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Abstract

DNA damage response (DDR) mechanisms are critical to maintenance of overall genomic stability, and their dys-
function can contribute to oncogenesis. Significant advances in our understanding of DDR pathways have raised
the possibility of developing therapies that exploit these processes. In this expert-driven consensus review, we
examine mechanisms of response to DNA damage, progress in development of DDR inhibitors in IDH-wild-type
glioblastoma and IDH-mutant gliomas, and other important considerations such as biomarker development, pre-
clinical models, combination therapies, mechanisms of resistance and clinical trial design considerations.

Keywords

DNA damage response (DDR) is a collective term for a suite of
intra- and inter-cellular signaling events that play critical roles
in maintaining genomic stability. Loss of these mechanisms
can lead to the accumulation of deleterious mutations that
contribute to oncogenesis. With better understanding of how
DDR pathways function in cancer, our ability to exploit these
processes for therapeutic benefit will increase. In this review,
we provide a broad overview of DDR pathways, discuss how
these processes are altered in primary brain tumors, and high-
light translational efforts to leverage this knowledge for devel-
oping new therapies to treat patients with brain tumors.

Therapeutically Relevant DNA Damage
Repair Mechanisms in Glioma

Before discussing therapeutic efforts to target DDR deficits in
glioma, we provide an overview of DDR pathways that are rele-
vant to translational opportunities in neuro-oncology (Figure 1).

Base Excision Repair and Methylguanine-DNA
Methyltransferase

DNA damage limited to a single base is generally repaired by
base excision repair (BER)." Alterations affecting single bases,
such as oxidation, oxidative deamination, and/or alkylation/
methylation (including alkylating chemotherapies) trigger
BER.2 Repair of this damage goes through the steps of excising
the damaged base, the sugar backbone, and the deoxyribose-
phosphate site, which effectively creates a strand break. A
replacement base with the sugar and phosphate moiety is li-
gated in place. Alkylating agents such as temozolomide (TMZ)
induce damage of DNA bases and trigger BER in glioma tu-
mors. Importantly, and relevant to glioma treatment, the func-
tion of the methylguanine methyltransferase (MGMT) protein
counteracts DNA damage caused by alkylating agents. MGMT
acts as a “suicide enzyme” that repairs the DNA damage
caused by TMZ by removing alkyl groups from guanine res-
idues (Figure 2A) , hence reversing the effect of TMZ.2 Silencing
of MGMT gene expression via methylation of the MGMT gene
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Figure 1. Overview of relevant DNA DNA damage response (DDR) pathways in response to standard of care therapies of radiation therapy and
alkylating chemotherapy (temozolomide). Antitumor therapy can cause DNA damage via double-strand breaks (DSBs) or single-strand breaks
(SSBs). In the setting of double-strand breaks, DNA-PK is a multi-enzyme complex consistent with DNA binding domains and catalytic subunit,
and it regulates non-homologous end-joining (NHEJ), which can occur in the absence of sister chromatids (eg, G1 arrest). DSBs can also activate
the ATM pathway, which includes downstream phosphorylation of proteins including CHK2 and p53. ATR can be activated by several genotoxic
stresses, including SSBs, and it phosphorylates several targets. DNA DDR pathways lead to cell cycle arrest, and possible outcomes include
apoptosis or successful DNA repair. Relevant DNA repair mechanisms and relevant molecular factors are listed at the bottom of the figure.
Cell-cycle specific timing and kinetics of double-strand break repair mechanisms, homologous recombination (HR), and NHEJ, are highlighted.
The balance of HR versus NHEJ repair mechanisms reflects factors such as whether a template strand exists for HR-mediated repair, chromatin
accessibility, the presence of relevant co-occurring mutations such as BRCA1/2 deficiency, and the burden of DNA damage. Targets of therapies
that are under active testing in neuro-oncology are shaded with color and bolded.
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Figure 2. (A, top) MGMT, when unmethylated and expressed, repairs TMZ-induced DNA damage by removing alkyl groups from guanine res-
idues. (A, bottom) Methylation of the MGMT gene promoter silences the expression of MGMT. In this scenario, TMZ-induced DNA alkylation is
less able to be removed by MGMT. In MMR-proficient tumor cells, this may trigger a futile cycle of MMR. (B) The active form of temozolomide,
methyl diazonium ion, acts as a methyl donor at 05-methylguanine (0°MeG) adducts. If these alkylated lesions are not repaired by MGMT, MMR-
proficient cells can undergo futile cycling of mismatch repair and subsequent cell death. In MMR-deficient cells, cells may proliferate and de-
velop hypermutated phenotypes that may confer therapy resistance. Abbreviations: MGMT, 0f-methylguanine-DNA methyltransferase; TMZ,
temozolomide; Me3, methyl group; 0°meG, 08-methylguanine; G, guanine; T, thymine; MMR, mismatch repair.
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promoter, a tumor-specific epigenetic event and rarely a
germline event, is estimated to occur in 30%-40% of glio-
blastoma (GBM) patients.3* MGMT promoter methylation,
which inactivates this repair gene, has been associated
with improved prognosis.?

Mismatch repair.—Mismatch repair (MMR), as its name
suggests, repairs DNA base pairing errors. MMR ma-
chinery, comprised of multiple MMR proteins, follows the
replisome as a “check” on replication.>® In mismatch re-
pair, the MSH2/6 complex recognizes small mismatches,
such as a single-base mismatch or 1 or 2 unpaired bases. In
contrast, the MSH2/3 complex recognizes relatively larger
insertion—deletion loops of <15 nucleotides, although it
can also recognize small mismatch sites of 1 or 2 unpaired
bases. These complexes then recruit MLH1 and PMS2
to the site of repair, resulting in cleavage of mismatched
DNA, excision of the mismatched region, and finally liga-
tion. Defects in MMR tend to increase mutational burden
through increases in point mutations and mutational
load (as opposed to large chromosomal losses). The phe-
notype of microsatellite instability has been described in
MMR-deficient cancers such as colon cancer,” ovarian
cancer,® gastric cancer,® and others.’ Owing to their high
mutational burden characteristic of MMR-deficient can-
cers, immune checkpoint inhibitors are often effective in
such tumors and represent a recent paradigm shift in drug
approval from tumor-specific indications to mutation-
burden-driven indications.” Of note, while MMR germline
deficiency is rare in gliomas, a hypermutated pheno-
type following chronic exposure to alkylating therapy is
more commonly seen in glioblastoma (see Additional
Considerations in Targeting DNA Damage Pathways,
“Combination with immunotherapy”).1213

Non-homologous end joining.—The most common
mechanism for double-stranded break (DSB) repair is
non-homologous end joining (NHEJ). NHEJ entails re-
pair of DSBs in the absence of a sister chromatid template
(Figure 3). As such, it is a lower-fidelity mechanism that is
more prone to error.’*'® Given that a sister chromatid tem-
plate is not required, NHEJ can occur at any phase of the cell
cycle and often occurs during G1. NHEJ begins with localiza-
tion of the KU dimer (KU70 and KU80) to the double-strand
DNA break (DSB) and recruitment of DNA-PK. DNA-PK, a
multi-enzyme complex consisting of DNA binding domains
(Ku70, Ku80) with a catalytic subunit (DNA-PKcs), regu-
lates NHEJ while also functioning to detect and modulate
signaling of DSBs. After Ku proteins bind to exposed chro-
mosome ends, they interact with DNA-PKcs to create the
repair complex. Once bound, DNA-PKcs is activated and
can facilitate downstream activation of XRCC4, XLF, and
ARTEMIS to facilitate NHEJ repair. The complex can recruit
endonucleases to resect DNA and recruit polymerases to
complete repair and join the resected ends of DSBs. DNA-
PKcs has been implicated as a drug target in ATM-deficient
tumors (see “Targeting DDR kinases and PARP in GBM"”)."6

Homologous recombination.—In contrast to NHEJ, ho-
mologous recombination (HR) utilizes a sister chromatid

template for DNA repair and as such is less error-prone
compared to NHEJ."”'® The first step entails nuclease-
mediated resection of portions of each of the strands to
generate DNA “overhangs!” Replication protein A (RPA)
binds to these overhangs and recruits single-stranded
DNA to “fill the gap.” RPA is then exchanged for the Rad51
protein, which promotes strand invasion into the sister
chromatid that is used as the template for DNA synthesis.
Following strand invasion, a new DNA strand is synthesized
using the sister chromatid as a template, and this high-
fidelity strand joins the 2 ends of the strand break. Cancer
patients with defects in HR (usually germline) may benefit
from PARP inhibitors since these agents cause persistent,
unrepaired single-strand breaks (SSBs). Persistence of
these SSBs through DNA replication in the S-phase yields
a DSB in the daughter cell, which cannot be adequately
repaired in the presence of germline HR defects. Two im-
portant and overlapping strategies have emerged for
inhibiting PARP: Blocking the catalytic enzyme activity and
preventing release of PARP from DNA (ie, PARP trapping),
the latter of which refers to PARP complexes at damaged
DNA, preventing their catalytic function and stalling repli-
cation.’ PARP inhibitors can trap PARP1 in its bound form
to DNA, causing replication fork stalling. BRCA1/2 proteins
play a role in protecting stalled replication forks,?%2" and
a deficiency in BRCA1/2 in setting of PARP inhibition can
result in synthetic lethality.2223 Various PARP inhibitors are
felt to have different potencies as a direct inhibitor versus
PARP trapper, which may have implications for clinical ef-
ficacy though further study is needed to explore these
nuances.?* There is increasing interest in using PARP in-
hibitors in tumors with other HR defects beyond BRCA1/2
mutations, a state sometimes referred to as “BRCAness,”
which is of particular interest in isocitrate dehydrogenase-
mutant gliomas (see “IDH-mutant gliomas”).

Ataxia-Telangiectasia Mutated Kinase and
Ataxia-Telangiectasia and Rad3-Related Kinase

The DDR kinases ataxia-telangiectasia mutated kinase
(ATM) and ataxia-telangiectasia and rad3-related kinase
(ATR) are particularly relevant DDR mechanisms in glioma
given ongoing clinical testing of inhibitors of these pro-
teins. ATM is an apical serine/threonine kinase that is the
master orchestrator of the cellular response to DSBs. ATM
activity leads to downstream phosphorylation of many
substrates, including key DNA damage pathway proteins
such as pb53, CHK2, MDM2, and BRCA1. Several of these
targets (CHK2, p53) are direct regulators of cell cycle pro-
gression, allowing cells to repair DNA before progressing
through G1/S, G2/M, and S-phase. Furthermore, ATM
phosphorylates targets that are more directly involved
in DSB repair, including NBS1, a component of the MRN
complex.?5-28 Patients with ataxia-telangiectasia (A-T) who
harbor germline loss-of-function mutations in the ATM
gene are profoundly sensitive to ionizing radiation as they
are inefficient at repairing DSBs. This raises the possibility
that ATM inhibition could be used to enhance the efficacy
of radiation therapy, and possibly other DNA-damaging
therapies. ATM preferentially triggers HR (as opposed to
NHEJ) by phosphorylating numerous downstream targets.
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Figure 3. Overview of non-homologous end joining repair (NHEJ). NHEJ repair occurs in the absence of a sister chromatid template. First, there
is localization of the KU dimer to the double-strand break. KU recruits DNA-PK and there is subsequent recruitment of ARTEMIS to facilitate
processing of DNA ends. There is subsequent activation of XRCC4, XLF, and ARTEMIS. The complex recruits endonucleases and polymerases to

complete repair and join resected ends.

ATM loss dramatically increases radiosensitivity in a va-
riety of gliomas in experimental models, and this effect is
even more profound in models harboring nonfunctional
p53 in several reports.?%3° As many GBMs harbor genetic
alterations inactivating p53, these results imply that ATM
inhibition may be particularly effective in a large subset of
GBMs.

While inhibiting ATM might present a therapeutic vulnera-
bility for brain tumors, there is evidence suggesting that such
inhibition could also offer protection to the normal brain
from radiation. ATM plays a crucial role in radiation-induced

apoptosis in the developing mouse brain, and its deletion
appears to safeguard certain neuronal cell populations.?'
Recent research in mouse genetics has further implicated
ATM in DDR-induced apoptosis specifically in immature
brain progenitor cells, while other DDR kinases seem to be
more vital in other brain cell types. This discovery hints at
the possibility that some normal tissues could be shielded
from radiation-induced toxicity when ATM inhibitors are ad-
ministered alongside radiation therapy.

ATR, the other master regulator of the DDR, is acti-
vated by replication stress and generally promotes NHEJ
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(see “Targeting DDR kinases and PARP in GBM"”). Unlike
ATM, ATR deletion is embryonically lethal in mice. ATR
can be activated by a variety of genotoxic stresses such
as SSBs. ATR is recruited to sites of DNA damage flagged
by coating of single-strand DNA with RPA. Similar to ATM,
ATR orchestrates the phosphorylation of numerous down-
stream targets. One of the most notable downstream tar-
gets is CHK1. ATM and ATR share numerous downstream
targets, and ATM deficiency confers sensitivity to ATR in-
hibition,32 which raises the possibility of synthetic lethality
by targeting ATR in tumors lacking functional ATM. Given
the embryonic lethality in mice, ATR inhibition initially
raised major off-target toxicity concerns. However, evi-
dence has accumulated that there may be a therapeutic
window for ATR inhibition to exploit genomic instability
in cancer cells, especially in combination with other DNA-
damaging therapies. Downstream of ATR-CHK1, Wee1l
acts as a regulator and phosphorylates CDK1 leading to its
inhibition and block of the G2-M transition.3® Wee1 phos-
phorylates and inhibits CDK2 activity which can also delay
the G1/S transition.3* Prior preclinical evidence suggests
that Wee1 inhibition can sensitize tumors to radiation, and
this represents another possible avenue for therapeutic
development.3®

Glioblastoma, IDH Wild Type

GBM, wild-type for IDH (IDH-WT) by definition, represents
the most common primary malignant intracranial neo-
plasm in adults.®® Here we first review standard-of-care
treatment, including mechanisms of response and resist-
ance®’, emphasizing links to DDR. We then describe how
this underpins the rationale for investigating specific DDR-
directed therapies in GBM. Selected clinical trials of DDR
agents for GBM are summarized inTable 1.

Standard of Care: Surgery, Radiation/
Temozolomide, and Tumor-Treatment Fields

Adjuvant radiation (RT) following maximal safe resection
showed a benefit in early trials, and dose escalation to 60
Gy in 30 daily fractions was shown to confer superior sur-
vival compared to lower doses.53-%

In 2005, the European Organization for Research and
Treatment of Cancer and the National Cancer Institute
of Canada (EORTC trial 26981/22981 and NCIC trial CE.3)
showed a significant increase in median survival from 12
to 15 months with the addition of concurrent and adjuvant
temozolomide (TMZ) to RT5¢ In addition to surgery and
chemoradiation, the use of tumor treating fields (TTF) has
also demonstrated a survival benefit with an improvement
of median survival from 16.0 to 20.9 months with the use
of TTF in the adjuvant phase of therapy.%”

Radiation therapy induces lethal DSBs, which trigger HR
and/or NHEJ repair mechanisms. The factors that dictate
specific mechanisms of repair include the burden and com-
plexity of DNA damage, the phase of the cell cycle in which
the damage occurs, and chromatin accessibility. The type
of radiation delivered may invoke varying DNA damage

repair mechanisms with evidence suggesting that high
linear energy transfer sources of radiation such as carbon
ions may induce a greater density of breaks and utilize
HR-mediated repair, whereas low linear energy transfer ra-
diation sources utilize less HR-mediated repair.58%° In ad-
dition to the direct DSB and SSBs caused by radiation, it
should be noted that radiation also induces indirect DNA
damage through mechanisms such as reactive oxygen
species (ROS) generation that may also result in lethal
DNA damage.

Mechanism of TMZ Efficacy and Resistance

TMZ is an oral pro-drug, and the active moiety produces
widespread base alkylation that is mostly readily repaired
by BER. However, alkylation at the N7 and O°f positions of
guanine residues is poorly repaired, especially in the con-
text of a specific deficiency of the repair enzyme MGMT.
MGMT is inactive in a subset of newly diagnosed GBMs in
which the MGMT promoter is methylated, silencing MGMT
expression. Base alkylation by TMZ sets in motion a cas-
cade of events that exert cytotoxicity in a DDR-dependent
manner. The O8-methylguanine lesions generated by TMZ
frequently cause a guanine-thymine mismatch, exacer
bated in the context of unavailable “exchange methyl”
groups from a deficiency of MGMT, and this mismatch
activates MMR. This leads to cleavage and reinsertion of
thymine, ultimately leading to futile cycling of the MMR
pathway that causes DNA breaks, triggers response to
DNA damage, and leads to apoptosis (Figure 2A).606" As
such, response to TMZ and mechanisms of resistance to
TMZ can vary based on co-occurring mutations. For ex-
ample, p53 mutations can alter the duration of G2-M ar-
rest induced by TMZ and trigger different mechanisms of
cytotoxicity in glioma.®? Additionally, downregulation of
the MMR pathway, including mutations in MLH1, MSH2,
MSHS®6, and PMS2, have been associated with resistance to
TMZ.83-65 Suppression of the HR machinery has also been
linked to increased sensitivity to TMZ,%¢ as has inhibition
of Fanconi Anemia pathway genes,®” and inhibition of ATM
or ATR kinases.®® Of note, TMZ has been posited to drive a
hypermutation phenotype by inducing MMR deficiency as
a resistance mechanism that then leads to genome-wide
hypermutation, and there is some evidence suggesting
that this phenotype may not be as responsive to immuno-
therapy as in other tumors (Figure 2B).%°

MGMT promoter methylation.—In a setting with de-
creased expression of MGMT when the promoter is meth-
ylated, there is greater accumulation of O%-methylguanine
lesions generated by TMZ.7° While there was preliminary ev-
idence suggesting that the use of dose-dense TMZ may rap-
idly and persistently deplete intracellular MGMT, this dosing
strategy did not yield a survival benefit in a phase lll ran-
domized trial.”" Suppression of MGMT activity to sensitize
tumor cells to TMZ has been investigated both preclinically
and in early-phase clinical trials, but these efforts have
largely been stymied by excessive myeloid toxicity.”273
Attempts to circumvent these toxicities include use of a
monoamine oxidase B-specific prodrug that is converted to
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Table 1. Clinical Trials of DNA Damage Response Inhibitors in Adult Glioblastoma

Pathway/ Disease set- Design/combination Comments/results
target ting
ATM inhibitor
NCT03423628 AZD13903%8 ATM ndGBM Phase 1 study, 3 arms (ndGBM - Initial results demonstrate phar-
uMGMT, uMGMT, rGBM, brain metastases) macologically relevant concentra-
rGBM tion in non-enhancing tissue
WeeT inhibitor
NCT01849146 AZD1775%° WEE1 ndGBM, Phase 0: AZD1775 -> surgery - 20 patients
rGBM - Good brain tumor penetration

and evidence of Wee1 pathway
suppression

NCT01849146 AZD1775 WEE1 rGBM Phase 1 nonrandomized: -3+ 3 design
Arm I: RT +TMZ + AZD1775 ->TMZ - Initial results: MTD 200 mg for
Arm Il: RT/TMZ ->TMZ.+ AZD1775 concurrent dosing with RT, MTD
425 mg for adjuvant dosing

DNA-PK inhibitor

NCTO04555577 M3814 DNA-PK ndGBM Phase |, 2 stages: - Ongoing recruitment
(Nedisertib)4° uMGMT Stage I: RT/M3814->TMZ
Stage |l RT/M3814->resection-
>TMZ
NCT02977780 CC-1154 DNA-PK ndGBM Phase Il randomized with safety - 12 patients received CC-115
and uMGMT lead-in: - No evidence of PFS or OS benefit
mTOR Randomized: RT/CC-115 -> CC-115 - Arm terminated due to concerns
vs. RT/TMZ->TMZ of toxicity and absence of efficacy
signal
PARP inhibitor
NCT00770471 Veliparib (ABT- PARP ndGBM Phase |: RT +TMZ + veliparib -With concurrent RT, DLT occurred
(ABTC-0801) 888)42 in 4/12 patients; 3/6 patients at a
lower dose

-Veliparib is not tolerable with
standard RT/TMZ at tested doses

VERTU* Veliparib PARP ndGBM, Phase Il: RT +TMZ +/- veliparib - 125 participants, 84 receiving
uMGMT (2:1 randomization to experi- veliparib

mental arm) - 0S 12.7 vs. 12.8 months (ns)
NCT01026493 Veliparib PARP rGBM Phase I/ll randomized in BEV-naive - OS similarin both arms
(NRG/RTOG and BEV refractory rGBM - PFS-6 17% in BEV-naive and PFS-6
0929)4 Arm 1:Veliparib +TMZ (75 mg/m2) 4% in BEV-refractory

Arm 2:Veliparib + TMZ (150mg/m2)
NCT02152982 Veliparib PARP ndGBM, Phase Il/lll randomized, placebo- - 421 patients
(Alliance mMGMT controlled: - Median OS 28.1 months (veliparib)
A071102)%5 RT/TMZ ->TMZ +/- veliparib vs. 24.8 months (placebo)

- Median PFS 13.2 vs. 12.1 months
- Subset exploratory analysis sug-
gests benefit forTMZ + veliparib

withTMZ at first recurrence
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NCTO01390571 Olaparib PARP rGBM Phase 0/1 nonrandomized - Olaparib reliably penetrates rGBM

(OPARATIC)%6 Stage I: Olaparib -> surgery at radiosensitizing concentrations
Stage II: Olaparib -> surgery -> - Olaparib was detected in 71/75
TMZ + Olaparib tumor specimens with 36

evaluable patients (PFS6 39%)
CRUK/13/034 Olaparib PARP ndGBM Phase |: Hypofractionated - 16 patients (median age 72 years)
(PARADIGM)* RT + olaparib with RP2D 200 mg BID daily
-mOS 10.3 months

ISRCTN51253312 Olaparib PARP ndGBM Phase | - Ongoing, early results showing

(PARADIGIM-2)4748 mMGMT: RT +TMZ + Olaparib treatment is well-tolerated
uMGMT: RT + Olaparib

NCT03212742%°  Olaparib PARP ndHGG Phase I/lla nonrandomized: - Ongoing recruitment

unresectable RT +TMZ + olaparib
NCT02974621%°  Olaparib + PARP rGBM Phase Il randomized: - 70 total patients
cediranib Olaparib + cediranib vs. BEV - No benefit for Olaparib + cediranib

- Median PFS 118 vs. 92 days (ns)
- Median OS 269.5 vs. 192 days (ns)
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Table 1. Continued

Pathway/ Disease set-

target ting

NCT05188508 Olaparib + PARP rGBM#

pembrolizumb +
T™Z

NCT05463848 Pembro + PARP rGBM

Olaparib +
T™Z

NCT05076513%" PARP ndGBM,

rGBM

Pamiparib

NCT0315086252 PARP ndGBM

Design/combination

Phase Il nonrandomized

Arm 1: recurrent IDH mutant
Arm 2: Recurrent IDH-wt gliomas
and homologous recombination
deficient

Phase Il randomized; surgical:
Arm A:

Pembrolizumab +TMZ + Olaparib
Arm B: Pembrolizumab

Phase 0 trigger trial

Arm A (ndGBM): pamiparib ->
surgery

Arm B (rGBM): pamiparib -> sur-
gery

Arm C (rGBM): pamiparib

Phase 1b/2

Comments/results

- Ongoing recruitment

- Ongoing recruitment

- Generally well-tolerated with
meaningful concentration in
nonenhancing tissue

- PK threshold for expansion phase
by all patients Arm A + B

- Median PFS 5.4 mo (Arm A), 5.0
mo (Arm B), 2.7 mo (Arm C)

Pamiparib
uMGMT,
rGBM

NCT04221503 Niraparib PARP rGBM

ndGBM (uMGMT):

Arm 1: RT + pamiparib

Arm 2: RT +TMZ + pamiparib
rGBM: RT + pamiparib

Phase Il nonrandomized:

- Manageable safety profile for
pamiparib +/- RT +/-TMZ

- Median PFS 4.4 months and me-
dian OS 12.7mo in Arms A/B

- Median PFS 1.9 months and me-
dian OS 7.3 months in Arm C

- Active, not recruiting

TTFields + niraparib

ndGBM, newly diagnosed glioblastoma; rGBM, recurrent glioblastoma, uMGMT, unmethylated MGMT promoter; mMMGMT, methylated MGMT pro-
moter; RT, radiation therapy; TMZ, temozolomide; PFS, progression-free survival, 0S, overall survival, PFS-6, PFS at 6 months; BEV, bevacizumab.
#NCT05188508 also has separate cohort for recurrent enhancing grade 2-3 IDH-mutated gliomas.

an MGMT inhibitor in glioma, which has been shown to po-
tentiate the effects of TMZ.7* Finding effective ways to inhibit
MGMT could perhaps improve the efficacy of this agent, but
so far this approach remains challenging.”®

Genetic drivers.—Genetic drivers of glioma may also
themselves affect response to DNA damage. For example,
p53 and MDM2 mutations are commonly observed in GBM
and are direct regulators of DDR, in addition to mutations in
cell cycle regulators such as CDK4 and CDKN2A/B.%” While
mutations in these presumed driver mutations may directly
affect response to DNA damage, the interactions between
driver mutations and DDR are likely more complex. GBM is
heterogeneous, and data from studies of glioma stem cells
suggests that this subpopulation may exhibit an increase
in DDR activation, which may drive clinically aggressive
phenotypes such as radioresistance.”®’” There has been
increased understanding of interplay of genetic drivers
of GBM and DDR, including work showing increased sen-
sitivity to PARP in patients with EGFR amplification’® and
interplay between PTEN phosphorylation and attenuated
DNA repair.”® Likewise, there is work evaluating the role of
the PI3K pathway, often activated in GBM, in DNA replica-
tion and genomic stability.8°

Targeting DDR Kinases and PARP in GBM

ATM.—Several ATM inhibitors have been developed for
clinical applications. KU-55933 was one of the first identi-
fied ATM small molecules and was noted to have potent

radiosensitizer properties in vitro.8! This led to improved
compounds such as the non-CNS-penetrant KU60019,8?
CP466722,%% AZ31, AZ32,° WSD-0628,%* and SJ573017/
SJ573226.85 Recently, AZD0156, an ATM inhibitor optimized
from AZ31, showed potentiation of irradiation and PARP
inhibition in preclinical models of extracranial tumors.
Importantly, a brain-penetrant, orally-available inhibitor of
ATM, AZD1390, has been developed and shown to signif-
icantly potentiate radiation response across a number of
brain tumor models, including adult and pediatric GBM,
without obvious CNS toxicity, consistent with findings in
mice selectively lacking ATM in the brain.8’88 PET imaging
in humans suggests that AZD1390 crosses the intact blood-
brain barrier (BBB).8°

Several ATM inhibitors have entered clinical trials, and
almost all combine ATM inhibition with either RT or DNA-
damaging chemotherapy. In addition to clinical trials
evaluating AZD0156 and M3541 (combined with olaparib,
NCT03225105) in extracranial tumors,*%% a phase 0/Ib trial
of AZD1390 administered concurrently with RT for adults
with brain metastases and GBM is nearing completion
(NCT03423628), with initial results suggesting that it is
well-tolerated and achieves meaningful concentration in
non-enhancing tissue and suppresses induction of pPRAD50
ex vivo after RT.%

ATR.—ATR inhibition enhances the effects of TMZ-induced
cell death in GBM cell lines by inducing apoptosis.®®
However, TMZ can also trigger survival mechanisms such
as senescence, which are characterized by activation of
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DDR and cell cycle arrest.® This senescence induction
contributes to recurrence and depends on the ATR-CHK1
pathway. It has been shown that TMZ activates ATR in
an MGMT-dependent fashion, and MGMT-deficient cells
treated with TMZ demonstrate an increased sensitivity
to ATR inhibitors in in vitro and in vivo GBM models.%
Additionally, ATR and CHK1 pathways are activated in
glioma stem cells after radiation, and inhibiting these path-
ways can increase radiation sensitivity and induce mitotic
catastrophe.*'

Several clinical investigations of ATR inhibition have
been pursued. Berzosertib (formerly M6620, VX-970) is an
ATR inhibitor evaluated in GBM and lung cancer brain me-
tastasis, with conflicting preclinical data regarding CNS
penetration and in vivo intracranial efficacy.®* Another ATR
inhibitor AZD6738, which has shown manageable toxicity
and efficacy in patients with gastric cancer,®® has entered
phase I/ll trials; however, AZD6738 did not appear to have
a radiosensitizing effect in preclinical GBM models.% Other
ATR inhibitors such as BAY1895344 have shown blood-
brain barrier penetrance® and promising antitumor effi-
cacy in combinations with DNA-damaging therapies in
preclinical studies.%

There are several ongoing clinical trials that involve
treating advanced solid cancers with RT or chemoradiation
in combination with ATR inhibitors, such as BAY1895344,
which has shown an acceptable safety profile as mono-
therapy.®®* An ongoing neuro-oncology-focused trial is
evaluating the ATR inhibitor M6220 in combination with
whole-brain RT to treat non-small cell lung cancer patients
with brain metastases (NCT02589522). Taken together,
these findings suggest that the addition of an ATR inhibitor
to chemoradiation may increase tumor sensitivity to these
standard-of-care adjuvant therapies. BBB penetration and
acceptable toxicity profiles, particularly in combinatorial
regimens, remain ongoing areas of investigation.

DNA-PK.—Significant work evaluating the role of DNA-PK
in gliomas is ongoing. DNA-PK inhibitors may be com-
bined with DNA-damaging therapies (chemotherapy and/
or RT), or may have monotherapy potential in tumors with
aberrant DNA repair mechanisms.'° Earlier studies have
suggested that hyperactivation of DNA-PKcs was asso-
ciated with glioma development and survival of glioma
cells.’”" Inhibition of DNA-PKcs sensitized glioma cells
to TMZ, primarily through regulation of AKT signaling.
Furthermore, in studies of glioma cancer stem cells, there
is evidence that DNA-PK serves an important role in regu-
lating cellular overgrowth, radioresistance, and glioma
progression.'%? [nitial studies with the DNA-PK inhibitor
KU0060648 showed reduction in tumor proliferation in
vitro and in vivo.'”' Treatment with VX-984 (also known as
M9831), a DNA-PKcs inhibitor, has been shown to enhance
radiosensitivity of GBM cells in a concentration-dependent
fashion, both in vitro and in vivo.'% Additionally, absence
of DNA-PKcs appears to correlate with radiosensitivity of
glioma cell lines, an effect that is rescued with DNA-PKcs
re-expression,46.100

There are several DNA-PK inhibitors that have pro-
gressed into clinical trials. VX-984 with and without
pegylated liposomal doxorubicin has been tested in a

phase | study for advanced solid tumors (NCT02644278),
as well as AZD7648 with or without other cancer agents
(NCT03907969). DNA-PK inhibition has also been com-
bined with other chemotherapies to potentiate effects
in GBM cells.*” Further along in development, M3814
(nedisertib), an orally available agent, was first shown
to have antitumor activity in mouse models in combina-
tion with RT.484% It is currently being tested in a phase |
window-of-opportunity trial in newly diagnosed MGMT
unmethylated GBM combined with RT (NCT04555577).

CC-115 is a CNS-penetrant, oral dual inhibitor of mTOR
and DNA-PK."4 While initial phase | testing demonstrated
good tolerability and ability to cross the BBB,'® fur-
ther testing through the Individualized Screening Trial of
Innovative Glioblastoma Therapy (INSIGhT) phase Il trial
(NCT02977780)'%¢ did not demonstrate significant clinical
benefit and was discontinued due to unfavorable toxicity.*?
Despite these initial findings, there remains interest in ex-
ploiting these pathways for therapeutic advances.

PARP.—PARP inhibition is a proven therapeutic strategy in
several malignancies and is now approved by the US Food
and Drug Administration for use in breast and ovarian can-
cers with BRCA1/2 mutations.?® While only a minority of
gliomas have a conventional BRCA defect, PARP1 inhibi-
tion has been shown to increase radiosensitivity and en-
hance the therapeutic ratio of RT in human glioma lines
in vitro.'%” Likewise, the use of PARP inhibitors has shown
chemo-potentiating effects withTMZ in both in vitro and in
vivo GBM models.’%® Of note, MGMT methylation appears
to also predict benefit from the combination of TMZ and
veliparib in orthotopic xenograft models.**

Given the established safety profiles of several PARP in-
hibitors in non-glioma populations and the preclinical data
demonstrating potential efficacy in primary brain tumor
patients, multiple clinical trials have tested PARP inhibitors
in GBM patients. For example, rucaparib and talazoparib
likely do not have sufficient BBB penetration to have
meaningful activity in the brain based on animal models
of GBM,*'9 and clinical testing in glioma patients has fo-
cused primarily on alternative PARP inhibitors, including
olaparib, veliparib, and niraparib.

The PARP inhibitor olaparib has been shown to have
radiosensitizing effects in multiple glioma cell lines,
as well as pediatric brain tumor cell lines.””"% A phase
| trial evaluated pharmacokinetics and tolerability of
olaparib combined with TMZ (OPARATIC, NCT01390571)
and showed that olaparib can reliably reach recurrent
GBM tumors at clinically meaningful concentrations.?’
Of note, these results contrasted with initial preclinical
work that suggested olaparib had poor BBB penetration.
PARADIGM and PARADIGM-2 are currently evaluating
olaparib in newly diagnosed GBM patients receiving con-
current radiation therapy, with or without TMZ based on
MGMT methylation status."""2 The OLA-TMZ-RTE-01
trial is testing the use of olaparib with chemoradiation
in unresectable high-grade gliomas (NCT03212742).""3 A
randomized phase Il study compared olaparib combined
with cediranib relative to bevacizumab in recurrent GBM
patients and did not show a significant survival benefit
(NCT02974621).M4
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Veliparib is another PARP inhibitor known to cross the
BBB,">"¢ and it has been shown to have better brain pen-
etration relative to talazoparib and rucaparib though ini-
tial clinical trial results have not been favorable in GBM."®
Clinical testing has demonstrated toxicity concerns with
veliparib and TMZ (NCT00770471)" and lack of signifi-
cant clinical benefit in combination with radiotherapy (eg,
ACTRN12615000407594, VERTU)."8-120 Given prior evidence
that veliparib-mediated TMZ sensitization preferentially oc-
curs in MGMT promoter methylated patients,* veliparib
was tested in a randomized phase Il/lll trial in patients with
MGMT-methylated GBM (NCT02152982, Alliance A071102),
but it again did not demonstrate evidence of progression-
free or survival benefit in the overall population.'?'

A preclinical study evaluating the pharmacokinetics of
PARP inhibitors showed that niraparib has more favor-
able tumor and brain distribution compared to olaparib.’??
Ongoing trials are evaluating the use of niraparib in newly
diagnosed and recurrent GBM (NCT05076513), as well as
with tumor-treatment fields (NCT04221503). Pamiparib, a
potent PARP inhibitor and trapper,'?® was generally well-
tolerated in a phase 0 study with meaningful accumulation
in nonenhancing GBM tissue (NCT03150862).">* A phase
Ib/Il study assessing the use of pamiparib combined with
RT or chemoradiation in newly diagnosed unmethylated
GBM and methylated or unmethylated recurrent GBM has
completed accrual (NCT03150862).

Most of the first-generation PARP inhibitors are
dual PARP1 and PARP2 inhibitors/trappers. Since only
PARP1 trapping is required for synthetic lethality in HR
repair, while PARP2 inhibition is linked with hemato-
logic toxicity, there is interest in developing selective
PARP1 inhibitors and DNA trappers such as AZD5305 or
AZD9574 (NCT05417594) alone and in combination with
temozolomide.’?

Moving forward, there will need to be continued em-
phasis on rigorous preclinical and clinical assessment of
BBB penetration, pharmacokinetic/pharmacodynamic
endpoints, and monitoring of toxicities when combined
with radiation therapy andTMZ in the clinical development
of PARP inhibitors for the treatment of GBM. The interplay
of DDR inhibitors with TTF also remains an area of interest
given possible synergistic benefits in preclinical studies
that should be further explored.'26

IDH-Mutant Gliomas

IDH mutant gliomas exhibit distinct biology from their
IDH-WT counterparts. The most common IDH mutation ob-
served in glioma patients is IDH1-R132H, representing an
arginine-to-histidine substitution. The IDH1-R132H mutant
protein is a neomorph and synthesizes the oncometabolite
(R)-2-hydroxyglutarate (2HG), which competitively inhibits
2-oxoglutarate (20G)-dependent enzymes and contributes
to glioma formation.'” Many of the elucidated cellular
changes conferred by mutant IDH1 converge on mech-
anisms related to DNA damage, and we highlight efforts
to translate these efforts into clinical practice in this sec-
tion. Selected clinical trials of DDR agents for IDH-mutant
gliomas are summarized inTable 2.

Mutant IDH and Homologous Recombination

Given that many 20G-dependent enzymes function as his-
tone and DNA demethylases, it is perhaps unsurprising
that multiple reported mechanisms of DNA damage alter-
ations in IDH-mutant gliomas invoke epigenetic changes.
One of the more mature lines of work in this regard

Table 2. Select Completed and Ongoing Clinical Trials in IDH-Mutant Gliomas

Trial Patient population/

disease setting

Target

NCT03561870'%  Recurrent IDH-mutant PARP inhibitor

gliomas
-35 patients

NCT05417594 Recurrent IDH-mutant PARP1 inhibitor
glioma

NCT05188508 Recurrent grade 2-3 PARP inhibitor
IDH-mutant

NCT05076513 Recurrent grade PARP inhibitor
2-4 IDH-mutant
astrocytoma

NCT03914742 Recurrent grade 2-4 PARP inhibitor
IDH-mutant glioma

NCT03991832 Recurrent IDH-mutant  PARP inhibitor
glioma

NCT03528642 Grade 2-3 IDH-mutant Glutaminase inhibitor
gliomas

N/A Grade 4, recurrent de novo pyrimidine
IDH- mutant synthesis inhibitor

TMZ, Temozolomide; PFS, progression-free survival; 0S, overall survival.

Experimental Phase of Status

therapy testing

Olaparib 1] Completed
- Olaparib was well tolerated
- Median PFS 2.3 months
- Median OS 15.9 months

AZD9574 andTMZ | Accruing

Olaparib,TMZ, and I Accruing

pembrolizumab

Niraparib 0 Accruing

Pamiparib and 171 Not accruing

metronomicTMZ

Olaparib and 1] Accruing

durvalumab

Telaglenastat | Not accruing

Orludodstat 0 In development

$20z Re\ zz uo 1senb Aq 227879/ /2. 08B0U/OUONSU/SE0] 0 | /I0p/3]o1le-80ueApe/ABoj0ouo-0inau/woo dno olwapede//:sdiy Wol) papeojumod]



Rahman et al.: DNA Damage Response in Neuro-Oncology

includes a series of preclinical studies and ongoing clin-
ical trials testing the hypothesis that IDH-mutant gliomas
display a “BRCAness” phenotype with defects in HR."? In
this model, (R)-2HG inhibits the 20G-dependent KDM4B
dioxygenase, resulting in hypermethylated H3K9 and a
defect in DNA damage recognition. Therefore, DSB repair
is compromised and renders IDH-mutant gliomas sensi-
tive to PARP inhibitor treatment. In addition to this mech-
anism based on H3K9 hypermethylation, hypersensitivity
to PARP inhibitor and TMZ treatment may also be related
to impaired NAD + metabolism in IDH-mutant gliomas.'3°
Of note, recent data challenge this model and suggest that
mutant IDH increases replication stress due to an increase
in heterochromatin protein formation and slowing of cell
cycle progression, in a HR-independent manner.3'

Clinical trials testing PARP inhibitors in IDH-mutant
gliomas are now ongoing (NCT03561870, NCT05076513,
and NCTO03914742). The OLAGLI trial was a single-arm
phase Il study that enrolled 35 recurrent IDH-mutant high-
grade glioma patients, who were treated with olaparib
monotherapy. At a median follow-up of 11 months, 30 of
the 35 patients had developed tumor progression. Median
progression-free survival and overall survival were 2.3 and
15.9 months, respectively.'®? Results from a phase Il trial
testing olaparib and durvalumab combination therapy in
IDH-mutant gliomas have also been reported, with 1 out
of 9 patients achieving objective tumor response after 8
cycles. Ongoing efforts are testing olaparib in combina-
tion with TMZ (ABTC1801, NCT03991832), and another
trial is testing this combination in newly diagnosed and re-
current pediatric/adolescent and young adult IDH-mutant
gliomas (PNOC017; NCT03749187). While most PARP in-
hibitors target PARP1 and PARP2, AZD9574 is a brain-
penetrant selective inhibitor and optimized trapper of
PARP1 that is being tested withTMZ in IDH-mutant tumors
(NCT05417594). Combining PARP inhibitors with additional
systemic agents and/or radiation may yield enhanced effi-
cacy in IDH-mutant gliomas.'33134

It should be noted that the effect of IDH mutation on PARP
inhibitor sensitivity may be context-dependent and could
partially explain the lack of strong clinical benefit in the pro-
spective trial data reported thus far. Mutant IDH was also
reported to increase RAD51-mediated HR and confer resist-
ance toTMZ-induced DNA damage.'®This is also consistent
with other data'®® suggesting that IDH mutations increase
RAD51 expression as compared to IDH-WT controls.

Sensitivity to DNA-Damaging Therapies

In addition to potential defects in HR in IDH-mutant
gliomas, multiple other mechanisms linking IDH mutations
to DNA damage have been explored (Figure 4). Many of
these mechanisms rely on therapeutically exploiting vul-
nerabilities related to DNA damage repair conferred by
mutant IDH through epigenetic, transcriptional, and/or
metabolic reprogramming.

Standard of care treatment for IDH-mutant glioma in-
volves DNA-damaging therapies, namely radiation
therapy, TMZ, and/or other alkylating agent-based regi-
mens such as procarbazine, lomustine, and vincristine.
As such, there have been efforts to better understand how
mutant IDH affects response to these agents in gliomas.

The effect of IDH mutations on radiation sensitivity has
been investigated, though with conflicting results. While
some studies in engineered glioma cells or hematopoi-
etic stem cells report that mutant IDH may synergistically
increase sensitivity to radiation,'33132138 other preclin-
ical data suggest that IDH mutations increase DNA re-
pair mechanisms'® and may confer radioresistance.'3®
The direct role of IDH mutations in TMZ response has also
been explored in previous studies.'®'40 These studies de-
lineate the function of the AIkB family of proteins, which
are 20G-dependent enzymes that directly repair alkylated
DNA.""112These AIkB proteins are thought to be inhibited
by mutant IDH, sensitizing IDH-mutant glioma cells to the
alkylating agents CCNU and procarbazine. Importantly,
this effect was dependent on the catalytic activity of mu-
tant IDH1, as catalytically dead double-mutant IDH1 pro-
tein rescued sensitization to alkylating agents.

Many preclinical studies have introduced promising
novel therapeutic strategies exploiting DNA damage
deficits in IDH-mutant gliomas, leveraging a synthetic le-
thality approach. Consistent with the known epigenetic
alterations caused by IDH mutations in gliomas, recent
work demonstrated that mutant IDH increases expres-
sion of NRF2 pathway genes involved in antioxidant gene
expression, the kinetics of which mirror that of an epige-
netic mechanism. This results in reliance on these genes
to maintain ROS homeostasis,'® suggesting that mutant
IDH may alter response to ROS-induced DNA damage
through changes in the epigenome. In this regard, others
have reported multiple mechanisms of disrupted ROS ho-
meostasis conferred by mutant IDH in glioma. Mutant IDH1
generates (R)-2HG through an NADPH-dependent reaction,
which can then affect the ability to generate reduced glu-
tathione, necessary for protecting DNA from ROS-induced
DNA damage. Glutathione pools are also affected by
(R)-2HG-dependent inhibition of 20G-dependent trans-
aminases (BCAT1 and BCAT2), resulting in an increased
reliance on glutaminase for glutathione synthesis.'*®
Pharmacologic inhibition of glutaminase has been shown
to deplete glutathione and sensitize IDH-mutant gliomas to
radiation™® with acceptable early safety reported with the
glutaminase inhibitor telaglenastat.'#®

More recently, the susceptibility to DNA damage has
been shown to render IDH-mutant gliomas sensitive to
drugs that inhibit pyrimidine nucleotide synthesis. IDH
mutations predict sensitivity to the drug orludodstat (BAY
2402234), an inhibitor of the de novo pyrimidine synthesis
enzyme dihydroorotate dehydrogenase. Orludodstat treat-
ment induces nucleotide pool imbalance, increased DNA
damage, and cell death in the presence of mutant IDH, and
this drug will now undergo clinical testing in an upcoming
early-phase clinical trial. Additional metabolic vulnerabil-
ities conferred by mutant IDH have been described. In this
work, mutant IDH1 decreased pools of NAD+, an important
substrate for PARP-mediated repair of DNA damage, which
can be exploited by the use of NAMPT inhibitors that fur-
ther decrease NAD + pools and limit the PARP-mediated
repair of DNA damage caused by alkylating agents.
NAD + depletion through inhibitors of poly(ADP-ribose)
glycohydrolase (PARG), which leads to NAD + sequestra-
tion, has also been shown to be a promising strategy for
IDH-mutant gliomas based on preclinical data.'4’-14°
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Figure 4. Overview of select altered DNA damage repair pathways that have been reported in IDH-mutated gliomas. (R)-2HG-mediated inhibi-
tion of ALKBH is thought to sensitize IDH-mutant gliomas to alkylating agents (far left). Inhibition of the histone demethylase KDM4B by (R)-2HG
sensitizes IDH-mutant gliomas to PARP inhibition (middle left) and depletes NAD + pools (middle right), rendering IDH-mutant gliomas vulnerable
to DNA repaired by NAD+-dependent enzymes such as PARP. (R)-2HG inhibits BCAAs including BCAT1, which depletes glutathione pools and sen-
sitizes IDH-mutant gliomas to oxidative stress (far right). Abbreviations: mIDH, mutant IDH; BCAA, branched-chain amino acids.

Ongoing clinical trials will provide important insights
into how IDH mutations may predict response to some
of the novel targeted therapies discussed above, as well
as standard-of-care treatments including radiation and
TMZ. Clinically, the timing and use of TMZ as concurrent,
adjuvant, or monotherapy treatment has been the subject
of large clinical trials. The benefit of adjuvant TMZ in IDH-
mutant, 1p/19q non-codeleted tumors has been supported

by recently updated results from the CATNON trial,'s®
where 12 cycles of adjuvant TMZ conferred an overall sur-
vival benefit specifically within the IDH-mutant subset of
patients. Of note, the addition of concurrent TMZ with ra-
diation did not improve survival in this cohort, suggesting
that TMZ may be more effective as an adjuvant mono-
therapy rather than delivered concurrently with radiation.
However, among IDH-mutant, 1p/19q codeleted patients,
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the CODEL trial reported worse progression-free survival
outcomes in theTMZ alone arm (no radiation) as compared
to the radiation-containing arms (radiation alone and ra-
diation with concurrent and adjuvant temozolomide).’®
Taken together, these data suggest that TMZ could be
most effective when used sequentially following radia-
tion; alternatively, it is possible that the most effective
use and timing of TMZ are different in IDH-mutant 1p/19q
codeleted versus non-codeleted tumors. The relative ben-
efit of TMZ in IDH-mutated 1p/19q codeleted versus non-
codeleted tumors has not been compared in a prospective
randomized clinical trial. The potential disease control
benefits of TMZ monotherapy should be contextualized
within the risk of possible malignant transformation. Low-
grade astrocytomas have been reported to possibly un-
dergo TMZ-induced malignant transformation to more
hypermutated and aggressive tumors,'®%'% which should
be a consideration when using TMZ monotherapy in low-
grade IDH-mutant gliomas.

Additional Considerations in Targeting
DNA Damage Pathways

Molecular Predictors of Response

The discovery of molecular markers in glioma over the
past several decades has revealed important insights into
the biological heterogeneity of this disease. While some
molecular markers (such as IDH and H3K27M alterations)
comprise formal diagnostic criteria in the WHO classifica-
tion,'%* the impact of these markers on predicting response
to specific therapies is still not fully understood. As a rep-
resentative example, the OLAGLI trial presented modest
clinical outcomes in a heavily pretreated IDH-mutant
glioma population, but 2 patients had a durable benefit
and remained on treatment 16-18 months after treatment
started, suggesting that a subset of patients may benefit.'3?
Given the known intertumoral heterogeneity of therapeutic
response to such therapies, the discovery of predictive bio-
markers will be an important component of the develop-
ment of DDR agents.

Perhaps the prognostic and predictive biomarker with
the most mature data is the use of alkylating agentTMZ in
MGMT-methylated gliomas. As discussed above, MGMT-
methylated tumors have been shown to respond better to
TMZ,2 and MGMT methylation status may now guide use
of TMZ in the adjuvant setting. Preclinical data also sug-
gest that IDH mutations may confer specific DNA damage
deficits that sensitize these tumors to various DNA-
damaging agents (see “IDH-mutant gliomas”) and may be
a useful biomarker, pending ongoing clinical studies.

Aside from these established molecular biomarkers,
other molecular biomarkers have been proposed as ways
to predict response to DNA-damaging therapies. For
example, preclinical data may support the use of ther-
apies based on p53 mutation status, with one preclinical
study demonstrating that p53 mutant gliomas display in-
creased sensitivity to the ATM inhibitor KU60019.2° This is
further supported by separate work demonstrating that
p53-deficient, but not p53 wild-type, DIPG in genetically

engineered mice display an increase in radiosensitivity
upon genetic deletion of Atm, which supports the use
of ATM inhibitors as radiosensitizers in p53 mutant
gliomas.”™ In contrast, treatment with the clinically ad-
vanced ATM inhibitor AZD1390 significantly improved the
efficacy of radiation in both p53 wild-type and p53 mutant
isogenic cell lines and distinct orthotopic xenograft models
of pediatric HGG, including H3K27M-mutant diffuse mid-
line glioma,?” suggesting that in the context of genetically
diverse human tumors, the use of p53 mutation status as
a singular predictive biomarker for combination ATM inhi-
bition therapy may be limiting. Furthermore, when tested
in a colorectal cancer cell line, the effect of ATM inhibition
on radiosensitivity was independent of p53 status."®These
differences may be due to cancer context-dependent ef-
fects of pb3, impact of other mutations concurrent with
p53 loss, and/or differential effect of p53 mutations on
the use of ATM inhibitors as a monotherapy versus as a
radiosensitizer. Indeed, the effect of ATM inhibition ap-
pears to have tissue-specific effects, as evidenced by the
fact that Atm deletion appears to induce differing degrees
of radiosensitivity depending on tissue type.'57-1%°

While ATM inhibitors have been tested in synthetic lethal
strategies with p53 loss as described above and are under-
going clinical testing in brain tumor patients, ATM loss
may also serve as a predictive biomarker in and of itself,
with a prior study suggesting that it impairs HR, raising
the possibility that ATM loss may predict sensitivity to
PARP inhibitors."®The effect of ATM loss on HR was partly
compensated for by ATR in this study, in line with sepa-
rately reported data suggesting that ATM deficiency may
be sensitized to ATR inhibitors in leukemia'®' and pediatric
high-grade-glioma.®’

With regards to PARP inhibitors, genomic alterations be-
yond BRCA1/2 mutation, such as genomic signatures as-
sociated with HR deficiency, represent important possible
biomarkers that will need to be further evaluated across
different cancers to potentially identify patients most likely
to benefit from these therapies.62

As data within glioma and other cancer types mature,
insights into the mechanisms and cell biology of DNA
damage pathways in glioma remain critical to inform ra-
tional design of therapeutic strategies and identification of
relevant biomarkers.

Combination With Immunotherapy

Immunotherapy approaches have largely failed to improve
outcomes in gliomas.'®3-'65 While there is extensive on-
going work to better understand the biology behind this
lack of efficacy, GBMs are generally thought to be immuno-
logically “cold” or “exhausted.” There has been substantial
interest in using DDR inhibitors to increase DNA damage,
stimulate neoantigen production, and alter the inflamma-
tory tumor microenvironment to increase the likelihood of
improving the activity of immunotherapy (Figure 5).6¢ A
prior window of opportunity study in patients with recur-
rent GBM receiving pembrolizumab showed an absence
of an effector immunologic response in most patients,
potentially due to scarcity of T cells within the tumor
microenvironment.'®’
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Figure 5. Molecular pathways by which modulation of the DNA damage response (DDR) could potentiate immune processes. DDR modulating
agents such as PARP inhibitors, ATM inhibitors, and ATR inhibitors may increase production of extrachromosomal double-stranded DNA (dsDNA)
inthe cytosol, especially in the setting of cytotoxic therapies such as radiation therapy that can cause double strange DNA breaks. Such cytosolic
dsDNA can be detected by cGAS/STING to potentiate innate immune responses by stimulating type | interferon expression, antigen presentation,
tumor-infiltrating lymphocyte recruitment, PDL1 expression, and improved responses to immune checkpoint blockade therapy. Alternatively, DDR
modulation could drive tumor hypermutation, which may also have immune modulatory effects. Abbreviations: Ag, antigen; TILs, tumor-infiltrating
lymphocytes; ICB, immune checkpoint blockade; DDR, DNA damage response.

There is growing evidence that DNA damage and
DDR deregulation can enhance immune responses and
increase PD-L1 expression.'® % |ndeed, emerging data
suggest that pediatric gliomas with germline MMR defi-
ciency may be uniquely sensitive to immune checkpoint
blockade.'® Given evidence of increased likelihood of
benefit with checkpoint inhibitor therapy in other solid tu-
mors with high tumor mutation burden,’' an active area
of study is to evaluate whether DDR inhibitor-induced
hypermutation could augment responses to checkpoint
inhibitors. This may be of particular interest in light of re-
cent work describing hypermutated states of GBM fol-
lowing treatment with TMZ.'2 Preliminary data, however,
suggest that checkpoint inhibitor therapy may have less
activity in hypermutated GBM following temozolomide
therapy relative to other malignancies.'? Strategies to
increase tumor mutational burden in glioma include the
use of PARP inhibitors. It has been increasingly appreci-
ated that PARP inhibitors may act at least in part through
the innate immune system and activate the cGAS-STING
pathway and potentially other DDR pathways (ATM-TR-
CHK1).172173 Activation of the cGAS-STING pathway may
also stimulate type 1 interferon, increase tumor-infiltrating

lymphocytes, and induce antitumor activity independent
of BRCA status.’”* As such, there is an ongoing basket trial
evaluating the use of olaparib with durvalumab for IDH-
mutated solid tumors (NCT 03991832),'75 and trials testing
olaparib, pembrolizumab, and TMZ in recurrent IDH mu-
tant gliomas (NCT05188508) and recurrent IDH-WT GBM
(NCT05463848). Further trials are expected given the ra-
tionale for combining DDR inhibitors with immunotherapy.

Non-canonical Targets for DNA-Damaging
Therapies

While direct inhibition of key functional enzymes in DNA
damage repair may be a promising therapeutic strategy and
is currently undergoing testing (see “Molecular Predictors
of Response”), many promising targets exist that are not ca-
nonical DNA damage enzymes. For example, multiple syn-
thetic lethal drug targets that exploit DNA damage deficits
that are not directly involved in DNA damage repair (see
“IDH-mutant gliomas”). Additionally, preclinical and early
clinical data suggest roles for druggable targets that may
potentiate DNA-damaging therapies such as radiation.
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For example, cell cycle inhibitors such as CDK4/6 inhibi-
tors have been shown to act as radiosensitizers in in vitro
models across cancer types, including medulloblastoma,”®
atypical teratoid rhabdoid tumors,’””” and GBM."”® More re-
cent work has also demonstrated the efficacy of combining
CDK4/6 inhibitors with cytotoxic chemotherapy.'”® However,
the mechanisms underlying these interactions are not fully
understood. Furthermore, while CDK4/6 inhibitors are incor-
porated into standard of care in subsets of breast cancer,
use of CDK4/6 inhibitors as a radiosensitizer may pose chal-
lenges with regard to toxicity and tolerability, although in-
itial studies recently completed have not identified any
undue toxicities.'8°

Additional potential radiosensitizers include drugs
blocking vascular endothelial growth factor (VEGF), which
have been shown experimentally to increase radiosensitivity
through suppression of autophagy in nasopharyngeal car-
cinoma'® and enhance radiation response in preclinical
schwannoma models.'®2While some conflicting data exist,3®
other groups have reported radiosensitization with VEGF in-
hibitors across multiple cancer types, including GBM.3943
Similar to the radiosensitization effects of CDK4/6 inhibitors,
the mechanism of potential synergy between VEGF inhibi-
tors and radiation is not fully understood. Importantly, the
VEGF-A inhibitor bevacizumab was not shown to improve
survival when added to chemoradiation in GBM patients,*°
suggesting that if such a radiosensitization effect does exist
in glioma, further work to identify subsets of patients that
benefit is needed to better translate these findings to clinical
practice.

Cell cycle inhibitors and VEGF inhibitors are 2 examples
of therapeutic targets outside of classical DNA damage
enzymes that may directly potentiate DNA damage or
prevent DNA damage repair. Emerging data continue to
shed light on additional enzymes that may play impor-
tant roles in DNA damage and serve as additional thera-
peutic targets. For example, some evidence suggests that
the MAPK/ERK/Akt pathway harbors direct DNA damage
repair function.52128.183.184 Ag gych, these “non-canonical”
DNA damage enzymes may become additional viable ther-
apeutic targets that leverage alterations in the DDR for
antitumor efficacy.

Clinical Trial Considerations

While there are many clinical trials evaluating DDR inhibi-
tors across neuro-oncology, several considerations have
become apparent in designing clinical trials for these ther-
apies. Some of the challenges with the development of
DDR inhibitors include poor correlation between preclinical
studies and clinical outcomes, poor BBB penetration asso-
ciated with limited drug exposure, poorly defined patient-
selection criteria and endpoints, difficulty ascertaining
response (particularly in the setting of chemoradiation)'8®
or obtaining pathological correlates via biopsy, challenging
toxicity in combining with existing standard-of-care ther-
apies of radiation therapy and chemotherapy, and/or insuf-
ficient financial investment.'88

Given the distinct challenges with drug development
for the treatment of CNS diseases, there have been many
failures. Thus, more efficient testing of therapies early in

development is critical to better identify therapies most
likely to be successful.8¢

Prior studies have indicated significant variability of
clinically tested DDR inhibitors with respect to BBB pene-
tration. Furthermore, while BBB penetration is commonly
cited as a primary concern, it is just as important to en-
sure that biologically active concentrations and target en-
gagement can be achieved in tumor tissue. Because BBB
is often disrupted in malignant gliomas, potent drugs can
still achieve sufficient exposure in the tumor core, but
only drugs specifically designed to cross the BBB will be
able to target glioma cells that have invaded surrounding
“normal” brain parenchyma with intact BBB.

Evaluation of treated tumor tissue in patients has long
been identified as a need in neuro-oncology,'®” though im-
plementation has been slow. Surgical window of oppor-
tunity trial designs represent an important consideration
that can be used to identify intratumoral concentrations
of experimental therapies and generate pharmacody-
namic data to understand the effects of drugs on tumor
tissue by assessing surgical specimens after therapy
administration.88189

A representative example of a window of opportunity
study tests the DNA-PK inhibitor M3814 in combination
with radiation therapy in MGMT unmethylated newly diag-
nosed GBM (NCT0455577)." In the first stage, patients
receive M3814 concurrently with RT; in the second stage,
patients receive standard-of-care RT with M3814 followed
by surgical resection within 1-14 days of completing RT.
Window of opportunity trials provides an opportunity to
understand target engagement as well as the mechanism
of response. Use of this trial design could allow for a more
efficient and reliable selection of therapies more likely to
be successful in later phase testing. Pharmacokinetics/
pharmacodynamics (PK/PD) and window of opportunity
studies to confirm target inhibition will also continue to be
important in this regard.

Beyond the window of opportunity trials, testing of DDR
inhibitors could be more efficiently conducted in later-
phase trials that also utilize novel trial designs.'8%" DDR
inhibitors have been tested on adaptive platform trials, in-
cluding CC-115 on INSIGhT."2 Regardless of trial design,
there should be careful monitoring of toxicities, particularly
when combining them with standard-of-care therapies.
Assessment of toxicity for new therapeutic strategies that
combine a new therapy with radiation can be challenging,
and causality can be difficult to determine against the ex-
pected toxicity of treatment. Furthermore, there may be
higher rates of pseudoprogression with DDR agents, which
raises the need for confirmation scans and implementation
of response assessment criteria that allow for confirmation
scans to increase fidelity of response assessments.'8

Future Directions

The future of therapies targeting the DDR in gliomas re-
quires focused investigations in several key areas. First,
there is a crucial need for improved preclinical models
that faithfully recapitulate the complex biology and ge-
netic heterogeneity of gliomas, enabling better prediction
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of therapeutic responses. Furthermore, exploring the po-
tential of combination therapies is essential, as targeting
multiple DDR pathways simultaneously may enhance
treatment efficacy. In parallel, correlative studies aimed
at elucidating the molecular determinants of response
and resistance to DDR-targeted therapies are imperative.
Understanding the mechanisms underlying resistance will
guide the development of strategies to overcome treat-
ment obstacles. Biomarker discovery and validation are
pivotal for identifying patients most likely to benefit from
DDR-targeted therapies, enabling personalized treatment
approaches. As described above, the rational combina-
tion of DDR-targeted therapies with immunotherapies
holds immense potential, as it can exploit the interplay be-
tween DNA damage and the immune system, enhancing
the overall therapeutic response. Finally, comprehensive
studies exploring the timing, sequencing, and dosage of
radiation in combination with DDR-targeted agents will be
vital to determine the most effective methods to rationally
combine investigational therapies with radiation. Future
investigations in these areas will propel the development
of effective and personalized treatments for gliomas,
improving patient outcomes.

The authors would like to thank the Society for Neuro-Oncology
for supporting this review. The authors would like to thank
Anthony Colella for help with illustrations and the National Brain
Tumor Society for support.

Authorship statement

Design and implementation: R.R., D.S., ZJ.R., and PY.W.
Acquisition, analysis, or interpretation of data: all authors.
Writing of the manuscript, revision, approval of the final version:
all authors.

Funding

The work did not receive any specific grant from funding agen-
cies in the public, commercial, or not-for-profit sectors.

Conflict of interest statement

RR: Research support—Project Data Sphere; Research
Support (to institution): Celgene Corporation, Puma
Biotechnology, Inc., Eli Lilly and Company. Consulting—St.
Lucia Consulting. ZJR: Listed as an inventor for intellec-
tual property related to genetic testing for TERT and other
alterations in brain tumors that are managed by Duke
Office of Licensing and Ventures and has been licensed

to Genetron Health; Honoraria—Qakstone Publishing and
Eisai Pharmaceuticals. JdG: Advisory Board—Kintara
Pharmaceuticals, Kazia, MundiPharma, Insightec, Monteris,
Carthera, Samus, Sapience, DSP Pharma, Telix, Servier, Alpha
Pharmaceuticals, CapitalOne; DSMB—Chimerix. Consulting:
MundiPharma, Insightec, Carthera, Kintara, Deciphera, Kazia;
Stock Ownership—Alaunos and Brii Biosciences (spouse).
DHK: Consulting—GLG, Science Advisory Board—EmpNia
Incorporated, Graegis Pharmaceuticals. NYRA is key opinion
leader for Bruker Daltonics, receives support from Thermo
Finnegan, EMD Serono, and iTeos Therapeutics. JNS:
Research support—WayShine Biopharma and AstraZeneca.
MM: Consulting: Telix, Kazia, Novocure, Zap, Xoft, Karyopharm,
Sapience, Mevion; Board of Directors: Oncoceutics; Stock
Ownership: Chimerix. PYW: Research Support—Astra Zeneca,
Black Diamond, Bristol Meyers Squibb, Celgene, Chimerix, Eli
Lily, Erasca, Genentech/ Roche, Kazia, MediciNova, Merck,
Novartis, Nuvation Bio, Servier, Vascular Biogenics, VBI
Vaccines. Advisory Board/ Consultant -Astra Zeneca, Black
Diamond, Celularity, Chimerix, Day One Bio, Genenta, Glaxo
Smith Kline, Merck, Mundipharma, Novartis, Novocure,
Nuvation Bio, Prelude Therapeutics, Sapience, Servier,
Sagimet, Vascular Biogenics, VBI Vaccines.

Affiliations

Department of Radiation Oncology, Brigham and Women's
Hospital, Harvard Medical School, Boston, Massachusetts,
USA (R.R., D.D.S., D.A.H.-K., A.D.D.A.); Department of Radiation
Oncology, Duke University Medical Center, Durham, North
Carolina, USA (Z.J.R.); Division of Cancer Sciences, University
of Manchester, Manchester, UK (P.H.); Division of Neuro-
Oncology, University of California San Francisco, San
Francisco, California, USA (J.EG.); Department of Radiation
Oncology, New York University, New York, New York, USA
(E.P.S.); National Brain Tumor Society, Newton, Massachusetts,
USA (K.T.); Department of Neurosurgery and Department of
Radiology, Brigham and Women's Hospital, Harvard Medical
School, Boston, Massachusetts, USA (N.Y.R.A.); Department
of Radiation Oncology, Mayo Clinic, Rochester, Minnesota,
USA (J.N.S.); Department of Radiation Oncology, St. Jude
Children’s Research Hospital, Memphis, Tennessee, USA
(C.L.T.); Department of Therapeutic Radiology, Yale University,
New Haven, Connecticut, USA (R.S.B.); Miami Cancer Institute,
Baptist Hospital, Miami, Florida, USA (M.P.M.); Center for Neuro-
Oncology, Dana-Farber Cancer Institute, Harvard Medical
School, Boston, Massachusetts, USA (P.Y.W.)

References

Krokan HE, Bjeras M. Base excision repair. Cold Spring Harb Perspect
Biol. 2013;5(4):a012583.

Kondo N, Takahashi A, Ono K, Ohnishi T. DNA damage in-
duced by alkylating agents and repair pathways. J Nucleic Acids.
2010;2010(1):543531.

$20z Re\ zz uo 1senb Aq 227879/ /2. 08B0U/OUONSU/SE0] 0 | /I0p/3]o1le-80ueApe/ABoj0ouo-0inau/woo dno olwapede//:sdiy Wol) papeojumod]



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Rahman et al.: DNA Damage Response in Neuro-Oncology

Hegi ME, Diserens AC, Gorlia T, et al. MGMT gene silencing
and benefit from temozolomide in glioblastoma. N Eng/ J Med.
2005;352(10):997-1003.

Hegi ME, Genbrugge E, Gorlia T, et al. MGMT promoter methylation
cutoff with safety margin for selecting glioblastoma patients into trials
omitting temozolomide: a pooled analysis of four clinical trials. Clin
Cancer Res. 2019;25(6):1809-1816.

Fishel R, Lee JB. Mismatch Repair. In: Hanaoka F, Sugasawa K, eds.
DNA Replication, Recombination, and Repair: Molecular Mechanisms
and Pathology. Tokyo, Japan: Springer Japan; 2016:305-339. doi:
10.1007/978-4-431-55873-6_12

Li GM. Mechanisms and functions of DNA mismatch repair. Cell Res.
2008;18(1):85-98.

Vilar E, Gruber SB. Microsatellite instability in colorectal cancer-the
stable evidence. Nat Rev Clin Oncol. 2010;7(3):153—-162.

Xiao X, Melton DW, Gourley C. Mismatch repair deficiency in ovarian
cancer -- molecular characteristics and clinical implications. Gynecol
Oncol. 2014;132(2):506-512.

Marrelli D, Polom K, Pascale V, et al. Strong prognostic value of micro-
satellite instability in intestinal type non-cardia gastric cancer. Ann Surg
Oncol. 2016;23(3):943-950.

Bonneville R, Krook MA, Kautto EA, et al. Landscape of micro-
satellite instability across 39 Cancer types. JCO Precis Oncol.
2017;2017(1):P0.17.00073.

Nebot-Bral L, Brandao D, Verlingue L, et al. Hypermutated tumours in the
era of immunotherapy: The paradigm of personalised medicine. Eur J
Cancer. 2017;84(1):290-303.

Touat M, Li YY, Boynton AN, et al. Mechanisms and therapeutic implica-
tions of hypermutation in gliomas. Nature. 2020;580(7804):517-523.
Barthel FP. Johnson KC, Varn FS, et al; GLASS Consortium.
Longitudinal molecular trajectories of diffuse glioma in adults. Nature.
2019;576(7785):112—120.

Burma S, Chen BPC, Chen DJ. Role of non-homologous end joining
(NHEJ) in maintaining genomic integrity. ONA Repair (Amst).
2006;5(9-10):1042-1048.

Weterings E, Chen DJ. The endless tale of non-homologous end-joining.
Cell Res. 2008;18(1):114-124.

Riabinska A, Daheim M, Herter-Sprie GS, et al. Therapeutic targeting of
a robust non-oncogene addiction to PRKDC in ATM-defective tumors. Sci
Trans! Med. 2013;5(189):189ra78.

San Filippo J, Sung P, Klein H. Mechanism of eukaryotic homologous re-
combination. Annu Rev Biochem. 2008;77(1):229-257.

Krejci L, Altmannova V, Spirek M, Zhao X. Homologous recombination
and its regulation. Nucleic Acids Res. 2012;40(13):5795-5818.

Satoh MS, Lindahl T. Role of poly(ADP-ribose) formation in DNA repair.
Nature. 1992;356(6367):356—358.

Bryant HE, Schultz N, Thomas HD, et al. Specific killing of BRCA2-
deficient tumours with inhibitors of poly(ADP-ribose) polymerase.
Nature. 2005;434(7035):913-917.

Farmer H, McCabe N, Lord CJ, et al. Targeting the DNA repair de-
fect in BRCA mutant cells as a therapeutic strategy. Nature.
2005;434(7035):917-921.

Ledermann J, Harter P Gourley C, et al. Olaparib maintenance
therapy in platinum-sensitive relapsed ovarian cancer. N Engl J Med.
2012;366(15):1382—1392.

Robson M, Im SA, Senkus E, et al. Olaparib for Metastatic breast
cancer in patients with a germline BRCA mutation. N Engl J Med.
2017;377(6):523-533.

Mateo J, Lord CJ, Serra V, et al. A decade of clinical development of
PARP inhibitors in perspective. Ann Oncol. 2019;30(9):1437-1447.

Lim DS, Kim ST, Xu B, et al. ATM phosphorylates p95/nbs1 in an S-phase
checkpoint pathway. Nature. 2000;404(6778):613-617.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Wu X, Ranganathan V, Weisman DS, et al. ATM phosphorylation of
Nijmegen breakage syndrome protein is required in a DNA damage re-
sponse. Nature. 2000;405(6785):477—482.

Zhao S, Weng YC, Yuan SS, et al. Functional link between ataxia-
telangiectasia and Nijmegen breakage syndrome gene products. Nature.
2000;405(6785):473-477.

Gatei M, Young D, Cerosaletti KM, et al. ATM-dependent phos-
phorylation of nibrin in response to radiation exposure. Nat Genet.
2000;25(1):115-119.

Biddlestone-Thorpe L, Sajjad M, Rosenberg E, et al. ATM kinase inhi-
bition preferentially sensitizes pb3-mutant glioma to ionizing radiation.
Clin Cancer Res. 2013;19(12):3189-3200.

Karlin J, Allen J, Ahmad SF, et al. Orally bioavailable and blood-brain
barrier-penetrating ATM Inhibitor (AZ32) radiosensitizes intracranial
gliomas in mice. Mol Cancer Ther. 2018;17(8):1637—1647.

Herzog KH, Chong MJ, Kapsetaki M, Morgan JI, McKinnon PJ.
Requirement for Atm in ionizing radiation-induced cell death in the de-
veloping central nervous system. Science. 1998;280(5366):1089-1091.
Schmitt A, Knittel G, Welcker D, et al. ATM deficiency is associated with
sensitivity to PARP1- and ATR inhibitors in lung adenocarcinoma. Cancer
Res. 2017;77(11):3040-3056.

Pokorny JL, Calligaris D, Gupta SK, et al. The efficacy of the wee1 inhib-
itor MK-1775 combined with temozolomide is limited by heterogeneous
distribution across the blood-brain barrier in glioblastoma. Clin Cancer
Res. 2015;21(8):1916—-1924.

Cetin MH, Rieckmann T, Hoffer K, et al. G2 checkpoint targeting via
Wee1 inhibition radiosensitizes EGFRvlIl-positive glioblastoma cells.
Radiat Oncol. 2023;18(1):19.

Mir SE, De Witt Hamer PC, Krawczyk PM, et al. In silico analysis of ki-
nase expression identifies WEE1 as a gatekeeper against mitotic catas-
trophe in glioblastoma. Cancer Cell. 2010;18(3):244—257.

Ostrom QT, Price M, Neff C, et al. CBTRUS statistical report: primary
brain and other central nervous system tumors diagnosed in the United
States in 2015-2019. Neuro Oncol. 2022;24(suppl 5):v1—v95.

Wen PY, Weller M, Lee EQ, et al. Glioblastoma in adults: A Society for
Neuro-Oncology (SNO) and European Society of Neuro-Oncology (EANO)
consensus review on current management and future directions. Neuro-
Oncology. 2020;22(8):1073-1113.

Murata R, Nishimura Y, Hiraoka M. An antiangiogenic agent (TNP-470)
inhibited reoxygenation during fractionated radiotherapy of murine mam-
mary carcinoma. /nt J Radiat Oncol Biol Phys. 1997;37(5):1107-1113.
Lee CG, Heijn M, di Tomaso E, et al. Anti-Vascular endothelial growth
factor treatment augments tumor radiation response under normoxic or
hypoxic conditions. Cancer Res. 2000;60(19):5565-5570.

Chen Y, Pass M, Bruna NB, et al. Abstract 4909: Adaptive oncology
phase 1 study of first-in-class inhibitor of ataxia telangiectasia mu-
tated protein kinase (ATM), in combination with olaparib. Cancer Res.
2018;78(13_suppl):4909-4909.

Ahmed SU, Carruthers R, Gilmour L, et al. Selective inhibition of parallel
DNA damage response pathways optimizes radiosensitization of glio-
blastoma stem-like cells. Cancer Res. 2015;75(20):4416-4428.

Rahman R, Trippa L, Fell G, et al. Evaluating the benefit of adaptive
randomization in the CC-115 arm of the Individualized Screening Trial
of Innovative Glioblastoma Therapy (INSIGhT): a phase Il random-
ized Bayesian adaptive platform trial in newly diagnosed MGMT
unmethylated glioblastoma. JCO. 2021;39(15_suppl):2006—2006.

Gorski DH, Beckett MA, Jaskowiak NT, et al. Blockage of the vascular
endothelial growth factor stress response increases the antitumor ef-
fects of ionizing radiation. Cancer Res. 1999;59(14):3374-3378.

Gupta SK, Kizilbash SH, Carlson BL, et al. Delineation of MGMT
hypermethylation as a biomarker for veliparib-mediated temozolomide-
sensitizing therapy of glioblastoma. J Nat/ Cancer Inst. 2016;108(5):djv369.

ABojoouQ

-
N

-0INaN

¥20z Re\ zz uo 1senb Aq /Z/8/9//2/08B0U/OUONSU/SE0 1 0 | /I0p/3lo1le-a0ueApe/ABoj0ouo-0inau/woo dno olwapese//:sdiy Wol) papeojumod


https://doi.org/10.1007/978-4-431-55873-6_12

Rahman et al.: DNA damage response in neuro-oncology

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Parrish KE, Cen L, Murray J, et al. Efficacy of PARP inhibitor rucaparib
in orthotopic glioblastoma xenografts is limited by ineffective drug
penetration into the central nervous system. Mol Cancer Ther.
2015;14(12):2735-2743.

Lees-Miller SP, Godbout R, Chan DW, et al. Absence of p350 subunit
of DNA-activated protein kinase from a radiosensitive human cell line.
Science. 1995;267(5201):1183-1185.

Kopa P. Macieja A, Gulbas |, Pastwa E, Poplawski T. Inhibition of DNA-PK
potentiates the synergistic effect of NK314 and etoposide combination
on human glioblastoma cells. Mol Biol Rep. 2020;47(1):67-76.

Zenke FT, Zimmermann A, Sirrenberg C, et al. Pharmacologic Inhibitor of
DNA-PK, M3814, potentiates radiotherapy and regresses human tumors
in mouse models. Mol Cancer Ther. 2020;19(5):1091-1101.

Gordhandas SB, Manning-Geist B, Henson C, et al. Pre-clinical activity of
the oral DNA-PK inhibitor, peposertib (M3814), combined with radiation
in xenograft models of cervical cancer. Sci Rep. 2022;12(1):974.

Chinot OL, Wick W, Mason W, et al. Bevacizumab plus radiotherapy—
temozolomide for newly diagnosed glioblastoma. N £Engl J Med.
2014;370(8):709-722.

Hanna C, Kurian KM, Williams K, et al. Pharmacokinetics, safety,
and tolerability of olaparib and temozolomide for recurrent gli-
oblastoma: Results of the phase | OPARATIC trial. Neuro Oncol.
2020;22(12):1840-1850.

DentP, Yacoub A, Fisher PB, Hagan MP, Grant S. MAPK pathways in radi-
ation responses. Oncogene. 2003;22(37):5885-5896.

Walker MD, Strike TA, Sheline GE. An analysis of dose-effect relation-
ship in the radiotherapy of malignant gliomas. Int J Radiat Oncol Biol
Phys. 1979;5(10):1725-1731.

Walker MD, Green SB, Byar DP. et al. Randomized comparisons of radi-
otherapy and nitrosoureas for the treatment of malignant glioma after
surgery. N Engl J Med. 1980;303(23):1323-1329.

Bleehen NM, Stenning SP. A Medical Research Council trial of two ra-
diotherapy doses in the treatment of grades 3 and 4 astrocytoma. The
Medical Research Council Brain Tumour Working Party. Br J Cancer.
1991,64(4):769-774.

Stupp R, Mason WP, van den Bent MJ, et al; European Organisation
for Research and Treatment of Cancer Brain Tumor and Radiotherapy
Groups. Radiotherapy plus concomitant and adjuvant temozolomide for
glioblastoma. N Engl J Med. 2005;352(10):987—996.

Stupp R, Taillibert S, Kanner A, et al. Effect of tumor-treating fields plus
maintenance temozolomide vs maintenance temozolomide alone on sur-
vival in patients with glioblastoma: A randomized clinical trial. JAMA.
2017,318(23):2306-2316.

Hada M, Georgakilas AG. Formation of clustered DNA damage after
high-LET irradiation: a review. J Radiat Res. 2008;49(3):203-210.
Shibata A, Conrad S, Birraux J, et al. Factors determining DNA
double-strand break repair pathway choice in G2 phase. EMBO J.
2011;30(6):1079-1092.

Roos WP, Batista LFZ, Naumann SC, et al. Apoptosis in malignant
glioma cells triggered by the temozolomide-induced DNA lesion
06-methylguanine. Oncogene. 2007;26(2):186—197.

D'Atri S, Tentori L, Lacal PM, et al. Involvement of the mismatch re-
pair system in temozolomide-induced apoptosis. Mol Pharmacol.
1998;54(2):334-341.

Hirose Y, Berger MS, Pieper RO. p53 effects both the duration of G2/M
arrest and the fate of temozolomide-treated human glioblastoma cells.
Cancer Res. 2001;61(5):1957—-1963.

Shinsato Y, Furukawa T, Yunoue S, et al. Reduction of MLH1 and PMS2
confers temozolomide resistance and is associated with recurrence of
glioblastoma. Oncotarget. 2013;4(12):2261-2270.

Felsberg J, Thon N, Eigenbrod S, et al; German Glioma Network.
Promoter methylation and expression of MGMT and the DNA mismatch

65.

66.

67.

68.

69.

70.

.

72.

73.

74.

75.

76.

11.

78.

79.

80.

81.

82.

83.

repair genes MLH1, MSH2, MSH6 and PMS2 in paired primary and re-
current glioblastomas. Int J Cancer. 2011;129(3):659-670.
MacLeod G, Bozek DA, Rajakulendran N, et al. Genome-Wide CRISPR-Cas9
screens expose genetic vulnerabilities and mechanisms of temozolomide
sensitivity in glioblastoma stem cells. Cell Rep. 2019;27(3):971-986.e9.
Roos WP, Nikolova T, Quiros S, et al. Brca2/Xrcc2 dependent HR, but not
NHEJ, is required for protection against O(6)-methylguanine triggered
apoptosis, DSBs and chromosomal aberrations by a process leading to
SCEs. DNA Repair (Amst). 2009;8(1):72—-86.
Cc C, TT, AD. The Fanconi anemia (FA) pathway confers glioma resist-
ance to DNA alkylating agents. J Mol Med (Ber). 2007;85(5):497-509.
Eich M, Roos WP, Nikolova T, Kaina B. Contribution of ATM and ATR
to the resistance of glioblastoma and malignant melanoma cells to
the methylating anticancer drug temozolomide. Mol Cancer Ther.
2013;12(11):2529-2540.
Gatto L, Franceschi E, Tosoni A, et al. Hypermutation as a potential pre-
dictive biomarker of immunotherapy efficacy in high-grade gliomas: A
broken dream? Immunotherapy. 2022;14(10):799-813.
Weller M, Stupp R, Reifenberger G, et al. MGMT promoter methylation
in malignant gliomas: Ready for personalized medicine? Nat Rev Neurol.
2010;6(1):39-51.
Gilbert MR, Wang M, Aldape KD, et al. Dose-dense temozolomide for
newly diagnosed glioblastoma: A randomized phase Il clinical trial. J
Clin Oncol. 2013;31(32):4085-4091.
Quinn JA, Jiang SX, Reardon DA, et al. Phase Il trial of temozolomide
plus 06-benzylguanine in adults with recurrent, temozolomide-resistant
malignant glioma. J Clin Oncol. 2009;27(8):1262-1267.
Friedman HS, Pluda J, Quinn JA, et al. Phase | trial of carmustine plus
06-benzylguanine for patients with recurrent or progressive malignant
glioma. J Clin Oncol. 2000;18(20):3522—3528.
Sharpe MA, Raghavan S, Baskin DS. PAM-0BG: A monoamine oxidase
B specific prodrug that inhibits MGMT and generates DNA interstrand
crosslinks, potentiating temozolomide and chemoradiation therapy in in-
tracranial glioblastoma. Oncotarget. 2018;9(35):23923-23943.
Lin K, Gueble SE, Sundaram RK, et al. Mechanism-based design
of agents that selectively target drug-resistant glioma. Science.
2022;377(6605):502-511.
Carruthers RD, Ahmed SU, Ramachandran S, et al. Replication stress drives
constitutive activation of the DNA damage response and radioresistance
in glioblastoma stem-like cells. Cancer Res. 2018;78(17):5060-5071.
Bao S, Wu Q, Mclendon RE, et al. Glioma stem cells promote
radioresistance by preferential activation of the DNA damage response.
Nature. 2006;444(7120):756-760.
Wu S, Gao F, Zheng S, et al. EGFR amplification induces increased DNA
damage response and renders selective sensitivity to talazoparib (PARP
inhibitor) in glioblastoma. Clin Cancer Res. 2020;26(6):1395-1407.
Ma J, Benitez JA, Li J, et al. Inhibition of nuclear PTEN tyrosine phos-
phorylation enhances glioma radiation sensitivity through attenuated
DNA Repair. Cancer Cell. 2019;35(3):504-518.e7.
Huang TT, Lampert EJ, Coots C, Lee JM. Targeting the PI3K pathway
and DNA damage response as a therapeutic strategy in ovarian cancer.
Cancer Treat Rev. 2020;86(1):102021.
Hickson |, Zhao Y, Richardson CJ, et al. Identification and characteriza-
tion of a novel and specific inhibitor of the ataxia-telangiectasia mutated
kinase ATM. Cancer Res. 2004;64(24):9152-9159.
Golding SE, Rosenberg E, Valerie N, et al. Improved ATM kinase inhib-
itor KU-60019 radiosensitizes glioma cells, compromises insulin, AKT
and ERK prosurvival signaling, and inhibits migration and invasion. Mo/
Cancer Ther. 2009;8(10):2894-2902.
Rainey MD, Charlton ME, Stanton RV, Kastan MB. Transient inhibition
of ATM kinase is sufficient to enhance cellular sensitivity to ionizing
radiation. Cancer Res. 2008;68(18):7466-7474.

¥20z Re\ zz uo 1senb Aq /Z/8/9//2/08B0U/OUONSU/SE0 1 0 | /I0p/3lo1le-a0ueApe/ABoj0ouo-0inau/woo dno olwapese//:sdiy Wol) papeojumod



84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Rahman et al.: DNA Damage Response in Neuro-Oncology

Zhong W, Liu L, Sun C, Mu Z. Ddre-25. WSD0628: A brain penetrable
atm inhibitor as a radiosensitizer for the treatment of gbm and meta-
static cns tumor. Neuro-Oncology. 2021;23(suppl_6):vi79-vi79.

Guo K, Shelat AA, Guy RK, Kastan MB. Development of a cell-based,
high-throughput screening assay for ATM kinase inhibitors. J Biomol
Screen. 2014;19(4):538-546.

Riches LC, Trinidad AG, Hughes G, et al. Pharmacology of the ATM
Inhibitor AZD0156: Potentiation of irradiation and olaparib responses
preclinically. Mol Cancer Ther. 2020;19(1):13-25.

Xie J, Kuriakose T, Bianski B, et al. ATM inhibition enhances the effi-
cacy of radiation across distinct molecular subgroups of pediatric high-
grade glioma. Neuro Oncol. 2023;25(10):1828—-1841.

Gosink EC, Chong MJ, McKinnon PJ. Ataxia telangiectasia mutated de-
ficiency affects astrocyte growth but not radiosensitivity. Cancer Res.
1999;59(20):5294-5298.

Jucaite A, Stenkrona P. Cselényi Z, et al. Brain exposure of the ATM
inhibitor AZD1390 in humans-a positron emission tomography study.
Neuro Oncol. 2021;23(4):687—696.

Wagqar SN, Robinson C, Olszanski AJ, et al. Phase | trial of ATM inhib-
itor M3541 in combination with palliative radiotherapy in patients with
solid tumors. /nvest New Drugs. 2022;40(3):596-605.

ESMO Congress 2023 - Conference Calendar - ESMO Congress 2023.
Accessed October 29, 2023. https://cslide.ctimeetingtech.com/
esmo2023/attendee/confcal/show/session/59

Aasland D, Gétzinger L, Hauck L, et al. Temozolomide induces senescence
and repression of DNA repair pathways in glioblastoma cells via activa-
tion of ATR-CHK1, p21, and NF-xB. Cancer Res. 2019;79(1):99-113.
Jackson CB, Noorbakhsh SI, Sundaram RK, et al. Temozolomide sen-
sitizes MGMT-deficient tumor cells to ATR inhibitors. Cancer Res.
2019;79(17):4331-4338.

Talele S, Zhang W, Burgenske DM, et al. Brain distribution of
berzosertib: An ataxia telangiectasia and Rad3-Related protein in-
hibitor for the treatment of glioblastoma. J Pharmacol Exp Ther.
2021;379(3):343-357.

Kwon M, Kim G, Kim R, et al. Phase Il study of ceralasertib (AZD6738) in
combination with durvalumab in patients with advanced gastric cancer.
J ImmunoTher Cancer. 2022;10(7):e005041.

Frosina G, Profumo A, Marubbi D, et al. ATR kinase inhibitors NVP-
BEZ235 and AZD6738 effectively penetrate the brain after systemic
administration. Radiat Oncol. 2018;13(1):76.

Kiesel BF, Deppas JJ, Guo J, et al. Dose-dependent bioavailability,
absorption-rate limited elimination, and tissue distribution of the
ATR inhibitor BAY-1895344 (elimusertib) in mice. Cancer Chemother
Pharmacol. 2022;89(6):795-807.

Wengner AM, Siemeister G, Liicking U, et al. The Novel ATR Inhibitor
BAY 1895344 is efficacious as monotherapy and combined with DNA
damage-inducing or repair-compromising therapies in preclinical
cancer models. Mol Cancer Ther. 2020;19(1):26-38.

De Bono JS, Tan DSP, Caldwell R, et al. First-in-human trial of
the oral ataxia telangiectasia and Rad3-related (ATR) inhibitor
BAY 1895344 in patients (pts) with advanced solid tumors. JCO.
2019;37(15_suppl):3007-3007.

Galloway AM, Spencer CA, Anderson CW, Allalunis-Turner MJ.
Differential stability of the DNA-activated protein kinase catalytic sub-
unit mRNA in human glioma cells. Oncogene. 1999;18(6):1361—1368.
lan T, Zhao Z, Qu Y, et al. Targeting hyperactivated DNA-
PKes by KUO0060648 inhibits glioma progression and enhances
temozolomide therapy via suppression of AKT signaling. Oncotarget.
2016;7(34):55555-55571.

Wang Y, Xu H, Liu T, et al. Temporal DNA-PK activation drives genomic
instability and therapy resistance in glioma stem cells. JCI Insight.
2018;3(3):e98096.

103.

104.

105.

106.

107.

108.

109.

110.

1.

2.

13.

114.

115.

116.

17.

118.

Timme CR, Rath BH, O'Neill JW, Camphausen K, Tofilon PJ. The
DNA-PK inhibitor VX-984 enhances the radiosensitivity of glioblastoma
cells grown in vitro and as orthotopic xenografts. Mol Cancer Ther.
2018;17(6):1207—-1216.

Tsuji T, Sapinoso LM, Tran T, et al. CC-115, a dual inhibitor of mTOR
kinase and DNA-PK, blocks DNA damage repair pathways and se-
lectively inhibits ATM-deficient cell growth in vitro. Oncotarget.
2017,8(43):74688-74702.

Munster P, Mita M, Mahipal A, et al. First-in-human phase i study of a
dual mTOR kinase and DNA-PK inhibitor (CC-115) in advanced malig-
nancy. Cancer Manag Res. 2019;11(1):10463—10476.

Alexander BM, Trippa L, Gaffey S, et al. Individualized Screening Trial
of Innovative Glioblastoma Therapy (INSIGhT): A bayesian adaptive
platform trial to develop precision medicines for patients with glioblas-
toma. JCO Precision Oncology. 2019;3(3):1-13.

Dungey FA, Loser DA, Chalmers AJ. Replication-dependent
radiosensitization of human glioma cells by inhibition of poly(ADP-
Ribose) polymerase: Mechanisms and therapeutic potential. Int J
Radiat Oncol Biol Phys. 2008;72(4):1188—1197.

Gupta SK, Mladek AC, Carlson BL, et al. Discordant in vitro and in
vivo chemopotentiating effects of the PARP inhibitor veliparib in
temozolomide-sensitive versus -resistant glioblastoma multiforme
xenografts. Clin Cancer Res. 2014;20(14):3730-3741.

Kizilbash SH, Gupta SK, Chang K, et al. Restricted delivery of talazoparib
across the blood-brain barrier limits the sensitizing effects of PARP in-
hibition on temozolomide therapy in glioblastoma. Mol Cancer Ther.
2017;16(12):2735-2746.

van Vuurden DG, Hulleman E, Meijer OLM, et al. PARP inhibition sensi-
tizes childhood high grade glioma, medulloblastoma and ependymoma
to radiation. Oncotarget. 2011;2(12):984-996.

Chalmers AJ, Short S, Watts C, et al. Phase | clinical trials
evaluating olaparib in combination with radiotherapy (RT) and/or
temozolomide (TMZ) in glioblastoma patients: Results of OPARATIC
and PARADIGM phase | and early results of PARADIGM-2. JCO.
2018;36(15_suppl):2018-2018.

Fulton B, Short SC, James A, et al. PARADIGM-2: Two parallel phase
| studies of olaparib and radiotherapy or olaparib and radiotherapy plus
temozolomide in patients with newly diagnosed glioblastoma, with treat-
ment stratified by MGMT status. Clin Trans! Radiat Oncol. 2018;8(1):12—16.
Lesueur P, Lequesne J, Grellard JM, et al. Phase I/lla study of concom-
itant radiotherapy with olaparib and temozolomide in unresectable or
partially resectable glioblastoma: OLA-TMZ-RTE-01 trial protocol. BMC
Cancer. 2019;19(1):198.

Arrillaga-Romany |, Sahebjam S, Picconi D, et al. SNO 27th Annual
Meeting. Accessed May 16, 2023. https://www.ncbi.nlm.nih.gov/pmc/
articles/PMC6847111/

Donawho CK, Luo Y, Luo Y, et al. ABT-888, an orally active poly(ADP-
ribose) polymerase inhibitor that potentiates DNA-damaging agents in
preclinical tumor models. Clin Cancer Res. 2007;13(9):2728-2737.

Li X, Delzer J, Voorman R, de Morais SM, Lao Y. Disposition and
drug-drug interaction potential of veliparib (ABT-888), a novel and
potent inhibitor of poly(ADP-ribose) polymerase. Drug Metab Dispos.
2011;39(7):1161-1169.

Kleinberg L, Supko JG, Mikkelsen T, et al. Phase | adult brain tumor
consortium (ABTC) trial of ABT-888 (veliparib), temozolomide
(TMZ), and radiotherapy (RT) for newly diagnosed glioblastoma
multiforme  (GBM) including pharmacokinetic (PK) data. JCO.
2013;31(15_suppl):2065—2065.

Sim HW, McDonald KL, Lwin Z, et al. A randomized phase Il trial
of veliparib, radiotherapy, and temozolomide in patients with
unmethylated MGMT glioblastoma: the VERTU study. Neuro Oncol.
2021;23(10):1736-1749.

ABojoouQ

-
©

-0INaN

¥20z Re\ zz uo 1senb Aq /Z/8/9//2/08B0U/OUONSU/SE0 1 0 | /I0p/3lo1le-a0ueApe/ABoj0ouo-0inau/woo dno olwapese//:sdiy Wol) papeojumod


https://cslide.ctimeetingtech.com/esmo2023/attendee/confcal/show/session/59
https://cslide.ctimeetingtech.com/esmo2023/attendee/confcal/show/session/59
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6847111/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6847111/

Rahman et al.: DNA damage response in neuro-oncology

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Baxter PA, Su JM, Onar-Thomas A, et al. A phase I/Il study of veliparib
(ABT-888) with radiation and temozolomide in newly diagnosed dif-
fuse pontine glioma: A Pediatric Brain Tumor Consortium study. Neuro
Oncol. 2020;22(6):875-885.

Robins HI, Zhang P, Gilbert MR, et al. A randomized phase I/Il study of
ABT-888 in combination with temozolomide in recurrent temozolomide
resistant glioblastoma: An NRG oncology RTOG group study. J
Neurooncol. 2016;126(2):309-316.

Sarkaria JN, Ballman KV, Kizilbash SH, et al. Randomized phase
lI/IIl trial of veliparib or placebo in combination with adjuvant
temozolomide in newly diagnosed glioblastoma (GBM) patients
with MGMT promoter hypermethylation (Alliance A071102). JCO.
2022;40(16_suppl):2001-2001.

Sun K, Mikule K, Wang Z, et al. A comparative pharmacokinetic study
of PARP inhibitors demonstrates favorable properties for niraparib effi-
cacy in preclinical tumor models. Oncotarget. 2018;9(98):37080—37096.
Xiong Y, Guo Y, Liu Y, et al. Pamiparib is a potent and selective PARP
inhibitor with unique potential for the treatment of brain tumor.
Neaplasia. 2020;22(9):431-440.

Sanai N, Chang YW, Jiang J, et al. CTNI-44. A phase 0 ‘trigger’ trial
of pamiparib in newly diagnosed and recurrent glioblastoma patients.
Neuro Oncol. 2022;24(suppl_7):vii82—vii82.

Jamal K, Staniszewska A, Gordon J, et al. Abstract 2609: AZD9574
is a novel, brain penetrant PARP-1 selective inhibitor with activity in
an orthotopic, intracranial xenograft model with aberrant DNA repair.
Cancer Res. 2022;82(12_suppl):2609—2609.

Vanderlinden A, Jones CG, Myers KN, Rominiyi O, Collis SJ. DNA
damage response inhibitors enhance tumour treating fields (TTFields)
potency in glioma stem-like cells. BrJ Cancer. 2023;129(11):1829-1840.
Losman JA, Kaelin WG. What a difference a hydroxyl makes: Mutant
IDH, (R)-2-hydroxyglutarate, and cancer. Genes Dev. 2013;27(8):836—852.
Carmell N, Rominiyi O, Myers KN, et al. Identification and Validation
of ERK5 as a DNA damage modulating drug target in glioblastoma.
Cancers (Basel). 2021;13(5):944.

Sulkowski PL, Oeck S, Dow J, et al. Oncometabolites suppress
DNA repair by disrupting local chromatin signalling. Nature.
2020;582(7813):586-591.

Lu Y, Kwintkiewicz J, Liu Y, et al. Chemosensitivity of IDH1-mutated
gliomas due to an impairment in PARP1-mediated DNA repair. Cancer
Res. 2017;77(7):1709-1718.

Schvartzman JM, Forsyth G, Walch H, et al. Oncogenic IDH mutations
increase heterochromatin-related replication stress without impacting
homologous recombination. Mo/ Cell. 2023;83(13):2347-2356.e8.
Ducray F, Sanson M, Chinot OL, et al; POLA Network. Olaparib
in recurrent IDH-mutant high-grade glioma (OLAGLI). JCO.
2021;39(15_suppl):2007-2007.

Wang Y, Wild AT, Turcan S, et al. Targeting therapeutic vulnerabil-
ities with PARP inhibition and radiation in IDH-mutant gliomas and
cholangiocarcinomas. Sci Adv. 2020;6(17):eaaz3221.

The University of Hong Kong. Combination Talazoparib - Carboplatin
for Recurrent High-Grade Glioma With DNA Damage Repair Deficiency
(DDRd). clinicaltrials.gov, 2021. Accessed February 9, 2023. https://
clinicaltrials.gov/ct2/show/NCT04740190

Ohba S, Mukherjee J, See WL, Pieper RO. Mutant IDH1-driven cellular
transformation increases RAD51-mediated homologous recombination
and temozolomide resistance. Cancer Res. 2014;74(17):4836—4844.
Nfez FJ, Mendez FM, Kadiyala P, et al. IDH1-R132H acts as a tumor
suppressor in glioma via epigenetic upregulation of the DNA damage
response. Sci Trans/ Med. 2019;11(479):eaaq1427.

Molenaar RJ, Botman D, Smits MA, et al. Radioprotection of IDH1-
mutated cancer cells by the IDH1-mutant inhibitor AGI-5198. Cancer
Res. 2015;75(22):4790-4802.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Inoue S, Li WY, Tseng A, et al. Mutant IDH1 downregulates ATM and
alters DNA repair and sensitivity to DNA damage independent of TET2.
Cancer Cell. 2016;30(2):337-348.

Wang P, Wu J, Ma S, et al. Oncometabolite D-2-hydroxyglutarate in-
hibits ALKBH DNA repair enzymes and sensitizes IDH mutant cells to
alkylating agents. Cell Rep. 2015;13(11):2353-2361.

Chen F Bian K, Tang Q, et al. Oncometabolites d- and I-2-
hydroxyglutarate inhibit the AIkB family DNA repair enzymes under
physiological conditions. Chem Res Toxicol. 2017;30(4):1102—1110.
Aas PA, Otterlei M, Falnes PO, et al. Human and bacterial oxidative
demethylases repair alkylation damage in both RNA and DNA. Nature.
2003;421(6925):859-863.

Duncan T, Trewick SC, Koivisto P, et al. Reversal of DNA alkyla-
tion damage by two human dioxygenases. Proc Natl Acad Sci U S A.
2002;99(26):16660-16665.

Liu'Y, Lu Y, Celiku O, et al. Targeting IDH1-mutated malignancies with
NRF2 blockade. J Nat/ Cancer Inst. 2019;111(10):1033—1041.

Shi J, Sun B, Shi W, et al. Decreasing GSH and increasing ROS
in chemosensitivity gliomas with IDH1 mutation. Tumour Biol.
2015;36(2):655-662.

McBrayer SK, Mayers JR, DiNatale GJ, et al. Transaminase inhibition
by 2-hydroxyglutarate impairs glutamate biosynthesis and redox home-
ostasis in glioma. Cell. 2018;175(1):101-116.e25.

Kizilbash S, Piccioni D, Sahebjam S, et al. CTNI-23. Preliminary safety
and pharmacokinetics data for a phase 1b trial of telaglenastat in
combination with radiation therapy and temozolomide in patients
with idh-mutant grade 2/3 astrocytoma (nci-10218). Neuro Oncol.
2022;24(suppl_7):vii75-vii75.

Tateishi K, Wakimoto H, lafrate AJ, et al. Extreme vulnerability of IDH1
mutant cancers to NAD+ depletion. Cancer Cell. 2015;28(6):773—784.
Tateishi K, Higuchi F, Miller JJ, et al. The alkylating chemotherapeutic
temozolomide induces metabolic stress in IDH1-mutant cancers
and potentiates NAD+ depletion-mediated cytotoxicity. Cancer Res.
2017;77(15):4102-4115.

Nagashima H, Lee CK, Tateishi K, et al. Poly(ADP-ribose) glycohydrolase
inhibition sequesters NAD+ to potentiate the metabolic lethality of
alkylating chemotherapy in IDH-mutant tumor cells. Cancer Discov.
2020;10(11):1672—1689.

van den Bent MJ, Tesileanu CMS, Wick W, et al. Adjuvant and
concurrent  temozolomide for 1p/19q non-co-deleted anaplastic
glioma (CATNON; EORTC study 26053-22054): Second interim anal-
ysis of a randomised, open-label, phase 3 study. Lancet Oncol.
2021;22(6):813-823.

Jaeckle KA, Ballman KV, van den Bent M, et al. CODEL: phase Il study
of RT, RT + TMZ, or TMZ for newly diagnosed 1p/19q codeleted oligo-
dendroglioma. Analysis from the initial study design. Neuro Oncol.
2020;22(suppl_2):ii48—ii49.

Johnson BE, Mazor T, Hong C, et al. Mutational analysis reveals the
origin and therapy-driven evolution of recurrent glioma. Science.
2014;343(6167):189-193.

van Thuijl HF, Mazor T, Johnson BE, et al. Evolution of DNA repair
defects during malignant progression of low-grade gliomas after
temozolomide treatment. Acta Neuropathol. 2015;129(4):597-607.
Louis DN, Perry A, Wesseling P, et al. The 2021 WHO classification
of tumors of the central nervous system: A summary. Neuro Oncol.
2021;23(8):1231-1251.

Deland K, Starr BF, Mercer JS, et al. Tumor genotype dictates
radiosensitization after Atm deletion in primary brainstem glioma
models. J Clin Invest. 2021;131(1):e142158.

Batey MA, Zhao Y, Kyle S, et al. Preclinical evaluation of a novel ATM
inhibitor, KU59403, in vitro and in vivo in p53 functional and dysfunc-
tional models of human cancer. Mol Cancer Ther. 2013;12(6):959-967.

¥20z Re\ zz uo 1senb Aq /Z/8/9//2/08B0U/OUONSU/SE0 1 0 | /I0p/3lo1le-a0ueApe/ABoj0ouo-0inau/woo dno olwapese//:sdiy Wol) papeojumod


https://clinicaltrials.gov/ct2/show/NCT04740190
https://clinicaltrials.gov/ct2/show/NCT04740190

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

Rahman et al.: DNA Damage Response in Neuro-Oncology

Barlow C, Hirotsune S, Paylor R, et al. Atm-deficient mice: A paradigm
of ataxia telangiectasia. Cell. 1996;86(1):159-171.

Ch'ang HJ, Maj JG, Paris F, et al. ATM regulates target switching
to escalating doses of radiation in the intestines. Nat Med.
2005;11(5):484-490.

Westphal CH, Rowan S, Schmaltz C, et al. atm and p53 cooperate in
apoptosis and suppression of tumorigenesis, but not in resistance to
acute radiation toxicity. Nat Genet. 1997;16(4):397-401.

Bakr A, Qing C, Kécher S, et al. Involvement of ATM in homologous re-
combination after end resection and RAD51 nucleofilament formation.
Nucleic Acids Res. 2015;43(6):3154-3166.

Kwok M, Davies N, Agathanggelou A, et al. ATR inhibition in-
duces synthetic lethality and overcomes chemoresistance in
TP53- or ATM-defective chronic lymphocytic leukemia cells. Blood.
2016;127(5):582-595.

Takamatsu S, Brown JB, Yamaguchi K, et al. Utility of homologous re-
combination deficiency biomarkers across cancer types. JCO Precis
Oncol. 2022;6(1):¢2200085.

Reardon DA, Brandes AA, Omuro A, et al. Effect of Nivolumab
vs bevacizumab in patients with recurrent glioblastoma: The
checkmate 143 phase 3 randomized clinical trial. JAMA Oncol.
2020:6(7):1003-1010.

Omuro A, Brandes AA, Carpentier AF, et al. Radiotherapy combined
with nivolumab or temozolomide for newly diagnosed glioblastoma
with unmethylated MGMT promoter: an international randomized
phase 3 trial. Neuro Oncol. 2022;25(1):123-134.

Lim M, Weller M, Idbaih A, et al. Phase Il trial of chemoradiotherapy
with temozolomide plus nivolumab or placebo for newly diag-
nosed glioblastoma with methylated MGMT promoter. Neuro Oncol.
2022;24(11):1935-1949.

Brown JS, Sundar R, Lopez J. Combining DNA damaging thera-
peutics with immunotherapy: More haste, less speed. Br J Cancer.
2018;118(3):312-324.

de Groot J, Penas-Prado M, Alfaro-Munoz K, et al. Window-of-
opportunity clinical trial of pembrolizumab in patients with recurrent
glioblastoma reveals predominance of immune-suppressive macro-
phages. Neuro Oncol. 2020;22(4):539-549.

Jiao S, Xia W, Yamaguchi H, et al. PARP inhibitor upregulates PD-L1
expression and enhances cancer-associated immunosuppression. Clin
Cancer Res. 2017;23(14):3711-3720.

Sato H, Niimi A, Yasuhara T, et al. DNA double-strand break repair
pathway regulates PD-L1 expression in cancer cells. Nat Commun.
2017;8(1):1751.

Das A, Sudhaman S, Morgenstern D, et al. Genomic predictors of re-
sponse to PD-1 inhibition in children with germline DNA replication re-
pair deficiency. Nat Med. 2022;28(1):125-135.

Bouffet E, Larouche V, Campbell BB, et al. Immune checkpoint in-
hibition  for  hypermutant glioblastoma multiforme  resulting
from germline biallelic mismatch repair deficiency. J Clin Oncol.
2016;34(19):2206-2211.

Kim C, Wang XD, Yu Y. PARP1 inhibitors trigger innate immunity via
PARP1 trapping-induced DNA damage response. Elife. 2020;9(1):660637.
Reislander T, Groelly FJ, Tarsounas M. DNA damage and cancer immu-
notherapy: A STING in the Tale. Mol Cell. 2020;80(1):21-28.

Shen J, Zhao W, Ju Z, et al. PARPi Triggers the STING-dependent
immune response and enhances the therapeutic efficacy of im-
mune checkpoint blockade independent of BRCAness. Cancer Res.
2019;79(2):311-319.

175.

176.

1717.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

Ramos R, Climans SA, Adile A, et al. Combination olaparib and
durvalumab for patients with recurrent IDH-mutated gliomas. JCO.
2021;39(15_suppl):e14026—e14026.

Whiteway SL, Harris PS, Venkataraman S, et al. Inhibition of
cyclin-dependent kinase 6 suppresses cell proliferation and en-
hances radiation sensitivity in medulloblastoma cells. J Neurooncol.
2013;111(2):113-121.

Hashizume R, Zhang A, Mueller S, et al. Inhibition of DNA damage re-
pair by the CDK4/6 inhibitor palbociclib delays irradiated intracranial
atypical teratoid rhabdoid tumor and glioblastoma xenograft regrowth.
Neuro Oncol. 2016;18(11):1519-1528.

Whittaker S, Madani D, Joshi S, et al. Combination of palbociclib and
radiotherapy for glioblastoma. Cell Death Discov. 2017;3(1):17033.
Salvador-Barbero B, Alvarez-Femnandez M, Zapatero-Solana E, et al.
CDK4/6 inhibitors impair recovery from cytotoxic chemotherapy in pan-
creatic adenocarcinoma. Cancer Cell. 2020;37(3):340-353.€6.

David S, Ho G, Day D, et al. Enhanced toxicity with CDK 4/6 inhibitors
and palliative radiotherapy: Non-consecutive case series and review of
the literature. Trans! Oncol. 2020;14(1):100939.

ChenL, Lin G, Chen K, et al. VEGF knockdown enhances radiosensitivity
of nasopharyngeal carcinoma by inhibiting autophagy through the acti-
vation of mTOR pathway. Sci Rep. 2020;10(1):16328.

Gao X, Zhao Y, Stemmer-Rachamimov AO, et al. Anti-VEGF treat-
ment improves neurological function and augments radiation re-
sponse in NF2 schwannoma model. Proc Natl Acad Sci USA.
2015;112(47):14676-14681.

Jiang W, Jin G, Cai F, et al. Extracellular signal-regulated kinase 5 in-
creases radioresistance of lung cancer cells by enhancing the DNA
damage response. Exp Mol Med. 2019;51(2):1-20.

Liu Q, Turner KM, Alfred Yung WK, Chen K, Zhang W. Rale of AKT
signaling in DNA repair and clinical response to cancer therapy. Neuro
Oncol. 2014;16(10):1313-1323.

Wen PY, van den Bent M, Youssef G, et al. RANO 2.0: Update to the re-
sponse assessment in neuro-oncology criteria for high- and low-grade
gliomas in adults. JCO. 2023;41(33):JC0.23.01059.

Rahman R, Polley MYC, Alder L, et al. Current drug development and
trial designs in neuro-oncology: report from the first American Society
of Clinical Oncology and Society for Neuro-Oncology Clinical Trials
Conference. Lancet Oncol. 2023;24(4).161—e171.

Lang FF, Gilbert MR, Puduvalli VK, et al. Toward better early-phase
brain tumor clinical trials: A reappraisal of current methods and pro-
posals for future strategies. Neuro Oncol. 2002;4(4):268-277.
Vogelbaum MA, Krivosheya D, Borghei-Razavi H, et al. Phase 0 and
window of opportunity clinical trial design in neuro-oncology: A RANO
review. Neuro Oncol. 2020;22(11):1568—-1579.

Vogelbaum MA, Li G, Heimberger AB, et al. A window of opportunity
to overcome therapeutic failure in neuro-oncology. Am Soc Clin Oncol
Educ Book. 2022;42(1):1-8.

Van Triest B, Damstrup L, Falkenius J, et al. A phase la/Ib trial of the
DNA-PK inhibitor M3814 in combination with radiotherapy (RT) in pa-
tients (pts) with advanced solid tumors: Dose-escalation results. JCO.
2018;36(15_suppl):2518-2518.

Saraf A, Trippa L, Rahman R. Novel clinical trial designs in neuro-
oncology. Neurotherapeutics. 2022;19(6):1844—1854.

Rahman R, Trippa L, Lee EQ, et al. Inaugural results of the individualized
screening trial of innovative glioblastoma therapy: A Phase Il platform
trial for newly diagnosed glioblastoma using bayesian adaptive ran-
domization. JCO. 2023;41(36):JC0.23.00493.

ABojoouQ

N
-

-0INaN

¥20z Re\ zz uo 1senb Aq /Z/8/9//2/08B0U/OUONSU/SE0 1 0 | /I0p/3lo1le-a0ueApe/ABoj0ouo-0inau/woo dno olwapese//:sdiy Wol) papeojumod



	DNA damage response in brain tumors: A Society for Neuro-Oncology consensus review on mechanisms and translational efforts in neuro-oncology  
	Therapeutically Relevant DNA Damage Repair Mechanisms in Glioma
	Base Excision Repair and Methylguanine-DNA Methyltransferase
	Mismatch repair.—Mismatch repair (MMR), as its name suggests, repairs DNA base pairing errors. MMR machinery, comprised of multiple MMR proteins, follows the replisome as a “check” on replication.5,6 In mismatch repair, the MSH2/6 complex recognizes small
	Non-homologous end joining.—The most common mechanism for double-stranded break (DSB) repair is non-homologous end joining (NHEJ). NHEJ entails repair of DSBs in the absence of a sister chromatid template (Figure 3). As such, it is a lower-fidelity mechan
	Homologous recombination.—In contrast to NHEJ, homologous recombination (HR) utilizes a sister chromatid template for DNA repair and as such is less error-prone compared to NHEJ.17,18 The first step entails nuclease-mediated resection of portions of each 

	Ataxia-Telangiectasia Mutated Kinase and Ataxia-Telangiectasia and Rad3-Related Kinase

	Glioblastoma, IDH Wild Type
	Standard of Care: Surgery, Radiation/Temozolomide, and Tumor-Treatment Fields
	Mechanism of TMZ Efficacy and Resistance
	MGMT promoter methylation.—In a setting with decreased expression of MGMT when the promoter is methylated, there is greater accumulation of O6-methylguanine lesions generated by TMZ.70 While there was preliminary evidence suggesting that the use of dose-d
	Genetic drivers.—Genetic drivers of glioma may also themselves affect response to DNA damage. For example, p53 and MDM2 mutations are commonly observed in GBM and are direct regulators of DDR, in addition to mutations in cell cycle regulators such as CDK4

	Targeting DDR Kinases and PARP in GBM
	ATM.—Several ATM inhibitors have been developed for clinical applications. KU-55933 was one of the first identified ATM small molecules and was noted to have potent radiosensitizer properties in vitro.81 This led to improved compounds such as the non-CNS-
	ATR.—ATR inhibition enhances the effects of TMZ-induced cell death in GBM cell lines by inducing apoptosis.68 However, TMZ can also trigger survival mechanisms such as senescence, which are characterized by activation of DDR and cell cycle arrest.92 This 
	DNA-PK.—Significant work evaluating the role of DNA-PK in gliomas is ongoing. DNA-PK inhibitors may be combined with DNA-damaging therapies (chemotherapy and/or RT), or may have monotherapy potential in tumors with aberrant DNA repair mechanisms.100 Earli
	PARP.—PARP inhibition is a proven therapeutic strategy in several malignancies and is now approved by the US Food and Drug Administration for use in breast and ovarian cancers with BRCA1/2 mutations.20 While only a minority of gliomas have a conventional 


	IDH-Mutant Gliomas
	Mutant IDH and Homologous Recombination
	Sensitivity to DNA-Damaging Therapies

	Additional Considerations in Targeting DNA Damage Pathways
	Molecular Predictors of Response
	Combination With Immunotherapy
	Non-canonical Targets for DNA-Damaging Therapies
	Clinical Trial Considerations

	Future Directions
	Acknowledgments
	References


