
����������
�������

Citation: Vlatkovic, T.; Veldwijk,

M.R.; Giordano, F.A.; Herskind, C.

Targeting Cell Cycle Checkpoint

Kinases to Overcome Intrinsic

Radioresistance in Brain Tumor Cells.

Cancers 2022, 14, 701. https://

doi.org/10.3390/cancers14030701

Academic Editor: David Wong

Received: 17 January 2022

Accepted: 27 January 2022

Published: 29 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cancers

Review

Targeting Cell Cycle Checkpoint Kinases to Overcome Intrinsic
Radioresistance in Brain Tumor Cells
Tijana Vlatkovic 1, Marlon R. Veldwijk 1, Frank A. Giordano 2 and Carsten Herskind 1,*

1 Cellular and Molecular Radiation Oncology Lab, Department of Radiation Oncology,
Universitätsmedizin Mannheim, Medical Faculty Mannheim, Heidelberg University,
68167 Mannheim, Germany; tijana.vlatkovic@medma.uni-heidelberg.de (T.V.);
marlon.veldwijk@medma.uni-heidelberg.de (M.R.V.)

2 Department of Radiation Oncology, Center for Integrated Oncology (CIO), University Hospital Bonn,
University of Bonn, 53127 Bonn, Germany; frank.giordano@ukbonn.de

* Correspondence: carsten.herskind@medma.uni-heidelberg.de; Tel.: +49-621-383-3773

Simple Summary: As cell cycle checkpoint mechanisms maintain genomic integrity, the inhibition
of enzymes involved in these control mechanisms may increase the sensitivity of the cells to DNA
damaging treatments. In this review, we summarize the knowledge in the field of brain tumor
treatment with radiation therapy and cell cycle checkpoint inhibition via targeting ATM, ATR, CHK1,
CHK2, and WEE1 kinases.

Abstract: Radiation therapy is an important part of the standard of care treatment of brain tumors.
However, the efficacy of radiation therapy is limited by the radioresistance of tumor cells, a phe-
nomenon held responsible for the dismal prognosis of the most aggressive brain tumor types. A
promising approach to radiosensitization of tumors is the inhibition of cell cycle checkpoint control
responsible for cell cycle progression and the maintenance of genomic integrity. Inhibition of the
kinases involved in these control mechanisms can abolish cell cycle checkpoints and DNA damage
repair and thus increase the sensitivity of tumor cells to radiation and chemotherapy. Here, we dis-
cuss preclinical progress in molecular targeting of ATM, ATR, CHK1, CHK2, and WEE1, checkpoint
kinases in the treatment of brain tumors, and review current clinical phase I-II trials.

Keywords: brain tumor; radiation therapy; radiosensitivity; cell cycle checkpoints; checkpoint
inhibitor; ATM; ATR; CHK1; CHK2; WEE1

1. Introduction

Brain tumors include primary brain tumors and brain metastases. In this review, we
focus on primary brain tumors, of which the most common in adults are gliomas arising
from glial cells [1]. Glioblastoma (GBM, previously named ‘glioblastoma multiforme’)
is the most aggressive and the most frequent malignant type, accounting for almost half
of malignant tumors of the central nervous system [2]. Other types of gliomas include
anaplastic astrocytomas, oligodendrogliomas, and oligoastrocytomas [1]. In children,
tumors of the central nervous system are the most frequent solid tumors, making up 15–20%
of all malignancies. The most common type of brain tumor in children is medulloblastoma
(MBM), a tumor of embryonal origin diagnosed in 20% of instances of all pediatric brain
tumors. The overall survival of children with medulloblastoma ranges from 30% to over
90%, depending on the tumor’s genotype [3].

The current standard of care treatment of GBM consists of surgical resection, radio-
therapy (RT), and chemotherapy with the DNA alkylating agent temozolomide (TMZ) [4].
TMZ is a prodrug that is activated at physiological pH and methylates purine nucleotides,
generating O6-methylguanine in DNA [5]. The addition of TMZ has increased the median
overall survival of GBM patients from 12.1 months to 14.6 months and 5-year survival from
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1.9% to 10% [4,6,7]. However, progress in outcome is hampered by resistance to RT, TMZ,
and other cancer therapies.

Ionizing radiation induces DNA double-strand breaks (DSBs), single-strand breaks
(SSBs), base damage, and abasic sites. A typical daily dose fraction of RT (2 Gy) induces
around 3000 DNA lesions per cell, which is 17 times less than the estimated number
of lesions produced daily due to physiological oxidative stress [8]. The vast majority
of sparsely distributed SSBs, base damage and abasic sites are rapidly repaired by base
excision repair (BER). However, in contrast with other forms of oxidative stress, ionizing
radiation produces tracks of spatially correlated ionizations, some of which are close
enough to cause more serious DNA damage, such as DSBs and complex lesions. Although
up to 98% of DSBs can be repaired, residual irreparable or misrepaired DSBs and complex
DNA damage will prevent cell division and cause clonogenic cell death. The majority of
DSBs are repaired by nonhomologous end joining (NHEJ), which is fast and active in all
cell cycle phases but may introduce small deletions or inserts. A smaller fraction is repaired
by homologous recombination (HR), which is error-free but slower and requires a sister
chromatid as a template and, therefore, is only active in the late S or G2 phase. Single-strand
annealing (SSA) and alternative end joining (alt-EJ) are backup repair mechanisms acting on
complex lesions that are not repaired by the two major DSB repair mechanisms but are more
error prone [9]. The O6-methylguanine alkylation of DNA induced by TMZ is repaired
by a specialized enzyme, O(6)-methylguanine-DNA methyltransferase (MGMT), which is
normally expressed at a low level. However, transcriptional repression by methylated CpG
sites in the MGMT promotor is frequently abrogated in GBM, making MGMT methylation
status an important prognostic factor.

Recent reviews have described mechanisms and strategies for targeting DNA repair
in brain tumors [10,11]. Additional causes of resistance include the blood–brain barrier,
heterogeneity of tumor cells and the tumor microenvironment, as well as molecular mech-
anisms of resistance to specific therapies [12]. The present review will target the DNA
damage response (DDR) by inhibiting kinases involved in the S and G2/M checkpoints to
increase mitotic failure. However, before discussing this strategy, we will briefly review the
heterogeneity of GBM tumors and the role of glioma stem cells (GSCs) in therapy resistance.

2. GBM Heterogeneity and GSC-Related Therapy Resistance

Uncontrolled division of tumor cells is made possible by at least some of the well-
established hallmarks of cancer [13]. A characteristic of GBM is the heterogeneity of tumor
cells between tumors and within individual tumors. Thus, three major subtypes of GBM
have been identified [14–17]: (i) the classical or proliferative subtype with EGFR amplifi-
cation, deletion of the CDKN2A site (coding for p16INK4A and p14ARF), activation of the
RB pathway, wild-type IDH1, and TP53 genes; (ii) the mesenchymal subtype with deletion
of NF1, activation of the AKT pathway, and mutation in PTEN; (iii) the proneural sub-
type with amplification of PDGFRA and mutations in IDH1 and TP53. A potential fourth
“neural” subtype showed a gene expression pattern similar to normal brain tissue and has
been identified as contamination by normal cells in the tumor microenvironment [17]. In
addition to the major characteristics, a number of other genetic and epigenetic changes
are associated with each subgroup (see comparative overview [14]). Heterogeneity within
individual tumors was demonstrated by single-cell RNA sequencing and revealed ex-
pression profiles representing a continuum from stem-like to differentiated cells, which
could be classified according to the GBM subgroups above [18]. However, in addition
to the dominant signatures, the different tumor subtypes contained cells with signatures
characteristic of other subtypes, underlining the complexity and plasticity of GBM tumor
cells [19].

GSCs are a slowly proliferating, self-renewing cell population residing in perivascular
niches [20]. It is likely that they originate from neural stem cells in the subventricular
zone (SVZ) [14], although the plasticity of GBM cells means that genomic instability and
the microenvironment may also cause changes in differentiated cells to become stem-like
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cells [21,22]. A number of factors contribute to therapy resistance of GSC, such as slow
proliferation and hypoxia in the perivascular niche, both of which result in radioresistance.
Furthermore, GSCs are considered to have enhanced capacity for DSB repair, with not
only NHEJ [23] but also error-free HR contributing to resistance [24,25]. In addition, a
number of survival pathways are frequently upregulated in GBM, including the PI3K/AKT
pathway, which facilitates repair and may be antiapoptotic (reviewed in [26]), as well as the
Notch, Hedgehog (Hh), and Wnt pathways that are associated with stem-cell properties
and therapy resistance (reviewed in [27]). The PI3K/AKT pathway is activated by Receptor
Tyrosine Kinases (RTK), e.g., EGFR, frequently amplified and upregulated or mutated
to produce a constitutive active variant GFRvIII present in approximately 30% of GBM.
Unfortunately, strategies to inhibit EGFR have shown limited success, partly due to the
development of resistance to the inhibitors [28]. Thus, recurrent GBM tumors may show
changes in amplification of EGFR and other RTKs, and EGFRvIII expression is frequently
lower [29,30]. The reduction or loss of EGFR expression without loss of self-renewal proper-
ties is most likely made possible by redundancy and cross-talk of RTK signaling pathways
such as IGF-1R driving resistance and mitogenic signaling independently of EGFR [31,32].
Changes in gene expression of GSC are frequently determined at the epigenetic level and
may be influenced by cues from the microenvironment [33]. In general, the plasticity of
GBM cells makes GSC a moving target [29] which will need a combination of inhibitors of
multiple specific pathways to overcome therapy resistance.

The complexity of finding such inhibitor combinations suggests that it may be helpful
to explore alternative approaches by targeting essential mechanisms for cell division in
combination with irradiation. A promising concept to enhance the effect of RT is to impair
the ability of cells to repair DNA and maintain genomic integrity by targeting enzymes
involved in the DNA damage response (DDR) [34]. This approach is being pursued for
various solid tumors [35], but relatively few studies have investigated brain tumors.

3. The DNA Damage Response (DDR)

The DDR is a complex system evolved with the role of preserving genetic information
through the generations, and as such, it is crucial for the functionality of normal tissue. The
components of the DDR system can be divided into three groups: sensors, signal trans-
ducers, and effectors. Sensors are protein complexes that recognize the DNA damage and
activate the signal transducers, which transfer the information via a complex intracellular
network to the effectors. The effector pathways include proteins involved in cell cycle
control, DNA repair, and apoptosis [34].

A cell’s response to various internal and external signals revolves around the p53
protein encoded by the TP53 gene. The p53 pathway determines the fate of the cell via
involvement in DNA repair, induction of permanent or transient cell cycle arrest, and
induction of apoptosis. The activity of p53 is dependent on the number of activators and
repressors. In the absence of stress, p53 is ubiquitinated and degraded. Different types of
stress signal result in post-translational modifications of p53, including acetylation, methy-
lation, phosphorylation, sumoylation, and ubiquitination. In response to cell stress such
as telomere shortening and radiation, a specialized kinase, ataxia telangiectasia mutated
(ATM), phosphorylates p53, leading to its stabilization and transcriptional activation of p21
(CDKN1A)-mediated cell cycle arrest. Other kinases involved in checkpoint control, such
as ataxia-telangiectasia and Rad3-related protein (ATR), checkpoint kinase 1 (CHK1), and
checkpoint kinase 2 (CHK2), also target p53 [36].

ATM, ATR, and DNA protein kinase (DNA-PK) are phosphoinositide 3-kinase (PI3K)-
related kinases playing a crucial role in the DDR, both in DNA damage repair and the
control of cell cycle progression. The activity of these kinases is strictly regulated via the
formation of protein complexes. In response to DSBs, ATM and DNA-PK form complexes
with MRE11-RAD50-NBS1 (MRN), or Ku70/80 proteins, respectively. ATR is activated by
ATR interacting protein (ATRIP), TopBP1, ETAA1, and other activators and interacts with
replication protein A (RPA)-coated DNA strands [37].
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Therapy resistance in cancers is now generally considered to be related to the presence
of stem-like cells showing increased resistance to radiotherapy and chemotherapy [21].
Radioresistance is ascribed mainly to reduced production and increased scavenging of
reactive oxygen species (ROS), enhanced DNA repair, and slower proliferation with more
quiescent cells. In glioma, the proportion of stem-like cells increases after irradiation,
demonstrating their relative radioresistance [38]. This was related to enhanced phosphory-
lation of checkpoint kinases ATM, CHK1, and CHK2, implicating an important role of the
DDR. The MET RTK-signaling pathway leads to activation of Aurora kinase A, ATM, and
p21 in glioblastoma stem-like cells resulting in increased repair and reduced apoptosis [39].

4. Cell Cycle Checkpoints

Cell cycle checkpoints regulate whether a cell will replicate and divide, thus passing
genetic information on to daughter cells [40]. These mechanisms ensure the correct repli-
cation of genetic material, its proper distribution to the daughter cells, and maintenance
of genomic stability through cell division. Progression through the four phases of the cell
cycle (G1, S, G2, M) is strictly regulated by cyclin-dependent kinases (CDKs), which are
activated by forming complexes with cyclins that are expressed at varying levels during
the cell cycle.

The majority of healthy cells are quiescent in transient or permanent G0 phase main-
tained by retinoblastoma protein (RB) that binds and inhibits E2F-DP complexes, which
are transcription factors regulating the expression of genes required during cell cycle pro-
gression [41,42]. RB is unphosphorylated and represses E2F in G0. In the presence of
pro-mitotic signals, such as binding of growth factors to their receptors, an intracellular
signal cascade activates CDK4 and CDK6, which form complexes with cyclin D (CCND1,
CCND2, and CCND3). The cyclin D-CDK4 complex monophosphorylates RB in early G1
without releasing it from E2F [43]. At the end of the G1 phase, CDK2 is activated by CDC25
phosphatase and forms a complex with cyclin E. Cyclin E-CDK2 hyperphosphorylates RB
releasing E2F to induce the expression of proteins involved in replication, such as DNA
polymerases α, δ and ε, cyclin E, CDK2, CHK1, and many others [41,43].

At the end of the S phase, cyclin E is degraded and replaced by cyclin A forming a
CDK2/cyclin A complex, CDK2/cyclin A phosphorylates CDC6 and E2F1, leading to the
G2 phase, while the transition to M phase is regulated by activation of CDK1 (previously
known as CDC2 and encoded by the CDC2 gene) and formation of the CDK1/cyclin B
complex. The activity of CDK1 is regulated via WEE1 kinase, MYT1, and CDC25. During
the M phase, the progress of cell division depends on low levels of CDK1, and cyclin B and
is regulated via the spindle assembly checkpoint [34,40,44–47]. After mitosis, the activity of
CDK3/cyclin C may send the cell into G0 arrest [48].

In the presence of DNA lesions, stress-induced cell cycle checkpoints mediate transient
arrest providing time for the repair mechanisms to repair the DNA lesions, leading to
clonogenic cell survival in the case of a successful repair. By contrast, severely damaged
cells may arrest permanently in the form of senescent or prematurely differentiated cells
or may die by apoptosis or other forms of cell death, all of which contribute to clonogenic
inactivation [34,40,44–47].

Stress-induced cell cycle arrest in G1 is dependent on the accumulation of p53 [32].
During normal cell cycle progression, p53 is unphosphorylated and, as such, is marked for
degradation by binding of the E3 ubiquitin ligase, mouse double minute 2 homolog, MDM2.
However, if DNA damage is present, ATM and checkpoint kinase 2 (CHK2) protein kinases
phosphorylate p53, causing the dissociation of MDM2 and accumulation of p53, which
then functions as a transcription factor inducing the synthesis of cyclin-dependent kinase
inhibitor p21 (CDKN1A) and other targets. P21 binds CDK2/Cyclin E and CDK2/Cyclin A
complexes and inhibits their activities, causing temporary cell cycle arrest, especially at
the G1/S transition [34,40,44–47]. The p53-dependent G1/S checkpoint is very sensitive,
responding to a single DSB, but takes up to 4 h for full activation [49].
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Senescence of the cell is induced by long-term arrest via p53-p21 (CDKN1A) reinforced
by p16 (CDKN2A) and the p14ARF alternative reading frame (ARF) protein encoded by the
same locus. Activation of the p16 locus contributes to p53 stabilization via ARF binding to
MDM2, while p16 prevents inactivation of RB, which in turn prevents cell cycle progression
and thus leads to permanent arrest [50], as illustrated in Figure 1.
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Figure 1. Schematic diagram of the signals regulating the transition of cells from quiescence (G0) to
replication in the S-phase and stress-induced arrest at the G1-S transition. Pointed arrows symbolize
functional activation, arrows ending with a line symbolize inhibition. In quiescent cells, the RB protein
binds to the transcription factor E2F keeping it in an inactive state. Mitogenic signaling causes mono-
phosphorylation of RB by the cyclin D-CDK4/6 kinase in early G1 and multiple phosphorylations
in late G1, which inactivates RB releasing E2F to transcribe genes for proteins required in S. p53 is
continuously expressed but is kept at a low level by binding of the E3 ubiquitin ligase, MDM2, which
marks it for proteasomal degradation. The cyclin C-CDK3 complex mediates the transition from
G1 to G0 (quiescence). DNA damage disrupts this binding by phosphorylation of MDM2 and p53,
increasing p53 levels. P53 transcriptionally activates the CDK inhibitor p21 causing transient cell
cycle arrest before the G1-S transition. If the damage is not repairable, the extended G1/S arrest may
be reinforced by p16, which inhibits the cyclin D-CDK4/6 complex allowing RB to bind E2F and arrest
the cells permanently in G1 (premature differentiation; senescence). The activity of transcription
factors and enzymes is regulated by binding proteins and phosphorylation state. Different types of
protein are shown in different colors. The active and inactive forms may be either phosphorylated or
unphosphorylated, depending on the specific protein. For references, see text.

Entry into S-phase from G1 is mediated by the CDK 2/cyclin E complex, which is active
when dephosphorylated by CDC25A phosphatase. After initiation of the S-phase, cyclin E is
replaced by cyclin A. Normal replication may be halted at stalled replication forks resulting
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in single-stranded regions, and if these break, single-ended DSBs are formed. RPA-coated
single-stranded DNA activates the ATR-CHK1 intra-S checkpoint while DSBs activate
ATM-CHK2 (Figure 2). CHK1 and CHK2 inhibit CDC25 phosphatases, thus arresting cell
cycle progression. Activated ATR results in activation of CHK1 and WEE1 [34,40,44–47,51].
It was also proposed that ATR activates both CHK1 and ATM, emphasizing that the
ATR-CHK1 and ATM-CHK2 do not function as distinct pathways [34].
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Figure 2. Schematic diagram of cell cycle regulation and DNA damage-induced checkpoints. The
ATR kinase is activated by single-stranded DNA and stalled replication forks activating the intra-S
checkpoint via CHK1 supported by WEE1. DNA double-strand breaks (DSBs) activate the ATM
kinase, which mediates arrest in G1 and G2 via CHK2 supported by WEE1. Cells with wild-type p53
activate the G1/S checkpoint via p21 and contribute to the G2/M arrest. Release from G2/M arrest
is mediated by increasing levels of PLK1. Different types of protein are shown in different colors
(see Figure 1). The active and inactive forms may be either phosphorylated or unphosphorylated,
depending on the specific protein. For further references, see the text.

If DSBs are detected, ATM phosphorylates CHK2, leading to the inhibition of CDC25C
phosphatase activity and consequently phosphorylation and inactivation of CDK1. In
the presence of SSBs, ATR phosphorylates CHK1, which activates WEE1 and inhibits the
activity of CDC25C, leading to cell cycle arrest in G2 [34,40,44–47,49,52]. Radiation-induced
G2/M arrest is characterized by three stages: the early (0–2 h) ATM-CHK1 response, an
intermediate (2–10 h) p53 response (in TP53 wild-type cells), and a long-term response
(2–16 h and longer) with an accumulation of cells from S-phase, which is dependent on the
activation of WEE1 kinase [49,53]. The G2/M block is maintained by WEE1 and MYT1,
which keep CDK1 in an inactive state via phosphorylation at tyrosine 15 and threonine 14,
respectively. The expression level and activity of WEE1 are associated with CHK1 activity
and are increased prior to the M phase, allowing it to effectively prevent the formation and
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activity of the CDK1/B complex in the presence of DNA lesions. After DNA repair, the
release of the G2/M block is mediated by a polo-like kinase (PLK1) with phosphorylates
WEE1 (leading to its degradation) and CDC25B/C (leading to its activation), allowing the
latter to dephosphorylate and thus activate CDK1.

It is important to note that all the pathways may interact at several levels. For example,
the activities of ATR, ATM, and CHK1 seem to be connected via protein phosphatase 2
(PP2A) during replication stress [54]. Thus, ATM activity has been associated with ATR
upon exposure to UV or during replication fork stalling [55]. Furthermore, ATM and ATR
pathways are reported to play a role in mitosis [56–59].

Checkpoint inhibition may induce tumor cell death via interference with DDR, accu-
mulation of unrepaired lesions, but also via escalation of replication stress [60–62]. The
ATR-CHK1 pathway stabilizes replication forks and prevents their stalling, while WEE1,
apart from suppressing CDK, appears to hold roles in the stability of the genome via
interaction with MUS81-EME1 endonuclease and histone synthesis [63,64]. Indeed, the
regulation of the cell cycle appears to be far more complex than previously known, and
more studies are required for a better understanding of the mechanisms involved.

The spindle checkpoint, mediating mitotic arrest, depends on the activity of the
anaphase-promoting complex (APC). The regulation of other components of APC is associ-
ated with Aurora B, which is considered crucial for the proper segregation of chromosomes.
Improper chromosomal attachments activate the cell cycle arrest via inhibition of APC,
which leads to the accumulation of securin, ultimately leading to the inhibition of separase,
the protease which targets cohesion. This protein complex holds chromatid strands to-
gether after replication. Defects in the mitotic checkpoint inevitably result in chromosomal
aberrations in the daughter cells [65,66]. Notably, CHK1 regulates the activity of Aurora
B [58,67].

5. Inhibitors of Checkpoint Control

Inhibiting one or more cell cycle checkpoints may cause cells carrying unrepaired
DNA to divide, leading to increased genomic instability and cell death [34,68]. Thus,
targeting checkpoint molecules may increase the sensitivity of tumor cells to radiation-
and chemotherapy. Importantly, the inherent checkpoint control dysfunctionality of tumor
cells may be exploited in treatment by targeting the remaining functional control pathways
in an approach called synthetic lethality. For example, G1 phase arrest and permanent
G0 cell cycle arrest mainly depend on intact p53 and p16/RB pathways, which are often
dysfunctional in GBM. Thus, nearly 80% of GBM carry mutations in the RB1 signaling
pathway, while defects in the TP53 pathway are reported in approximately 85% of all
GBM [69,70]. Therefore, combining RT with inhibitors of enzymes involved in S, G2/M,
or M phase checkpoints may increase genomic instability beyond the ability of tumor
cells to survive. As the intermediate and long-term cell cycle arrests in the G2/M phase
are dependent on functional p53 and WEE1 kinase, the latter emerges as a particularly
attractive molecular target for inhibition in combination with RT.

The development of kinase inhibitors faces certain challenges. The first is their selec-
tivity. For example, as many inhibitors target ATP-binding sites, they could affect kinases
other than the target and affect distinct pathways within cells. On the other hand, inhibit-
ing multiple kinases involved in the targeted process may enhance the efficiency of the
treatment. Another issue is the potential effect of the kinase inhibition on interconnected
pathways per se. Molecules aimed to treat brain tumors face an additional challenge in
the form of the blood–brain barrier. Finally, the successful inhibition of the targeted kinase
in tumor cells must outweigh possible adverse effects on the normal tissue. While some
kinase inhibitors have been approved for clinical practice, much work remains to be done
for better understanding and efficient manipulation of cellular processes. In the following,
the current knowledge of the effect of inhibition of ATM, ATR, CHK1, CHK2, and WEE1
kinases regarding the radiation treatment of brain tumors will be presented. The preclinical
studies addressed in this review are summarized in Table 1.
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Table 1. Kinases targeted by inhibitors in combination with RT in brain tumors.

Protein Name
(Gene Symbol) Molecular Weight Molecular Function

Inhibitor Used for Addressed
Target in Combination with RT

on Brain Tumor Models
References

ATM
(ATM) 350,687 Da

DNA- and
ATP-binding

Serine/threonine
protein kinase

NVP-BEZ235 [71]
KU-55933 [72–76]
KU-60019 [76–79]
AZD1390 [80]

AZ31 and AZ32 [81]

ATR
(ATR) 301,367 Da

DNA- and
ATP-binding

Serine/threonine
protein kinase

NVP-BEZ235 [82]
AZD6738 [82]

VE821 [83–85]
VE822 [84]
AZ20 [84]

CHK1
(CHEK1) 54,434 Da

ATP-binding
Serine/threonine

protein kinase

Gö-6976 [73]
UCN-01 [86–88]

debromohymenialdisine [38]
SAR-020106 [89]
SCH900776 [76]
CHIR-124 [76]

CHK2
(CHEK2) 60,915 Da

ATP-binding
Serine/threonine

protein kinase

BML-277 [73]
debromohymenialdisine [38]

NSC 109555 [90]

WEE1
(WEE1) 71,597 Da

ATP-binding
Serine/threonine

protein kinase

MK-1775 [80,91–94]
PD0166285 [88]

Studies based solely on gene knockdown or RNA interference are not included in the table.

6. Preclinical Studies
6.1. ATM and ATR

ATM is a 350,687 Da [95] DNA- and ATP-binding serine/threonine kinase that belongs
to the PI3K-related protein kinase (PIKK) protein family involved in the regulation of
genomic integrity, metabolism, and transcriptional regulation. Although associated with
DSB repair and glucose homeostasis [96], ATM is not an essential enzyme. However,
individuals carrying mutated ATM suffer from the ataxia-telangiectasia syndrome, which
is characterized by neurologic movement disorder (ataxia), dilated small blood vessels
(telangiectasia), high sensitivity to ionizing (but not UV) radiation, and increased risk of
developing cancer [97].

Silencing the ATM gene in GSC caused radiosensitization and decreased postirradi-
ation expression levels of p53, proliferating cell nuclear antigen (PCNA), and survivin
in a mouse model and was associated with hemorrhages and necrosis in the irradiated
tumors [98]. The ATM inhibitor KU-60019 successfully radiosensitized glioma cell lines,
GBM-initiating cells, as well as pediatric high-grade gliomas [77–79]. The ability of KU-
60019 to sensitize tumor cells to radiation was associated with p53 expression. The ATM
inhibitor was able to radiosensitize GSC and xenografts, prolonging survival with signifi-
cantly greater efficacy in p53-mutated glioma [77]. In GBM-initiating cells, the combination
of ATM inhibition and RT led to the elimination of cells expressing low levels of p53 and
high levels of PI3K [79]. Synthetic lethality in the context of radiosensitization was also
demonstrated in p53-mut glioma cell lines, or cell lines with other checkpoint defects,
which were sensitized to radiation by ATM inhibition, in contrast to wild-type p53 lines,
which showed less effect of the inhibitor [81]. Notably, no signs of toxicity of KU-60019
were observed in healthy animals [80].

ATM inhibition by KU-55933 leads to radiosensitization of GBM stem cells and GBM
cells and reduced G2/M checkpoint arrest and DDR, underlining the role of these processes
in the phenomenon of brain tumor radioresistance [72]. On the other hand, ATM inhibition
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sensitized GSC to radiation, but differentiation of glioma cells resulted in the loss of
the sensitizing effect [73]. In a different study, inactivation of the ATM cofactor, Atmin
had a protective role against GBM formation, resulting in sensitization to hypoxia and
decreased level of platelet-derived growth factor receptor alpha (PDGFRA) expression in
mice carrying TP53 mutations. Inhibition of ATM reduced the expression of PDGFRA and
proliferation of primary GBM stem culture while not affecting normal neural stem cells [74].
In a study on glioma-initiating cells comparing the effect of KU55933 with an abrogation
of NHEJ by a DNA-dependent protein kinase inhibitor (DNA-PKi), the combination of
ATM inhibition and RT prolonged the survival of tumor-bearing mice, suggesting that HR
dominates the survival of these cells [75].

Besides interfering with DSB repair, ATM inhibition may indirectly confer radiosensi-
tivity. Thus, inhibition of ATM counteracted the pro-survival effect of interleukin-1 (IL-1)
in GBM cells, presumably by preventing transcription and activation of NF-kB [99]. ATM
was also associated with immune and metabolic modulators in the response of glioma
cells to radiation. Inhibition of ATM abolished the activities of NFκB and TP53-induced
glycolysis and apoptosis regulator (TIGAR), resulting in reduced cytotoxicity of TNFα and
the radiomimetic Neocarzinostatin (NCS) [100].

An association of ATM with the sensitivity of glioma cells to TMZ has been reported,
which may be relevant for the combination with RT. Thus, inhibition of ATM sensitized
TMZ-sensitive but notresistant glioma cell lines to treatment with TMZ [101].

Inhibition of ATR in the context of irradiating brain tumors has been less well studied.
ATR is a 301,367 Da [102] DNA- and ATP-binding serine/threonine kinase and is also a
member of the PIKK protein family involved in maintaining genomic integrity. The activity
of this enzyme depends on its complexing with ATRIP and the persistent presence of SSB,
while its well-known substrate is CHK1. ATR is essential for survival, and ATR deficiency
is embryonic lethal [103]. As a checkpoint for replication stress and DNA damage in
S-phase, ATR is a potential target for sensitizing tumor cells to DNA damage, but the cells’
response to ATR inhibition may depend on the functionality of the DDR machinery [104].
DNA synthesis was reported to be slower and permeated with a higher number of stalled
replication forks in CD133+ GSC in comparison with non-GSC GBM cells [83]. A higher
number of DSBs was observed in GSC during DNA replication, particularly in the locations
of the replication machinery, fragile sites, and DNA:RNA hybrids, and it was hypothesized
that radioresistance of GBM GSCs may be caused by continuous activation of DDR by
replication stress. Combined inhibition of ATR and PARP, an enzyme involved in the
stabilization of replication forks, resulted in a significant reduction of resistance to radiation
in both GSC and tumor bulk populations. However, the resulting number of DSBs was
higher in GSCs, marking them as particularly sensitive to impairment of the S phase
checkpoint [83]. Despite these promising results, NVP-BEZ235, a broad-spectrum inhibitor
of PI3K, mTOR and ATR, and AZD6738, an ATR-specific inhibitor, failed to prolong the
survival of mice bearing primary GSC-derived tumors when used alone or together in
combination with RT, compared with the effect of radiation alone [82].

Combined inhibition of multiple targets may enhance the effectiveness of tumor treat-
ment. Inhibition of ATR and poly (ADP-ribose) polymerase (PARP) showed a synergistic
effect on the viability of GBM cells, as well as on the survival of the treated animals carry-
ing orthotopic brain tumors [84]. As an alternative to using multiple inhibitors, a single
nonspecific inhibitor may be used for targeting multiple kinases. An example of such an
inhibitor used to treat brain tumor cells is NVP-BEZ235, an inhibitor of multiple targets
that include ATM and DNA-PK catalytic subunit (DNA-PKcs), which was associated with
the increased sensitivity of glioma stem cell xerographs in mice to RT and TMZ [71,105].
However, in the absence of evidence of genetic targeting of ATR expression, the results
provided by inhibitors targeting multiple pathways should be interpreted with caution.

In addition to its primary function associated with SSBs, ATR is also involved in
alternative lengthening of telomeres (ALT), a mechanism carried out by the HR machinery,
in which cells of many tumor types restore the telomeres achieve immortality. Thus,
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inhibition of ATR was linked with the prevention of ALT and induction of cell death in
ALT-positive tumors [106,107].

A recent study has associated sensitivity to ATR inhibition with the MGMT status
in the GBM cell line LN229, characterized by MGMT promoter methylation, which was
sensitive to TMZ and ATR inhibition in contrast with cells carrying an MGMT open reading
frame [108].

6.2. CHK1 and CHK2

CHK1 and CHK2 are ATP-binding serine/threonine protein kinases that are involved
in several steps of the cell cycle progression and hence the maintenance of genomic integrity.
CHK1 is a 54,434 Da [109] protein activated by ATR, and its targets include the phosphatases
CDC25A, CDC25B, and CDC25C involved in regulating the S and G1 cell cycle phase.
CHK2, with a molecular weight of 60,915 Da [110], is a substrate of ATM and, therefore
primarily involved in the cellular response to DSBs. While the consequences of CHK1
inhibition have been addressed over the past two decades, the inhibition of CHK2 remains
less well studied.

Debromohymenialdisine (DBH), an inhibitor of CHK1 and CHK2 kinases, was shown
to have a synergistic toxic effect with RT on CD133-expressing GSC, both in vitro and in an
animal model [38]. While CHK1 gene knockdown successfully decreased radioresistance
of GSC with reduced G2/M arrest and increased apoptosis, this was not the case with the
inhibition of CHK2 [111]. A similar effect was observed in studies of colon and pancreatic
tumors [112,113]. While these reports seem to favor the inhibition of CHK1 over CHK2, the
inhibition of CHK2 successfully increased the radiosensitivity of meningioma cells [90].

Several studies demonstrated the importance of targeting multiple kinases, such as the
combination of ATM and PARP [76] and the synergistic killing effect of GBM cells by com-
bining CHK1 and MEK1/2 inhibition [86]. Similarly, CHK1 inhibition combined with RT,
TMZ, and the DNA-hypomethylating drug decitabine showed a stronger antiproliferative
effect compared with individual treatments [89].

The inhibition of CHK1 by UCN-01 had a moderately radiosensitizing effect on GBM
cells, leaving them with a large number of unrepaired DSBs, whereas transfer of conditioned
medium increased the survival of unirradiated bystander cells [87]. UCN-01 reduced the
growth of glioma cells and increased their sensitivity to TMZ, cisplatin, and 1,3-bis(2-
chloroethyl)-1-nitrosourea (BCNU) treatments [114]. The effectiveness of UCN-01 was
associated with the inhibition of CHK1, phosphoinositide-dependent kinase 1 (PDK1), and
reduced protein kinase C (PKC) activity [115]. Additionally, it was shown that successful
induction of apoptosis depends on the duration of UCN-01 exposure [85].

The inhibition of CHK1 and ATR were shown to be cytotoxic in c-MYC overexpressing
medulloblastoma cells. Interestingly, while the inhibition of CHK1 sensitized medulloblas-
toma cells to cisplatin, it had no effect on their radiosensitivity [116].

UCN-01 abrogated G2/M cell cycle arrest and enhanced the cytotoxic effect of TMZ
independently of p53 status [117], whereas inhibition of CHK2 activity was associated with
suppression of TMZ efficacy in AKT-overexpressing GBM cells [118].

6.3. WEE1

WEE1 is a 71,597 Da [116] ATP-binding serine/threonine protein kinase that plays a
crucial role in G2 cell cycle arrest and, therefore, in genome maintenance. As the inhibition
of WEE1 activity enables the cell to divide in the presence of DNA abnormalities, the
combination of WEE1 inhibition and RT may drive cells into mitotic catastrophe.

Mir et al. [88] demonstrated a role of WEE1 kinase in genomic stability of GBM
and a significant effect of combining WEE1 inhibition and irradiation on the viability of
established GBM cell lines, GBM stem-like cells, primary GBM cultures, and animal models.
WEE1 kinase was overexpressed in GBM patients, and the WEE1 expression level was
shown to correlate with patients’ survival. The WEE1 inhibitor PD0166285 in combination
with RT reduced the viability of GBM cells, reduced tumor burden, and prolonged animal
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survival. In addition, inhibition of CHK1 with UCN-01 had a radiosensitizing effect on
GBM, reducing their mitotic potential and leaving them with a large number of DSBs. It
should be noted that this study also included expression profiles of the kinases in different
tumor types showing that the response to the kinase-base treatment may depend on the
type of the tumor [88]. In a similar study, WEE1 inhibition prevented the accumulation
of irradiated cells in the G2 phase, however, this effect was temporary for the GBM stem
cell lines [91]. While the MK-1775 inhibitor sensitized both p53-wt and p53-mutated cell
lines to radiation, it failed to radiosensitize the G179 line, which was characterized by high
expression of WEE1. On the other hand, an enhanced response to the WEE1 inhibitor MK-
1775 in combination with RT was observed after knockdown or knockout of p21 in tumor
and normal cell lines [119]. This was associated with an increased number of DNA lesions
marked by γH2AX in the S-phase and suggested that the efficacy of WEE1 inhibition
might depend on p53 status in some settings. In the in vivo study on glioblastoma, a
synergistic effect of the combination of MK-1775 with fractionated RT on tumor growth
delay was observed, which was associated with an enhanced mitotic rate [91]. Another
study involving MK-1775 demonstrated the ability of the inhibitor to radiosensitize GBM
in vitro, but failure to synergize with TMZ in vivo was ascribed to the limited access to the
target tumor cells [92].

WEE1 was found to be highly expressed in diffuse intrinsic pontine glioma (DIPG; now
known as diffuse midline glioma) and in pediatric high-grade gliomas (HGGs) [93,94]. The
inhibition of WEE1 activity increased the radiosensitivity of DIPG cells in vitro, reduced
tumor burden in vivo, and prolonged the survival of orthotopic mice. In HGGs, higher
WEE1 expression levels were associated with higher tumor grades. Inhibition of WEE1
radiosensitized HGG cells, when applied 24 h after the RT, decreased tumor burden and
increased survival in RT-treated animals.

The potential role of cell cycle checkpoint inhibition in the treatment of high-grade
glioma was supported by the dose-dependent radiosensitizing effect of MEK162, the
MAPK-targeting agent, which downregulated the expression of WEE1, ATM, and CHK2
kinase, as well as CDK1 and CDK2. The synergistic effect of combined MEK162-irradiation
on tumor growth was observed in a primary GBM orthotopic model, while combined
treatment and the inhibitor alone prolonged survival [120].

A recent study on non-brain murine tumors showed that, in addition to sensitization
of radiation-induced tumor cell inactivation, inhibition of the WEE1 kinase also enhanced
the response to immune checkpoint blockade [121]. This potentially important finding
suggests that radiation-induced mitotic catastrophe may release DAMP molecules and
possibly neoantigens to stimulate the antitumor immune response [122,123].

7. Clinical Studies

Several clinical phase I-II trials of checkpoint kinase inhibitors in combination with
RT and CT in solid tumors or leukemia have been published or are ongoing, but a compre-
hensive review included only two ongoing trials on brain tumors [124]. A recent review
discussed molecular targets in the treatment of high-grade pediatric glioma, but no clinical
studies on cell cycle checkpoint kinase inhibitors were listed [125].

A search of the NIH ClinicalTrials.gov database [126] for clinical trials on cell cycle
checkpoint inhibitors in brain tumors identified two trials on inhibitors of ATM and CHK1,
respectively, and five on the WEE1 inhibitor AZD1775 (Table 2). Notably, three ongoing
phase I trials are testing the combination of AZD1775 (Adavosertib) with RT. One phase
0/early phase I trial (NCT02207010) published results showing good brain tumor penetra-
tion, which contrasted an earlier preclinical study showing limited uptake [92,127]. Since RT
increases the blood–brain barrier permeability, inhibitor uptake may be further enhanced
by combination therapy [128]. Clearly, there is a need for more trials on inhibitor-plus-RT
combinations in well-characterized primary brain tumors, including the identification of
biomarkers for sensitivity and resistance.

ClinicalTrials.gov
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Table 2. Clinical trials involving inhibitors of ATM, CHK1, and WEE1 in brain tumors [126].

Target Drug Phase
Estimated End
Date/End Date

Tumor
ClinicalTrials.Gov

Identifier
References Status Other Treatments

ATM AZD1390 I
14 December

2023

Brain tumors,
Leptomeningeal

disease
NCT03423628 [129] Active RT

CHK1 LY2606368 I June 2026
Medulloblastoma in

pediatric patients
NCT04023669 [130] Active

Cyclophosphamide
Gemcitabine

Filgrastim
peg-filgrastim

WEE1
AZD1775
(MK-1775)

I 25 March 2019
Recurrent

glioblastoma
NCT02207010 [127,131] Completed RT

WEE1
AZD1775
(MK-1775)

I
29 July 2021,

primary
Glioblastoma NCT01849146 [132] Active RT, TMZ

WEE1
AZD1775
(MK-1775)

I
31 October 2021,

primary
Diffuse intrinsic
pontine gliomas

NCT01922076 [133] Active RT

WEE1
AZD1775
(MK-1775)

I
31 December

2021

Relapsed or
refractory solid

tumors (including
medulloblastoma)

NCT02095132 [134] Active
Irinotecan

hydrochloride

WEE1
AZD1775
(MK-1775)

II 30 June 2022

Advanced refractory
solid tumors

(including gliomas),
lymphomas, or

multiple myeloma

NCT02465060 [135] Active Multiple drugs

8. Conclusions

RT is applied as a standard of care treatment for many brain tumors. Nevertheless,
the effectiveness of RT is limited by the radioresistance of tumor tissue, particularly tumor
stem cells. The application of RT is restricted by the level of tolerance of the normal tissue,
thus, the prognosis for the most aggressive brain tumors has remained very poor over
the past decades. Overall, the treatment of brain tumors needs advancement, and the
abrogation of mechanisms involved in the radioresistance of tumor cells seems a promising
avenue for further investigation. Cell cycle checkpoint inhibition is still in its infancy but
while ATM, CHK1, and WEE1 inhibitors resulted in successful sensitization of various
tumor types, including primary brain tumors, ATM and CHK2 inhibitors are less studied
in brain tumors.

The preclinical studies strongly suggest that cellular and genetic context is an impor-
tant factor in determining the radiosensitizing effect of different kinase inhibitors. This
suggestion implies a need for reliable biomarkers to predict which tumors are likely to
respond to specific inhibitors or specific combinations of different inhibitors. For example,
TP53 status seems to be important for the efficacy of some inhibitors, and current data agree
with the notion of synthetic lethality of ATM inhibition in cells with a p53-defective path-
way when combined with irradiation. Overall, the preclinical data support the hypothesis
that cell cycle checkpoint kinases may be clinically valuable targets in brain tumors and en-
courage further clinical trials in that area. It should be noted that the effect of the inhibition
treatment depends not only on cell types but also on the selectivity and pharmacokinetics
of the applied inhibitor. Furthermore, the mechanisms regulating the cell cycle still need to
be fully illuminated in order to identify the best therapeutic target(s). A promising option
is the potential enhancement of antitumor immune response by combining cell cycle kinase
inhibitors with RT and immune checkpoint inhibitors.
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