein
S6 (Engelman et al., 2008). We detected a significant decrease in phospho-S6 staining

between 2 to 8 hours post-treatment in most regions of the mouse brain, including the
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cortex, cerebellum, and the two neurogenic niches, the subventricular zone (SVZ) and the
subgranular zone (SGZ), both marked by nestin promoter-driven GFP expression. (Fig.
3.9A). These data clearly indicate that NVP-BEZ235 can cross the BBB making it a very
attractive candidate for radiosensitization of GBM.
To test the efficacy of NVP-BEZ235 in blocking DSB repair in an orthotopic GBM
model, we stereotactically injected U87-vIII cells intra-cranially into the left corpus
striatum of Nu/Nu mice as described before (Mukherjee et al., 2012) and allowed
approximately 7 days for tumor development (Fig. 3.9B). We treated tumor-bearing mice
with vehicle or NVP-BEZ235 and irradiated them intra-cranially 2 hours later with 2 Gy
of IR. Irradiated mice were sacrificed at different times post-IR, and tumor sections were
immunofluorescence stained for phospho S6 (Ser236) and for 53BP1 foci. We found
ablation of phospho S6 staining upon treatment with NVP-BEZ235 confirming delivery
of the drug to these intra- cranial tumors (Fig. 3.9C). 53BP1 staining indicated that the
irradiated tumors harbored extensive DNA DSBs at 0.5 hours post-IR. These breaks were
almost completely repaired by 12 hours in the vehicle-treated arm, but a significant
portion remained unrepaired in the NVP-BEZ235-treated arm (Fig. 3.9D). This clearly
indicates that NVP-BEZ235 can cross the BBB and block DSB repair in intra-cranial
tumors.

To examine if combinatorial treatment with NVP-BEZ235 and IR could control
brain tumor growth, intra-cranial tumors were generated in Nu/Nu mice using U87-vIII
cellsexpressing luciferase to allow monitoring of tumor growth by bioluminescent

imaging (BLI), as described before (Mukherjee et al., 2012). Treatment
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Figure 3.9. NVP-BEZ235 can cross the blood-brain-barrier and inhibit DSB repair
in brain tumors. A. Nestin-GFP mice were treated with NVP-BEZ235 and sacrificed at
the indicated times post-treatment. Cryosections of the mouse brain were
immunofluorescence stained for phospho S6 (red) and imaged at 10X magnification as a
measure of inhibition of the PI3K-Akt pathway. The subventricular zone (SVZ),
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subgranular zone (SGZ), cortex, and cerebellum were imaged. Stem cell compartments
are labeled with GFP (green) and nuclei are stained with DAPI (blue). Note reduction in
phospho S6 staining between 2 — 8 hours post-treatment. B. U87-vIII cells were injected
intra-cranially to generate orthotopic brain tumors. After 7 days, mice were treated with
NVP-BEZ235 or vehicle by gavage, intra-cranially irradiated (2 Gy) after 2 hours, and
sacrificed at 0.5 or 12 hours post-IR. Intra-cranial tumors were identified in coronal brain
sections by H&E staining. C. Paraffin sections of tumor-bearing brains were
immunofluorescence stained for phospho S6 (red) and imaged at 10X magnification as a
measure of inhibition of the PI3K-Akt pathway. D. Brain tumor sections were also
immunofluorescence stained for 53BP1 foci (green) and imaged at 40X magnification to
quantify residual DSBs. n = 2 tumors per time point. Error bars, S.E.M. ** P = 0.002.

was initiated when tumors reached BLI intensities in the 0.5 - 1.0 x 10° photons/sec range
and were presumably of similar size at time of treatment. As with the subcutaneous
tumors, we followed a 12-dose regimen with treatments given every other day. Each dose
consisted of vehicle or NVP-BEZ235 (75 mg/kg) followed after 2 hours by mock-
irradiation or 2 Gy of IR delivered intra-cranially. BLI radiance was recorded and plotted
over time, and mice were sacrificed once they became moribund due to the brain tumor
burden. Intra-cranial irradiation (IR) or NVP-BEZ235 (BEZ) alone had little effect on
tumor growth rates compared to non-treated tumors (Vehicle) (Fig. 3.10A). Strikingly,
combinatorial treatment with both modalities (IR+BEZ) resulted in reduced tumor growth
rates, and in the case of one mouse (out of a cohort of 6), complete ablation of BLI signal
was observed around day 30 post-treatment with no recurrence for at least 12 months
post-treatment. There was very little improvement in overall survival (Kaplan-Meier
plots) when the mice were treated with either modality alone (Fig. 3.10B). In contrast,
combinatorial treatment significantly prolonged survival of tumor bearing mice:

treatment with IR or NVP-BEZ235 alone resulted in an increase of only 5.5 and 5 days in
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median survival, respectively, whereas combined treatment extended median survival by
35.5 days. Thus, as with the subcutaneous tumor model, we see striking synergy between
NVP-BEZ235 and IR in brain tumor growth control, as well as in the median survival of
tumor-bearing mice.

To examine if this synergy correlated with a greater burden of DSBs in the tumors
receiving combinatorial treatment, additional sets of orthotopic tumors were treated as
before, and tumors were harvested at mid-treatment, i.e., 24 hours after dose 7. Upon
staining for 53BP1 foci, we observed that tumors treated with both IR and NVP-BEZ235
harbored higher numbers of DSBs than tumors treated with either modality alone (Fig.
3.10C). Importantly, the DSB load was much greater in tumors compared to the normal
areas of the irradiated mouse brain. This indicates that there might exist a therapeutic
window in which combinatorial treatment could result in greater damage to the tumor
relative to the normal brain thereby minimizing collateral damage due to
radiosensitization. Taken together, our pre-clinical results clearly indicate that significant
improvement of GBM radiotherapy may become possible in the clinic with potent and

bioavailable DDR inhibitors such as NVP-BEZ235.

Discussion

GBMs remain one of the most lethal of all tumors for which no effective

treatment exists despite decades of research (Dunn et al., 2012). Thus, there is an urgent
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Figure 3.10. NVP-BEZ235 sensitizes brain tumors to radiation and prolongs
survival of tumor-bearing mice. A. U87-VIII cells expressing firefly luciferase were
injected intra-cranially to generate orthotopic brain tumors (6 mice per treatment group)
that were monitored by BLI. Once tumors reached a signal of 0.5-1.0X109 photons/s,
mice were treated every other day with vehicle alone, NVP-BEZ235, IR (2Gy), or NVP-
BEZ235 in combination with IR (2 Gy given 2 hours after drug administration) for a total
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of 12 doses. Upper panel shows tumor progression in a representative mouse for each
treatment arm. Lower panel shows quantifications of all measurements. Each curve
represents an individual brain tumor. Scale, 0-2x108 protons/s/cm2/sr. P <0.0001 (IR vs.
IR+BEZ). Note delay in reappearance of BLI signals in IR+BEZ arm. B. Survival of
brain tumor-bearing mice was recorded and represented in a Kaplan-Meier plot. n =6
mice per group. P =0.0152 (IR vs. IR+BEZ). Note improved survival of IR+BEZ mice.
C. A set of brain tumor-bearing mice was sacrificed at 24 hours after dose 7 and paraffin
sections of the whole brain were obtained. Sections were immunofluorescence stained for
53BP1 (green) and imaged at 40X magnification, and 53BP1 foci in 50 nuclei within
each tumor were quantified. Nuclei are stained with DAPI (blue). 53BP1 foci were also
quantified in the cortex, SVZ, and SGZ and plotted. n = 2 brains per group. Error bars,
S.EM. ** P =0.003. ##, P = 0.0064. ", P = 0.0046.

need for the development of new therapeutic modalities for GBM. The standard-of-care
for GBM is surgical resection followed by IR and concomitant and adjuvant TMZ (Stupp
et al., 2005). As both IR and TMZ induce DSBs (Jackson and Bartek, 2009; Kaina et al.,
2007), blocking the DNA damage response to these breaks is, in principle, a rational
approach for sensitizing GBMs and other cancers (Begg et al., 2011; Helleday et al.,
2008; Lord and Ashworth, 2012). More than ten years of research efforts focused on the
development of potent DNA-PKcs and ATM inhibitors have yielded specific compounds,
some of which are very useful in the laboratory for cell-based studies (Finlay and Griffin,
2012). Unfortunately, no single compound shows the necessary potency, bioavailability,
and ability to cross the BBB that would allow their evaluation in pre-clinical mouse GBM
models. Against this backdrop, our results, demonstrating that NVP-BEZ235 potently
inhibits both ATM and DNA-PKcs in tumors, are exciting as they open up new

therapeutic possibilities for GBM.
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In our study, using pre-clinical mouse models and a drug that is bioavailable and
in clinical trials, we show that radio- and chemo-sensitization of GBM may be a viable
option for improving therapeutic outcomes. We have previously shown that NVP-
BEZ235, a dual PI3K/mTOR inhibitor, can also inhibit both DNA-PKcs and ATM in
vitro at low doses (in the nanomolar range) (Mukherjee et al., 2012). Here, we have
established the in vivo utility of this drug as a radiosensitizer in pre-clinical mouse GBM
models. We show that this drug can block the phosphorylation of both ATM and DNA-
PKcs in subcutaneous tumors and attenuate the repair of IR-induced DSBs. Importantly,
we show that the drug can cross the BBB and inhibit DSB repair in intra-cranial tumors.
Therefore, a striking efficacy in controlling tumor growth was observed in both
subcutaneous and orthotopic tumor models when the drug was administered in
combination with IR. Consequently, the addition of NVP-BEZ235 to the irradiation
schedule resulted in a significant increase in survival of mice bearing intra-cranial
tumors.

Notably, upon analyzing mouse brains during the middle of the IR+BEZ
treatment regimen, we observed that the normal brain tissue harbored a lower burden of
DSBs compared to the tumor. This hints at the existence of a therapeutic window wherein
DNA damage in the tumor may be higher than in the normal brain. This differential
inhibition of DSB repair could possibly be attributed to the aberrant hyperproliferation of
tumor cells resulting in replication stress and DSBs (Bartkova et al., 2010; Jackson and
Bartek, 2009), which could be compounded by the effects of NVP-BEZ235. Heightened

activation of DSB repair pathways has been observed in glioma cell lines (Mukherjee et
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al., 2009) and human glioma stem cells (Bao et al., 2006) by us and others; reviewed in
(Mukherjee et al., 2010). Thus, it is possible that glioma cells may be more dependent on
these repair pathways, a phenomenon referred to as “non-oncogene addiction” (Luo et al.,
2009). Non-oncogene addiction to DSB repair pathways, in addition to oncogene
addiction to the PI3K-Akt-mTOR pathway, both of which would be targeted by NVP-
BEZ235, may render tumor cells particularly vulnerable to this drug. Hence, NVP-
BEZ235 might have a more drastic effect on tumor cells than on normal brain cells
resulting in a greater burden of DSBs in the tumor versus the normal brain during
therapy. Such a differential effect was also seen in vitro in preliminary experiments in
which we found that normal human astrocytes (Sonoda et al., 2001) were radiosensitized
to a lesser extent by NVP-BEZ235 (Fig. 3.11) compared to human glioma cell lines (see
Supplementary Fig. S1 and S4 and (Mukherjee et al., 2012)). These differential effects on
normal versus tumor cells, as well as the effects of NVP-BEZ235 on glioma initiating
cells and the tumor microenvironment merit further investigation in the future.
Administration of TMZ is integral to the current GBM therapeutic regimen and
constitutes the only significant advance in the treatment of GBM in decades, improving
median survival by 2 months compared to IR only and increasing the 5 year survival
from 2 to 10 % (Hegi et al., 2005b; Stupp et al., 2009a). Therefore, it is very important
that new therapeutic modalities be compatible with TMZ. We find that NVP-BEZ235

does not interfere with the antitumor effects of TMZ. Rather, NVP-BEZ235 and TMZ
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Figure 3.11. Radiosensitization of normal human astrocytes (NHA) with NVP-
BEZ235. NHAs were irradiated at the indicated doses and plated out for colony
formation. The fraction of colonies formed (y-axis) was plotted against corresponding
radiation dose (x-axis). Error bars, S.E.M. Please note lesser extent of radiosensitization,
especially in the 2-6 Gy dose range, when compared to U87-vIII or GBM9 cells.
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seemed to synergize in at least half of the combinatorially-treated tumors. Potentiation of
the effects of TMZ could be due to the inhibition of repair of breaks that are secondarily
induced by TMZ (Kaina et al., 2007; McEllin et al., 2010; Roos et al., 2007). However,
further experiments are clearly needed to understand why this synergy was only seen in a
subset of tumors. Regardless, the potentiating effect of NVP-BEZ235 on TMZ treatment
has important clinical implications since NVP-BEZ235 could possibly be given in the
clinic both concomitantly with IR and TMZ, and as an adjuvant with TMZ.

A few recent studies have evaluated the radiosensitizing effects of specific DNA-
PKcs or ATM inhibitors in vivo (Batey et al., 2013; Biddlestone-Thorpe et al., 2013;
Munck et al., 2012; Shinohara et al., 2005; Zhao et al., 2006); however, none of these
compounds have reached clinical trials. In contrast, NVP-BEZ235 is currently in phase
I/II clinical trials for the treatment of advanced solid tumors as a monotherapeutic agent
and shows good pharmacokinetics in vivo (Garcia-Echeverria and Sellers, 2008; Maira et
al., 2008; Peyton et al., 2011). Moreover, NVP-BEZ235 shows a significantly greater
radiosensitizing effect in vivo compared to the specific DNA-PKcs or ATM inhibitors
tested thus far (Batey et al., 2013; Biddlestone-Thorpe et al., 2013; Munck et al., 2012;
Shinohara et al., 2005; Zhao et al., 2006), possibly because it potently inhibits both DNA-
PKcs and ATM. GBM radioresistance is a pressing and intractable problem with no
possibility of improvement currently in sight. While we await the development of better
clinically-suitable DDR inhibitors, our proof-of-principle experiments indicate that it
could be possible to significantly improve GBM therapy in the future by combining

radiation with DNA-PKcs and ATM inhibitors.
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CHAPTER FOUR
Conclusions and recommendations

In the past decades, the only significant advance in the treatment of GBMs has
been the addition of temozolomide to radiotherapy regimens. However, this treatment
modality increases survival only minimally (Stupp et al., 2009a) due to recurrences.
Therefore, a better understanding of resistance to TMZ to find new treatment modalities
is urgently needed. Mechanisms of resistance causing therapeutic failure to TMZ have
mostly been identified as MGMT re-expression and loss of functional mismatch repair,
but these account for treatment resistance in only a fraction of the patients. We find that
extended TMZ treatment can lead to acquired TMZ-resistance both in vitro as well as in
orthotopic tumors. Whether this effect was due to TMZ-directed mutagenesis or selection
of existing resistant clones remains to be determined. We found that the mechanism of
resistance in these tumors was not re-expression of MGMT or abrogation of MMR.
Instead we found that TMZ induces DSBs in the primary and recurrent tumor cultures;
however, these breaks are repaired at a much faster rate in the recurrent cultures
compared to the primary tumor cultures. Interestingly, this augmented repair capability
was observed only for TMZ-, MNNG-, and CPT-induced breaks, which are replication
associated. Therefore we hypothesized that the mechanism of resistance is augmented
HR. Supporting this notion, the recurrent cultures exhibited faster resolution of Rad51

foci and a higher level of recombination as measured by sister chromatid exchanges.
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Given the nascent connection between CDK signaling and modulation of HR, as a
translational approach, we used the CDK 1 and 2 inhibitors, AZD5438 and Roscovitine,
to indirectly inhibit HR. TMZ-induced break repair was abrogated after CDK inhibition
resulting in a significant chemosensitization to TMZ in the recurrent cultures. We
conclude that augmented HR contributes to temozolomide resistance and therefore
recommend exploring HR inhibition in combination with TMZ treatment as a strategy for
re-sensitization of recurrent tumors. It is important to point out that we expect this
strategy to be effective only if DSBs are generated upon TMZ-treatment. This would be
an important aspect to determine in the clinic, as a big fraction of GBMs are TMZ-
resistant via DSB formation avoidance either by overexpression of MGMT or
mutation/silencing of MMR genes. As TMZ-induced breaks are mainly repaired by HR,
we expect this strategy to be effective in primary tumors as well. Indeed, it may
potentiate initial responses to TMZ and avoid expansion of existing clones that have
upregulated HR. However, it still remains to be determined if such a strategy would
promote or speed up the emergence of other mechanisms of resistance. This outcome is
possible as this strategy would eliminate competing clones that would otherwise limit the
space and nutrients available for expansion of fitter clones.

Future directions of this part include 1) to identify the key molecular players
involved in HR upregulation and 2) determine how universal this mechanism of
resistance is or whether it correlates with other genomic/epigenomic alterations. To
identify the key players involved in HR, a sequence analysis could be carried out to

compare the primary to the recurrent cultures. For such analysis, sequencing of HR
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related genes with enough coverage to detect mutations could be carried out. However, a
whole genome sequencing strategy might reveal more differences as novel, non-DNA
repair pathways could impinge on HR. It is also possible that alterations may not be
present at the genomic level, but rather at the proteomic or epigenomic level. In that case,
high throughput assays such as bisulfite sequencing or mass spectrometry could be used
to detect differences in DNA methylation or differences in post-translational
modifications of specific proteins. The usefulness of identifying the specific alteration
would depend on how frequent it is, therefore it is crucial to first investigate the
frequency at which tumors develop upregulated HR. To do this, a model like the one
proposed here could be used in a large scale study where a big array of confirmed GBM
tumors could be induced to develop TMZ-resistance in the mouse brain. The
multidimensional analysis of such samples and correlation of gene expression signatures
with mechanisms of resistance in recurrence could possibly yield a set of predictive
markers.

Augmented NHEJ has also been shown to result in treatment resistance
(Mukherjee et al., 2009), specifically radioresistance, as IR-induced breaks in
asynchronous cells are repaired by NHEJ for the most part (Branzei and Foiani, 2008).
Because of HR’s role in TMZ-induced break repair and NHEJ’s role in IR-induced break
repair, it is a more effective strategy to inhibit both repair pathways by targeting the
DDR’s apical kinases, ATM, DNA-PKcs, and ATR. Inhibitors of the DDR have great
potential for radiosensitization of numerous cancers including GBM. However,

compounds with the necessary specificity, potency, bioavailability, and ability to cross
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the blood brain barrier have not yet reached the clinic. Previously, we demonstrated that
the dual PI3K/mTOR inhibitor NVP-BEZ235 can potently inhibit the two central DDR
kinases, DNA-PKcs and ATM, in vitro (Mukherjee et al., 2012). Additionally, ATR was
also shown to be targeted by NVP-BEZ235 in vitro (Toledo et al., 2011). The work
presented here shows that NVP-BEZ235 potently inhibited both DNA-PKcs and ATM
kinases and attenuated the repair of IR-induced DNA damage in tumors. Importantly, this
resulted in striking tumor radiosensitization, which extended the survival of brain tumor-
bearing mice. NVP-BEZ235 also sensitized subcutaneous tumors to TMZ; however this
occurred in only approximately 50% of the tumors. It remains to be determined why
some of the tumors did not respond to NVP-BEZ235 and had responses similar to that of
the TMZ only arm. It is possible that the non-responder tumors developed resistance to
TMZ by DSB formation avoidance.

To the best of our knowledge, this is the first time that a compound was shown to
potently inhibit both ATM and DNA-PKcs in vivo and result in such striking
radiosensitization as observed by us and others (Konstantinidou et al., 2009). In a proof-
of-principle manner, this demonstrates that it may be possible to significantly improve
GBM therapy by combining IR and possibly TMZ with potent and bioavailable DNA
repair inhibitors like NVP-BEZ235. As mentioned before, NVP-BEZ235 was evaluated
in clinical trials as a monotherapy for the treatment of solid malignancies including
GBM; however due to excessive toxicities, Novartis decided to stop marketing NVP-
BEZ235. Because of the striking effects as a radiosensitizer we recommend the clinical

testing of low-dose NVP-BEZ235 combined with radiotherapy to evaluate its
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radiosensitizing effects. We hope that lower doses may decrease the toxicities and still
result in radiosensitization. Importantly, as DNA damage repair is such a basic and
essential process for cell viability, it is likely that NVP-BEZ235 radiosensitization will be
beneficial for other cancer types, especially since augmented repair pathways have been
reported in a variety of cancers as a mechanism for radioresistance. As with all
radiosensitizers, abrogation of radiation toxicity due to sensitization of normal tissues is
always a concern. With NVP-BEZ235 in our mouse model, we did not observe a
dramatically impaired repair of DSBs in the cortex, cerebellum, and neurogenic regions
(SVZ and SGZ) after whole brain irradiations. Although we did not test these, the lack of
an effect in the brain could be attributed to a poorer drug delivery to the brain compared
to the tumor, which may have a leaky blood brain barrier and higher dependence on DNA
repair pathways. It remains to be seen if this is true for humans as well. More
importantly, radiotherapy-dependent, long-term neurological effects such as
inflammation, white matter necrosis, and demyelination need to be tested when radiation

is administered in combination with NVP-BEZ235.
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