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Abstract
Glioblastoma (GBM), the most aggressive primary brain tumor, has a dismal prognosis. Despite our growing 
knowledge of genomic and epigenomic alterations in GBM, standard therapies and outcomes have not changed 
significantly in the past two decades. There is therefore an urgent unmet need to develop novel therapies for GBM. 
The inter- and intratumoral heterogeneity of GBM, inadequate drug concentrations in the tumor owing to the 
blood–brain barrier, redundant signaling pathways contributing to resistance to conventional therapies, and an im-
munosuppressive tumor microenvironment, have all hindered the development of novel therapies for GBM. Given 
the high frequency of DNA damage pathway alterations in GBM, researchers have focused their efforts on phar-
macologically targeting key enzymes, including poly(ADP-ribose) polymerase (PARP), DNA-dependent protein ki-
nase, ataxia telangiectasia-mutated, and ataxia telangiectasia and Rad3-related. The mainstays of GBM treatment, 
ionizing radiation and alkylating chemotherapy, generate DNA damage that is repaired through the upregulation 
and activation of DNA damage response (DDR) enzymes. Therefore, the use of PARP and other DDR inhibitors to 
render GBM cells more vulnerable to conventional treatments is an area of intense investigation. In this review, we 
highlight the growing body of data behind DDR inhibitors in GBM, with a focus on putative predictive biomarkers 
of response. We also discuss the challenges involved in the successful development of DDR inhibitors for GBM, in-
cluding the intracranial location and predicted overlapping toxicities of DDR agents with current standards of care, 
and propose promising strategies to overcome these hurdles.

Key Points

 • Genomic analyses have uncovered frequent alterations in DNA damage pathways in 
glioblastoma.

 • Radiotherapy and temozolomide activate DNA damage response pathways in 
glioblastoma.

 • DNA damage response inhibitors are a novel and promising group of drugs for the 
treatment of glioblastoma.

The current standard treatment for glioblastoma (GBM) includes 
maximal safe resection, radiotherapy (RT), and chemotherapy 
with the alkylating agent temozolomide (TMZ).1 Recently, tumor 

treating fields have evolved as the fourth modality for the treat-
ment of GBM.2 Despite such multimodality treatment, GBM 
invariably recurs and ultimately leads to death. Thus, there 

The promise of DNA damage response inhibitors for the 
treatment of glioblastoma
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is an urgent unmet need to develop novel therapeutic ap-
proaches for GBM.

DNA repair pathways are among the most impor-
tant key players of oncogenic mutations associated 
with resistance to both chemotherapy and radiation in 
GBM.3 The most common DNA repair pathway alter-
ations in GBM are downregulation of p53 signaling path-
ways, downregulation of retinoblastoma signaling 
pathways, and methylation of the O6-methylguanine-DNA 
methyltransferase (MGMT) promoter.4 In addition, alter-
ation of PTEN and upregulation of EGFR/PI3K, found in 
approximately one third of GBM, are thought to augment 
DNA damage response pathways in GBM.5,6 The high fre-
quency of these alterations in GBM suggests that DNA 
repair pathways play an important role in the pathogen-
esis of GBM and that the pharmacological modulation of 
these pathways can provide a therapeutic benefit in GBM 
patients.

Ionizing RT, the cornerstone of GBM treatment, gener-
ates DNA single-strand breaks (SSBs) and double-strand 
breaks (DSBs).7 SSBs are repaired through the base exci-
sion repair (BER) pathway through poly(ADP-ribose) pol-
ymerase (PARP) activation.8 DSBs are repaired through 
the DNA damage response (DDR) kinases DNA-dependent 
protein kinase (DNA-PK), ataxia telangiectasia-mutated 
(ATM), and ataxia telangiectasia and Rad3-related (ATR).9 
TMZ when given with radiation and in the adjuvant setting 
is the only FDA-approved drug that prolongs the survival 
of newly diagnosed GBM patients. The methylation status 
of MGMT promoter determines response to TMZ. Patients 
with GBM tumors containing a methylated MGMT pro-
moter benefit from TMZ, whereas those with unmethylated 
MGMT promoter do not.10 TMZ causes cell death by 
inducing the formation of DNA adducts. The major TMZ-
induced DNA adduct is O6-methylguanine; in GBM with 
high MGMT expression (MGMT promoter unmethylated), 
O6-methylguanine is removed by MGMT, thereby re-
versing the DNA damage caused by TMZ. However, un-
repaired O6-methylguanine causes O6-methylguanine:T 
mismatches, which are detected and processed by mis-
match repair (MMR) enzymes, which in turn signal to ac-
tivate DDR enzymes, leading to DNA repair and resistance 
to TMZ.11,12 Attempts at modulating MGMT via its phar-
macological inhibition (O6-benzylguanine and PaTrim-2 
(Lomeguatrib)) were made in human clinical trials. MGMT 
inhibitors did not improve the response rate to TMZ and 
resulted in increased hematological toxicities,13,14 there-
fore alternative approaches to increase sensitivity of GBM 
to TMZ are needed.

There is strong rationale to leverage mechanisms of ac-
tion against the DDR to augment the antitumor activity 
of RT and TMZ in GBM, as both these interventions kill 
tumor cells by inducing DNA damage that can be repaired 
through DDR enzymes. Figure 1 depicts mechanisms of 
DNA damage response pathway activation with GBM 
therapies.

Herein, we review our current knowledge of preclinical 
and early clinical studies of DDR inhibitors in GBM, discuss 
barriers to the successful clinical implementation of these 
inhibitors, and recommend strategies to overcome these 
obstacles.

DDR Enzymes

DDR enzymes are attractive targets in cancer therapy be-
cause they promote unwanted DNA repair and render 
cancer cells less vulnerable to DNA-damaging treatments 
such as chemotherapy and RT. Predominant DNA damage 
mechanisms include SSBs and DSBs. DNA SSBs are pri-
marily repaired through the recruitment and ribosylation 
of PARP1, which leads to the activation of effector DNA 
repair proteins.8 DNA DSBs are mainly repaired through 
non-homologous end joining (NHEJ) and homologous 
recombination (HR).

NHEJ, the predominant DSB repair pathway in humans, 
is active throughout the cell cycle and is mainly regulated 
by DNA-PK.15 DNA-PK is composed of DNA binding do-
mains Ku70 and Ku80 and the catalytic subunit, DNA-PKcs. 
DNA-PK functional complex binds and protects DSB from 
degradation by DNA nucleases and also activates down-
stream components of NHEJ pathway such as Ku, XRCC4, 
XLF, Artemis, and DNA-PKcs itself.16 HR is restricted to 
late-S/G2 phases of the cell cycle and is operated by ATM 
and ATR. ATM is recruited to DSBs by the MRN complex 
and phosphorylates the histone variant γ-H2AX, which re-
sults in phosphorylation of CHK2, p53 and MDM leading 
to G1/S arrest.17,18 Replication protein A  binds to and 
stabilizes the ssDNA overhang, leading to ATR activation 
and its recruitment to DSB sites with its binding partner, 
ATR-interacting protein (ATRIP).19 ATR activation leads to 
downstream signaling events most notably CHK1 phos-
phorylation.20 CHK1 phosphorylates and inactivates CDC25 
isoforms leading to a decrease in CDK2 activity in S-phase 
and abolishing activity of CDK1/cylcin B kinase resulting in 
G2/M arrest.19

Overall, DNA-PK, ATM, and ATR coordinate DSB 
signaling events and trigger various post-translational 
modifications and protein complex assemblies, resulting 
in the amplification of the DNA damage signal within the 
cell and the activation of cellular senescence or apop-
tosis.21 Several inhibitors of these DDR enzymes have had 
remarkable antitumor activity in combination with DNA-
damaging treatments, such as RT and chemotherapy in 
preclinical studies and are now in varying stages of clin-
ical development. In this review, we will focus on preclin-
ical and clinical development of DDR inhibitors in GBM. 
A  growing body of literature has shed light on the role 
of PARP inhibitor combinations with RT and TMZ in GBM 
and investigates the role of IDH1/2 mutation in confer-
ring a homologous recombination deficiency phenotype 
and increased susceptibly to PARP inhibitors in low-grade 
gliomas. A  comprehensive review of PARP inhibitors in 
gliomas was recently published.22

DNA-PK Inhibitors

DNA-PK inhibitors are the most clinically advanced in-
hibitors of NHEJ proteins.23 DNA-PK, a PI3K-related ki-
nase, recruits repair proteins and activates checkpoints 
by phosphorylating its substrates.24 DNA-PK inhibitors 
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are postulated to either sensitize cancer cells to DNA-
damaging treatments that cause DNA DSBs, such as RT 
and chemotherapy, or have single-agent activity in tumors 
with relevant dysfunctional DNA repair pathways.25,26

Phospho-DNA-PK expression is significantly higher 
in human glioma than their respective adjacent non-
tumorous tissue and correlates with malignant develop-
ment and poor prognosis in glioma patients.27 A  recent 
transcriptome analysis identified DNA-PK as a predom-
inant DNA repair enzyme in glioma stem cells (GSCs), 
which drives radiation resistance in GBM.28

Preclinical studies of DNA-PK inhibition in GBM have 
yielded promising results. Lan et  al. demonstrated that 
both the siRNA knockdown of DNA-PK and its pharma-
cological inhibition with KU0060648 reduces glioma cell 
proliferation in vitro and reduces xenograft tumor volume 
in vivo.27 The antiproliferative effect of DNA-PK inhibition 
monotherapy could be due to genomic instability and 
intrinsic levels of DNA damage in GBM cell lines used. 
The authors also showed that the antitumor effect of 

KU0060648 was enhanced in TMZ-treated cells and ani-
mals. Timmer et al., testing the combination of RT and the 
DNA-PK inhibitor VX-984 in U251 cells and GSCs, demon-
strated that VX-984 inhibited RT-induced DNA-PK phospho-
rylation in vitro and in orthotopic brain tumor xenografts 
in a concentration-dependent manner. The survival du-
ration of mice receiving VX-984 plus RT was significantly 
longer than that of mice receiving RT or VX-984 alone.29

Developing biomarkers of response is crucial to op-
timizing the efficacy of individual DDR inhibitors. Sun 
et al. identified p53 as a potential predictive biomarker of 
response to the combination of DNA-PK inhibition and 
RT.30 They demonstrated that the DNA-PK inhibitor M3814 
blocks the repair of radiation-induced DSBs and enhances 
p53 activation. In p53-wildtype cell lines, M3814 combined 
with RT leads to the activation of the ATM-CHK2 pathway 
and cellular senescence. In contrast, in cells with dysfunc-
tional p53, cell cycle progression is not arrested, leading 
to mitotic catastrophe and apoptosis. Therefore, P53 can 
be a potential biomarker of response to DNA-PK inhibition 
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Figure 1. Mechanisms of DNA damage response pathways in GBM. ATM, ataxia telangiectasia-mutated; ATR, ataxia telangiectasia and Rad3-
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given the high frequency of inactivating mutations of p53 
in gliomas.31

DNA-PK inhibitors currently in clinical development in 
combination with chemotherapy in patients with advanced 
solid cancers include VX-984 (NCT02644278), M3814 
(NCT02316197), AZD7648 (NCT03907969), and CC-115 
(NCT02977780). A phase I window-of-opportunity trial of 
M3814 in combination with RT is currently accruing newly 
diagnosed GBM patients with unmethylated MGMT status 
(NCT04555577). To our knowledge, this is the first clinical 
trial of a DNA-PK inhibitor in GBM patients. CC-115, a dual 
mTOR kinase and DNA-PK inhibitor, was tested in a phase 
I study as monotherapy in patients with advanced solid or 
hematological malignancies, including 14 GBM patients 
in a cohort expansion. GBM patients were enrolled only 
if salvage tumor resection was planned approximately 2 
weeks into therapy. CC-115 was shown to penetrate GBM 
tumor tissue and had a mean tumor-to-plasma ratio of 
0.73.32 In this study, CC-115 was well tolerated with tox-
icity consistent with mTOR inhibitors including fatigue, 
nausea and decreased appetite. The combination of CC-115 
and RT is currently being studied in the Individualized 
Screening Trial of Innovative Glioblastoma Therapy trial 
in newly diagnosed MGMT unmethylated GBM patients 
(NCT02977780). The rational for the use of a dual kinase 
inhibitor is the lack of success with several mTOR inhibi-
tors as monotherapy or in combination with conventional 
treatments, despite mTOR pathway being commonly acti-
vated in GBM.33–35 The ineffectiveness of mTOR inhibitors 
maybe due to several feedback loops that promote tumor 
growth. Whether a dual mTOR/DNA-PK inhibitor would 
have an advantage over mTOR inhibition or DNA-PK inhi-
bition alone is yet to be determined.

ATM Inhibitors

ATM, an essential kinase that regulates HR, is ubiquitously 
expressed in cancer cell lines. ATM is a promising thera-
peutic target, as its inhibition likely sensitizes tumors to the 
DNA-damaging effects of RT and chemotherapy.

MMR converts TMZ-induced DNA adducts into secondary 
lesions that block the replication fork, thereby resulting in 
DSBs and the activation of DDR enzymes. TMZ has been 
shown to activate ATM- and ATR-dependent signaling path-
ways.12 Caporali et al. demonstrated that in MMR-proficient 
human B-cell lymphoblasts, exposure to low-dose TMZ ac-
tivates ATR and then ATM and results in CHK1, CHK2, and 
p53 phosphorylation and G2/M arrest. Similarly, Eich et al. 
showed that ATM- and ATR-mutant fibroblasts are hyper-
sensitive to TMZ and that knockdown of ATM and ATR en-
hances LN229 glioma cell death.36 Both groups suggested 
that ATR deficiency has a stronger effect than ATM defi-
ciency in sensitizing glioma cells to TMZ. However, ATM 
inhibition is hypothesized to be less toxic than ATR inhibi-
tion to noncancerous cells. Null mutations of ATR in mice 
are embryonic lethal, but knockout of ATM results in viable 
mice that display a phenotype similar to that of ataxia telan-
giectasia patients, with growth retardation and sensitivity 
to RT.37 ATM inhibition may result in less toxicity to normal 
brain tissue concurrently exposed to RT.

As with DNA-PK inhibition, preclinical work suggests a 
role for p53 as a biomarker of response to ATM inhibition 
in GBM. Blake et  al. showed that genetic inactivation of 
the ATM cofactor (ATMIN) suppressed GBM formation in a 
TP53-deficient mouse model of GBM. ATMIN binds ATM in 
normal conditions and dissociates from ATM in response 
to DNA damage to allow ATM to be recruited to DSB 
sites.38 ATMIN deletion in the TP53-deficient background 
normalized the expression of several GBM-associated 
genes, including PDGFRA. In addition, the combination of 
ATM inhibitors and PDGFRA inhibitors reduced the sur-
vival of TP53-mutant primary human GBM cells, indicating 
a role for ATM inhibitors in the treatment of GBM patients 
with p53 mutations. Similarly, treatment with KU60019, a 
second-generation ATM inhibitor analogue, resulted in 
more pronounced radiosensitization in p53-mutant U87 
glioma cells than in genetically matched wildtype cells.39 In 
addition, KU60019’s radiosensitization was associated with 
the inhibited phosphorylation of the major DNA damage 
effectors p53, H2AX, KAP1, and AKT. In an orthotopic 
U1242 xenograft model, the combination of KU60019 and 
RT resulted in a longer survival duration than either RT or 
KU60019 alone did.40

KU60019 is remarkably stable41 but cannot cross the 
blood–brain barrier (BBB). Newer-generation ATM inhibi-
tors such as AZ32 and AZD1390 (AstraZeneca) are spe-
cifically designed to cross the BBB. AZ32, which has a 
brain:plasma area under the curve ratio of 0.26, sensitizes a 
wide range of glioma cell lines, as well as orthotopic intra-
cranial glioma models, to radiation.42 Similarly, AZD1390 
effectively crosses the BBB in mice, rats, and monkeys. 
Compared with RT alone, the combination of AZD1390 and 
RT induces tumor regression and increases survival in syn-
geneic and patient-derived glioma models as well as in 
orthotopic models of lung cancer brain metastases.43

AZD1390, the most clinically advanced ATM inhib-
itor for the treatment of brain tumors, is being tested 
in a phase I  trial in GBM patients and brain metastases 
(NCT03423628). The trial is evaluating the safety and tolera-
bility of AZD1390 in combination with intensity-modulated 
RT in patients with recurrent GBM (35 Gy over 2 weeks) or 
newly diagnosed GBM (60 Gy over 6 weeks) and in combi-
nation with whole or partial brain RT (30 Gy over 2 weeks) 
in patients with brain metastases.

ATR Inhibitors

The ATR-CHK1 pathway, the principal effector of replica-
tion checkpoints and DNA damage, prevents cells with 
damaged DNA from entering mitosis. ATR is of particular 
interest in GBM, as it plays a dominant role in protecting 
GBM cells against TMZ. As with other DDR inhibitors, there 
is some concern regarding the toxicity of ATR inhibitors to 
noncancerous cells, as ATR is essential to the survival of 
many cell types.

ATR knockdown augments TMZ-induced apoptosis in 
GBM cell lines.36 In addition to inducing apoptosis, TMZ 
also activates survival pathways, such as senescence.44 The 
hallmarks of cellular senescence are DDR activation and 
cell cycle arrest, which enables the cells to survive without 
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proliferating and contributes to recurrence. TMZ-induced 
senescence in GBM cells depends on the activation of the 
ATR-CHK1 pathway.45 Jackson et  al. demonstrated that 
TMZ activated ATR in an MGMT-dependent manner and 
that treatment of MGMT-deficient cells with TMZ increased 
sensitivity to ATR inhibitors in in vitro and in vivo models 
of GBM cell lines.46 The role of MGMT promoter meth-
ylation status in determining response to DDR inhibitors 
needs to be investigated further in clinical trials.

In addition, the ATR-CHK1 pathway is activated in GSCs 
following RT, while the inhibition of ATR and CHK1 in-
creases mitotic catastrophe and radiation sensitivity.47 
Together, these data suggest that the addition of an ATR 
inhibitor could enhance GBM sensitivity to RT and increase 
the antitumor effects of TMZ, although overlapping normal 
tissue toxicity may limit the combination doses of either or 
both ATR inhibitor and TMZ.

To the best of our knowledge, there are no ongoing 
ATR inhibitor clinical trials for GBM (www.clinicaltrials.
org). However, clinical trials of the combination of the 
ATR inhibitor AZD6738 and RT (NCT02223923) and the 
combination of the ATR inhibitor M6220 and chemo-RT 
(NCT02567422) are underway in patients with advanced 
solid cancers. M6220 is also being studied in combination 
with whole-brain RT in non-small cell lung cancer patients 
with brain metastases (NCT02589522). A  novel, potent, 
selective ATR inhibitor, BAY1895344, appears to have an 
acceptable safety profile as monotherapy in patients with 
advanced solid cancers.48 CY-237 (TNT Medical), another 
selective ATR inhibitor with BBB penetration, is currently 
being tested in preclinical models of GBM at MD Anderson 
Cancer Center.

Other DDR Inhibitors

CHK1 and CHK2 translate signals from upstream ATR 
and ATM enzymes to downstream cell cycle effectors.49 
Inhibitors of CHK1 and CHK2 have been tested in preclin-
ical models of GBM, but have not, to date, been translated 
into clinical trials in GBM patients. The CHK1 inhibitor 
AZD7762 sensitized diverse primary human GBM isolates 
to RT, but was not developed further because of drug-
induced cardiotoxicity in a phase I clinical trial.50 The CHK2 
inhibitor PV1019 showed antiproliferative activity in combi-
nation with RT in U251 GBM cells.51

WEE1 is a downstream kinase of the ATR-CHK1 pathway 
and a key regulator of G2/M transition. WEE1 prolongs 
the G2 phase by regulating the activity of CDK1, allowing 
DDR mechanisms additional time for DNA repair. WEE1 is 
overexpressed in many cancers, including GBM.52 Small-
molecule inhibitors of WEE1 sensitize GBM to TMZ and 
RT in vitro and also sensitize orthotopic mouse models of 
U251-FM GBM to such treatments.52 In addition, WEE1 is 
activated after PI3K inhibition in glioma cells, while WEE1 
inhibition potentiates the effectiveness of the targeted inhi-
bition of PI3K in vivo.53

One preclinical study demonstrated that the WEE1 in-
hibitor adavosertib (AZD1775) has poor BBB penetration 
in a GBM xenograft model.54 However, a phase 0 study 

of adavosertib in patients with recurrent GBM found that 
unbound adavosertib, which represents the pharmaco-
logically active fraction of the drug, reaches therapeutic 
concentrations within the contrast-enhancing region of 
the tumor.55 A phase 1 trial of adavosertib in combination 
with standard RT and TMZ in newly diagnosed and recur-
rent GBM was conducted (NCT01849146). Grade 3 and 4 
DLTs included neutropenia, thrombocytopenia and eleva-
tions in liver function tests. Simultaneously, the trial de-
termined intratumoral drug distribution in patients with 
recurrent GBM. This trial measured drug concentrations of 
8× and 2.6× greater than plasma in contrast enhancing and 
nonenhancing brain tumor, respectively.56

Another class of targetable enzymes that regulate DNA 
repair machinery are histone deacetylases (HDACs). DNA 
lesions need to be accessible to the DNA repair enzymes 
for proper DNA repair, a process that is modulated by 
post-translational modifications regulating the nucleo-
some structure. Histone acetylation and deacetylation via 
the HDAC family of proteins are among the most impor-
tant processes involved in chromatin remodeling. Small 
molecule HDAC inhibitors have been developed and sev-
eral have been approved by the FDA for the treatment of a 
variety of cancer. Preclinical studies of HDAC inhibitors in 
GBM were promising, but the result of clinical trials have 
largely been disappointing,57,58 possibly due to poor phar-
macokinetic properties of these agents, intratumor hetero-
geneity in GBM and lack of biomarkers of response.

As summarized above, preclinical activity of modula-
tors of the DNA damage pathways in GBM cell lines, xen-
ograft and orthotopic mice models have resulted in early 
phase clinical trials. However, major limitations of these 
models need to be considered. Most commonly used GBM 
cell lines such as U87 lack tumor heterogeneity and have 
undergone decades of cell culture and genetic drift.59 The 
orthotopic mice models do not capture the immunocom-
petent tumor microenvironment and adequate cell–cell 
interactions which have evolved as essential elements 
of glioma biology.60 Incorporation of preclinical models 
that best capture the GBM tumor heterogeneity, maintain 
stemness of glioma cells and allow for study of novels 
agents in the intact tumor–brain immune microenviron-
ment such as the QPP model (QkiL/L; PtenL/L; Trp53L/L)61 may 
result in more reliable estimates of efficacy in clinical trials 
of DDR inhibitors.

Strategies for Successful Clinical 
Development of DDR Inhibitors for GBM 
Patients

Clinical trials of DDR inhibitors in GBM are underway 
(Table 1) and the number of clinically available DDR and 
PARP inhibitors, some with BBB penetration, are on the 
rise (Table 2). Experience gained from clinical trials of PARP 
inhibitors and other targeted therapies in GBM suggests 
that the clinical development of DDR inhibitors for GBM 
treatment will be challenging owing to several factors, 
including the intracranial location of the tumor, limited 

http://www.clinicaltrials.org
http://www.clinicaltrials.org
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BBB penetration, difficulties with repeated sampling, and 
overlapping toxicities of DDR inhibitors with RT and TMZ 
including myelotoxicity and neurotoxicity. One strategy to 
successfully develop these drugs is to first confirm their 
adequate BBB penetration and intratumoral pharmacody-
namic endpoints. Strategies to minimize cumulative he-
matological toxicities of DDR inhibitors and conventional 
chemotherapy in ongoing clinical trials are needed. In 
addition, the clinical and radiographic manifestations of 
neurotoxicity of DDR inhibitors are largely unknown and 
need to be defined in order to limit central nervous toxicity. 
Parallel correlative studies should be carefully designed to 
lay the foundation for future rational combinatorial trials 
of DDR inhibitors with novel therapies, such as checkpoint 
inhibitors (CPIs).

It is also important to determine the role of methyl-
ation status of MGMT and DDR genes in DDR inhibitor 
clinical trials. For example, TMZ preferentially sensitizes 
MGMT-deficient tumor cells to ATR inhibition in preclinical 
models,46 but similar observations have not been described 
with DNA-PK or ATM inhibition. We recommend inclusion 
of both MGMT promoter methylated and unmethylated 
GBM tumors in early phase clinical trials and to stratify 
based on MGMT status in order to detect early signals re-
garding the role of MGMT status in determining response 
to DDR inhibitors. In addition, hypomethylation of DDR 
genes have been shown to predict response benefit to TMZ 
in low-grade gliomas73 and poor prognosis in IDH wildtype 
GBM, in particular in MGMT promoter unmethylated tu-
mors.74 It is yet to be determined if this observation is due 
to poor response to treatment due to hyperactivation of 
DDR genes or due to association between intrinsically ag-
gressive GBM subtypes with DDR gene hypomethylation. 
Determining tumor DNA methylome of DDR genes could 
help answer this question in clinical trials of DDR inhibitors 
in GBM.

Conducting Window-of-Opportunity Trials

Multiple phase I and II clinical trials have investigated the 
safety and early efficacy of small-molecule inhibitors of 
various signaling pathways in GBM, but none has led to 
successful phase III registration trials. The challenge of per-
forming repeated biopsies of intracranial tumors certainly 
contributes to the lack of successful drug development for 
GBM. The inclusion of planned, clinically indicated resec-
tions is likely clinically beneficial, and would add signifi-
cant value to early-phase clinical trials.

We advocate conducting window-of-opportunity trials 
of investigational drugs at their maximum tolerated 
doses to determine the tumor and plasma concentra-
tions of the drugs, which are difficult to ascertain from 
animal studies, and to determine pharmacodynamic 
endpoints within resected tumor tissue. In addition, the 
resection of brain tissue after treatment with DDR in-
hibitors allows researchers to determine the ability of 
the drugs to alter the tumor immune microenvironment. 
This design has been implemented in a study of the 
DNA-PK inhibitor M3814 in combination with RT in pa-
tients with newly diagnosed, MGMT-unmethylated GBM 
(NCT04555577).

  Ta
bl

e 
1.

 
On

go
in

g 
Cl

in
ic

al
 T

ria
ls

 o
f D

DR
 In

hi
bi

to
rs

 in
 G

BM

In
ve

st
ig

a-
ti

o
n

al
 A

g
en

t 
Ta

rg
et

C
o

m
b

in
at

io
n

 
Tr

ea
tm

en
ts

D
is

ea
se

 S
et

ti
n

g
 

P
h

as
e 

M
G

M
T

 S
ta

tu
s 

fo
r 

In
cl

u
si

o
n

 
Tr

ea
tm

en
t A

rm
s 

N
C

T
 ID

M
38

14
  

N
ed

is
er

ti
b

D
N

A
-P

K
R

T
N

D
 G

B
M

 
I

M
G

M
T-

u
n

m
et

hy
la

te
d

 
S

ta
g

e 
I: 

R
T

/M
38

14
 ->

 T
M

Z
  

S
ta

g
e 

II:
 R

T
/M

38
14

 ->
 r

es
ec

ti
o

n
 ->

 T
M

Z
N

C
T

04
55

55
77

C
C

-1
15

D
N

A
-P

K
  

an
d

 m
TO

R
R

T
N

D
 G

B
M

 
II 

M
G

M
T-

u
n

m
et

hy
la

te
d

 
R

T
/C

C
-1

15
 ->

 C
C

-1
15

 v
s.

 R
T

/T
M

Z
 ->

 T
M

Z
 

N
C

T
02

97
77

80

A
Z

D
13

90
 

A
T

M
R

T
B

ra
in

 m
et

as
ta

si
s,

 N
D

 a
n

d
 R

ec
 G

B
M

I
M

G
M

T-
u

n
m

et
hy

la
te

d
 

A
rm

 A
: A

Z
D

13
90

/R
T

 (3
5 

G
y 

in
 1

0 
Fx

) (
R

ec
 G

B
M

)  
A

rm
 B

: A
Z

D
13

90
/W

B
R

T
 o

r 
P

B
R

T
 (B

M
)  

A
rm

 C
: A

Z
D

13
90

/R
T

 - 
> 

T
M

Z
 

N
C

T
03

42
36

28

 A
Z

D
17

75
  

A
d

av
o

se
rt

ib
W

E
E

1
R

T
 a

n
d

 T
M

Z
 

N
D

 a
n

d
 R

ec
 G

B
M

 
I 

n
o

n
e

A
rm

 I:
 A

Z
D

17
75

/R
T

/T
M

Z
 ->

 T
M

Z
  

A
rm

 II
: R

T
/T

M
Z

 ->
 T

M
Z

/A
Z

D
17

75
N

C
T

01
84

91
46

AT
M

, a
ta

xi
a 

te
la

ng
ie

ct
as

ia
-m

ut
at

ed
; D

DR
, D

N
A 

da
m

ag
e 

re
sp

on
se

; D
N

A-
PK

, D
N

A-
de

pe
nd

en
t p

ro
te

in
 k

in
as

e;
 F

x,
 fr

ac
tio

n;
 G

BM
, g

lio
bl

as
to

m
a;

 M
GM

T,
 O

6 -m
et

hy
lg

ua
ni

ne
-D

N
A 

m
et

hy
ltr

an
sf

er
as

e;
 m

TO
R,

 m
am

m
a-

lia
n 

ta
rg

et
 o

f r
ap

am
yc

in
; N

D,
 n

ew
ly

 d
ia

gn
os

ed
; P

BR
T,

 p
ar

tia
l b

ra
in

 ra
di

at
io

n 
th

er
ap

y;
 R

ec
, r

ec
ur

re
nt

; R
T,

 ra
di

at
io

n 
th

er
ap

y;
 T

M
Z,

 te
m

oz
ol

om
id

e;
 W

BR
T,

 w
ho

le
 b

ra
in

 ra
di

at
io

n 
th

er
ap

y.

  



7Majd et al. DDR inhibitors for the treatment of glioblastoma
N

eu
ro-O

n
colog

y 
A

d
van

ces

Addressing BBB Penetration

Several PARP and DDR inhibitors are clinically available 
and cross the BBB to varying degrees (Table 2). Potential 
therapeutic agents for GBM should not be eliminated 
based solely on their poor BBB penetration in animal 
studies. As demonstrated in the case of the WEE1 inhibitor 
adavosertib,55 drug did not cross an intact BBB in mice but 
reached therapeutic concentrations in enhancing regions 
of human GBM. Carefully designed window-of-opportunity 
trials in which agents are administered prior to surgery can 
best determine the respective BBB penetration in human. 
This is particularly important when drugs are given in 
combination with RT, as studies in both humans and ani-
mals have demonstrated that RT increases focal BBB dis-
ruption.75–77 Therefore, appropriately sequencing systemic 
drug administration in relation to RT or BBB-modifying 
agents like bevacizumab is crucial in the development of 
therapeutic drugs for GBM. Moreover, given the poten-
tial toxicity of DDR agents in normal brain tissue, it may 
be beneficial to spare the normal, nonirradiated brain from 
exposure to DDR inhibitors.

Combining DDR Inhibitors With CPIs

Despite the relative success of CPIs in various other solid 
cancers, their clinical development in GBM has been chal-
lenging 78–81. The lack of clinical efficacy of CPIs in GBM is 
suspected to be due to the known low mutation burden 
of GBM, a feature that may potentially be overcome with 
the use of PARP and other DDR inhibitors.78,82 By inducing 
S-Phase DNA damage, it is hypothesized that DDR and 
PARP inhibitors can enhance the tumor mutational burden 
and increase the neo-antigen load,83 which has been 
shown to be a marker of response to immunotherapy in 
various solid tumors.84 DNA damage is also known to en-
hance signaling pathways that activate the innate immune 
response, such as the cGAS-STING pathway, and elevation 
of PD-L1 expression.85,86 Tumors with microsatellite insta-
bility are known to have significantly higher tumor muta-
tional burden and neoantigen load, resulting in increased 
T-cell infiltration, augmented recognition, and cytotoxicity 
by the adaptive immune system.87 The FDA has granted 
the first tumor-agnostic approval for pembrolizumab 
based on the presence of high microsatellite instability or 

  
Table 2. Clinically Available DDR and PARP Inhibitors

Target Putative Biomarkers of Response in Gliomas Investigational Agent BBB Penetration References

ATM P53 mutation AZD1390 Yes 39,43,62,63

AZD0156 No

ATR MGMT promoter methylation AZD6738 Yes 46

BAY 1895344 Unknown

VX+970 Unknown

DNA-PK P53 mutation AZD7648 Unknown 29,30

CC-115 Yes

M3814 Unknown 

VX-984 Yes

Chk1/Chk2 N/A AZD7762 Unknown  

LY2606368 Unknown 

Chk1 N/A CCT245737 Unknown  

GDC-0575 Unknown

LY2606368 Unknown

MK8776 Unknown

SRA737 Unknown

WEE1 N/A MK-1775 Yes 55

RAD51 N/A CYT-0851 Unknown  

PARP IDH1/2 mutation Niraparib Yes 64–72

Olaparib Yes

Pamiparib Yes

Rucaparib No

Talazoparib No

Veliparib Yes

ATM, ataxia telangiectasia-mutated; ATR, ataxia telangiectasia and Rad3 related; BBB, blood–brain barrier; DDR, DNA damage response; DNA-PK, 
DNA-dependent protein kinase; IDH, isocitrate dehydrogenase; MGMT, O6-methylguanine-DNA methyltransferase.
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MMR deficiency and high tumor mutation burden.88 The re-
sponsiveness of MMR-deficient tumors to immunotherapy 
exemplifies the interplay between DDR deficiency and 
immunotherapy.

The effective use of CPIs against GBM has been reported 
in patients with tumors with a high mutational burden re-
sulting from germline impairment in DNA repair genes.89,90 
Therapeutic interventions that increase tumor mutational 
burden may overcome CPI resistance in GBM. Preclinical 
data in breast cancer and small cell lung cancer demon-
strate in vivo efficacy of dual anti-PD-L1 and PARP inhibi-
tors in immunocompetent xenograft models.86,91 Several 
trials of PARP and DDR inhibitors and CPIs in patients 
with different solid tumors are ongoing.92 Chemotherapy-
related hypermutation did not promote a response to 
anti-PD-1 blockade in a large retrospective study.93 It re-
mains to be determined whether PARP and DDR inhibitors-
related hypermutation augments a response to CPI in GBM 
clinical trials.

The glioma tumor microenvironment should be evalu-
ated after exposure to PARP and DDR inhibitors through 
window-of-opportunity studies to determine if the in-
hibition of DNA repairs pathways elevate the tumor 
neoantigen load and increase alterations in its immune cell 
composition to lay the foundation for future rationale com-
binatorial studies.94

Considering Modified Dosing Regimens

Combinations of PARP and DDR inhibitors with cytotoxic 
chemotherapy and RT have the potential to exacerbate he-
matological and gastrointestinal adverse events and acute 
RT toxicities. The frequency of G3-4 myelosuppression 
with the use of PARP inhibitors and TMZ was seen 54%–
63% of patients with melanoma.95,96 Similarly, administra-
tion of velaparib plus standard RT and concurrent TMZ was 
not tolerable in GBM patients as a result of hematological 
toxicities.97 Combination of TMZ and DDR inhibitors have 
not been conducted but are expected to be complicated 
with similar hematological toxicities, based on combina-
tion of ATR inhibitors with other cytotoxic chemotherapy 
resulting in 50% G3-4 toxicity. Myelotoxicity as a result of 
TMZ is dose dependent, and lower effective doses of TMZ 
may be warranted in trials of PARP and DDR inhibitors.98,99 
In addition, an intermittent dosing schedule may facili-
tate dose escalation with minimal risk of hematological 
toxicity.100

Combinations of PARP and DDR inhibitors with RT and/
or TMZ should also account for intracranial dose-limiting 
toxicities. Given the untested nature of intracranial ra-
diation and DDR inhibitors, both intracranial and extra-
cranial DLTs should be defined. Intracranial DLTs should 
account for early and late cerebral edema, focal necrosis, 
neurocognitive deficits, and cerebrovascular disease. Low 
starting doses of DDR inhibitors and prolonged monitoring 
should be considered in phase I trials to ensure safety and 
tolerability.

Carefully designed dose combinations in terms of 
dose intervals and sequencing, as well as close atten-
tion to the timing of RT in relation to the administration 

of PARP and DDR inhibitors in early-phase trials will 
aid in the successful clinical development of these 
inhibitors.

Overcoming Mechanisms of Resistance

Lessons learnt from years of failed clinical trials of mo-
lecularly targeted therapy in GBM should be considered 
and applied in preclinical and clinical studies of DDR in-
hibitors.101 Intratumoral heterogeneity and redundant 
signaling pathways are among the most important factors 
contributing to the resistance to novel therapeutic agents 
in GBM. To overcome these hurdles, researchers should 
use preclinical models that encompass these key hall-
marks of GBM to assess the efficacy of novel agents. Cell 
lines, GSCs, and genetically engineered mouse models 
lack tumor heterogeneity; therefore, novel clinical models 
that capture such heterogeneity, such as tumor organoids, 
mixing of bar-coded cell lines, and patient-derived tumor 
explants, are likely to be better suited for the investiga-
tion of novel agents.102 Because several pathways are in-
volved in DDR, the inhibition of one such pathway might 
lead to the upregulation of, and compensation by, an al-
ternative pathway. Therefore, in parallel with clinical trials, 
preclinical studies focused on identifying mechanisms of 
resistance are needed to guide the design of future combi-
natorial approaches.

Conclusion

High-throughput genomic analyses have uncovered fre-
quent alterations in DNA damage pathways in GBM. 
DNA damage pathways are upregulated in GSCs, the 
cells responsible for RT and chemotherapy resistance in 
GBM. Inhibitors of DDR enzymes have great potential to 
improve the outcomes of GBM patients. Novel study de-
signs with close attention to BBB penetration of the drugs, 
target engagement in resected brain tissue, biomarkers of 
response, modified dosing regimens, and mechanisms of 
resistance are needed for the successful development of 
DDR inhibitors in GBM.
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