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Glioblastoma vs temozolomide: can the red queen race be won?
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ABSTRACT
Glioblastoma is the most invasive form of brain tumor. Although temozolomide chemotherapy has been
shown to significantly improve survival in patients with GBM, this increase is only trivial. The underlying
cause is that many GBMs do not respond to temozolomide, and the rest produces resistance. In the past
two decades, many attempts have been made to understand resistance mechanisms and to combine
other treatments with temozolomide to maximize patient benefit. Unfortunately, it seems to be a red
queen game, and the speed of disease development is as fast as the progress in the field. In order to win
this game, a comprehensive approach is needed to decipher the details of the resistance mechanism
and to transfer the basic research to the clinic. This article reviews the following: temozolomide
discovery, chemistry, and mechanism of action, and mechanisms of resistance, as well as combination
therapy with other strategies.
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Introduction

Glioblastoma (GBM) is the most common form of primary
brain tumor in adults. It is highly aggressive and has a median
survival fewer than 2 years.1 Due to its heterogeneous and
infiltrative nature, GBM has an unpredictable response to
most treatment modalities. The complexity of this disease is
a major obstacle to the development of effective treatment.
Decades of research in the field of GBM have helped us to
understand its biology extensively, but the translational trans-
fer of most studies has not yet been achieved. Therefore,
current standards of care include maximum safe resection,
followed by simultaneous chemoradiation therapy and temo-
zolomide adjuvant chemotherapy for newly diagnosed GBM,
which remains the same for more than two decades.2

Temozolomide is a monofunctional DNA alkylating agent
used in the clinical treatment of newly diagnosed GBM. The
addition of temozolomide regimen improved the overall survival
and progression-free survival in patients with GBM compared
with radiotherapy alone.3,4 Temozolomide is a lipophilic mole-
cule that crosses the blood-brain barrier and is stable at the acidic
pH of the stomach and is therefore administered orally.5

The effect of temozolomide is highly scheduled depen-
dent. A single higher dose is actually ineffective and a strict
regimen must be followed to obtain a favorable result.6 In
addition, due to genetic or acquired resistance to temozolo-
mide, there is an inevitable recurrence. In many clinical
trials, relapsed recurrent tumors have been studied using
temozolomide as a single drug, as well as alternative thera-
pies such as CCNU (lomustine), BCNU (carmustine) and
bevacizumab, but no Long-term benefits.7,8 The only defini-
tive marker predicting temozolomide resistance is the
MGMT promoter methylation status.9 Although many
other resistance mechanisms are reported in the literature,

most antibody mechanisms either fail in clinical trials or
have not been tried.

Thanks to the efforts of scientists and clinicians around the
world, the understanding of GBM at the molecular level has
increased significantly. A variety of important pathways and
driving mutations have been identified and candidate targets
for treatment have been provided.10-12 Although many of these
targets showed promising results in animal models, most failed
in the translation step and there was no further improvement in
patient survival.13,14 A new GBM classification scheme was
established by incorporatingmolecular markers into histopatho-
logical grades.15 However, this classification does not represent
any strategy for stratifying patients, according to the temozolo-
mide response, except for patients with IDH1/2 mutations who
predict a good prognosis for low-grade gliomas and GBM.16,17

Therefore, GBM is still a frustrating disease that beats all
efforts to cure success. Like the Red Queen, each intervention
is overcome by GBM‘s adaptation, modification, and resis-
tance, leaving the study in the same place it started (Box 1). In
this article, we discuss how temozolomide was discovered and
became popular in GBM. We also provide its mechanism of
action and report on the reasons for resistance development.
At the same time, we reviewed various clinical trials to
improve the response to temozolomide in GBM patients.
A complete overview of this GBM-preferred drug hopes to
find the possibility for the scientific community, clinicians
and young readers to win the Red Queen‘s race against GBM.

History and chemistry

The drug development process involves the synthesis of new
chemical entities and evaluating their potential as a drug. The
process is very lengthy and detailed, as the goal is to provide
patients with the safest and most effective drugs. There are
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two types of drug development processes, first, where a series
of compounds are formed and tested for their ability to
capitulate various diseases, and the other is a known target,
where the compound is pre-designed for development to
abolish the activity of the desired target.18,19 However, for
the development of temozolomide, neither option was fol-
lowed. Therefore, after the first synthesis of precursors for
patients in 1960, temozolomide has covered a strange but
exciting journey that is completely different from consistent
drug design. For example, the entire process of testing in the
first phase was carried out by the efforts of a small group of
academic pharmacists.

This process begins with the establishment of imidazotetra-
zinone, a class of prodrugs when reacting diazonium with
various isocyanates. The first synthesis of temozolomide was
the result of diazo-IC and methyl isocyanate.20 Later, temozo-
lomide was also made by using other precursors, but these two
compounds proved to be effective for large-scale synthesis. In
1978, at Aston University, Pharmacy graduate Robert Stone
joined Malcolm Stevens as part of the student program to
join Plum and Baker Co., Ltd. Stone in collaboration with
Eddy Lunt and Chris Newton, prepared a bicyclic compound
having an imidazole ring bonded to 1,2,3,5-tetrazine ring.19

The laboratory name for this product is Azolastone (Aston
+Stone; later called mitozolomide). Another Aston University
student, Neil Gibson, showed anti-tumor activity against leu-
kemia and lymphoma in a mouse tumor model. The pharma-
cist at Aston University used the drug in clinical trials in 1983,
but due to its cross-linking properties, it ended in despair
resulting in severe drug-induced thrombocytopenia. Later, stu-
dies showed that the replacement of a chloroethyl group with
a methyl group in azolastone completely changed the toxicity
characteristics, so a new molecule called temozolomide
appeared. The Temozolomide project and the efforts of Aston
University were originally funded by cancer charity of the
Cancer Research Campaign, UK, and pharmaceutical company,
May and Baker Ltd., After the failure of azolastone, the
resource input of temozolomide may be easily reduced due to
lack of funds, but it has been promoted and the world has
obtained a successful anti-tumor drug that can treat patients

with GBM. This success represents a spectacular blend of
chemical and biological sciences against the GBM war[18].

Mechanism of action

DNA alkylating agents have been discovered almost a century
ago. They were synthesized from mustard gas and used during
World War I (1924–1928). Although these compounds have
been used in the chemotherapy of 1946,21,22 it was not known
that they are alkylating the DNA. In fact, the DNA structure
itself was deciphered in 1953.23 The most common alkylating
agents used to combat various types of cancer are dacarbazine
(DTIC), BCNU, CCNU, and temozolomide. These drugs or
their active forms produce methyldiazonium ions, which are
electrophilic methylated species. Inside the cell, the DNA acts
as a nucleophile and result in the formation of multiple
adducts. The distribution, half-life, nature and cellular char-
acteristics of these adducts determine the degree of cytotoxi-
city and the likelihood of resistance.5 There are two classes of
alkylating agents: monofunctional, which form an adduct with
DNA or which cause biphasic cross-linking of DNA.
Temozolomide is a monofunctional DNA alkylating agent
that acts as a prodrug. It is inactive and stable at acidic pH
and is completely absorbed when administered orally.
Hydrolysis of temozolomide occurs at physiological pH,
resulting in the formation of 5-(3-methyltriazol-1-yl)imida-
zole-4-carboxamide (MTIC). MTIC is further hydrolyzed to
5-amino-imidazole-4-carboxamide (AIC) and methyldiazo-
lium, which react with DNA and releases its methyl group
(Figure 1). This process resulted in the formation of the
following DNA adducts (Figure 2).

N7 methyl guanine (N7MG)

The N7 position of guanine is the most nucleophilic site in
DNA. This property, due to its nature and its accessibility in
the main groove, makes it the most preferred methylation site
for temozolomide. Therefore, N7MG accounts for about 70%
of the total temozolomide adduct. When present in DNA, the
adduct will neither interfere with the replication process nor
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Figure 1. Mechanism of action of temozolomide. Temozolomide is stable at acidic pH. At physiological pH, it is chemically converted to 5-(3-methyltriazol-1-yl)
imidazole-4-carboxamide (MTIC, active compound. MTIC is further hydrolyzed to 5-amino-imidazole-4-methyl Amide (AIC) and methyldiazolium. Methyldiazo ions
react with DNA and release its methyl group.
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cause a mismatch. Therefore, despite its high abundance, the
biological significance of this adduct remains questionable.
Thus, the N7MG adducts are inherently harmless and their
spontaneous depurination or enzymatic removal can result in
the generation of apurinic sites that are highly toxic to cells.24

N3 methyl adenine (N3MA)

The N3 position of adenine in DNA is also a strong nucleo-
philic site. Temozolomide produced a second frequency of
N3MA lesions, accounting for 10% of the total adduct.
N3MA also has no mismatch, but has been shown to block
DNA polymerization in vitro. However, it has been reported
that this activity is N3MA induced by other alkylating agents,
not temozolomide. It has been shown that N3MA hydrolyzes
DNA at neutral pH and physiological temperature, resulting
in abasic sites, which may result in cytotoxicity.24

O6 methyl guanine (O6MG)

O6 methylguanine is a weak nucleophile with a frequency of
at least 5%. However, this lesion is the main cause of the
cytotoxic effect of temozolomide. O6MG mismatches with
thymine, as a result, are recognized by the mismatch repair
machinery (MMR). MMR corrects the O6MG-thymidine pair
by removing thymine from the undamaged strand instead of
removing O6MG, which causes additional thymidine incor-
poration during replication.

Other alkylating agents have also been reported for other
methyl groups such as N1MA, N7MA, N2MG, and N3MG,

but their relevance or correlation to temozolomide toxicity
has not been determined.24

Resistance mechanisms

Chemical resistance to drugs may be the result of activation of
anti-apoptotic factors, DNA repair pathways or drug efflux
mechanisms. Depending on the strength of DNA damage by
chemotherapy, the cells undergo DNA repair, cell cycle arrest,
apoptosis or senescence. The development of chemoresistance
to temozolomide is a major obstacle to GBM management.
Resistance may be inherent or acquired during treatment.25,26

In the next section, the effects of various DNA repair path-
ways and other signaling pathways reported in the regulation
of temozolomide resistance are discussed (Figure 3).

DNA repair pathways

Depending on the nature of the DNA damage, different types
of DNA repair pathways are activated by exposure to che-
motherapy4. DNA repair pathways involve direct repair (DR),
mismatch repair (MMR) and base excision repair (BER). Each
of these has been reported to contribute to cellular responses
to temozolomide exposure, although at different levels.

Direct repair by MGMT
O6-methylguanine-DNA methyltransferase (MGMT, also
known as ATase, AGT, AGAT) reverses O6MG damage
caused by alkylating agents in a one-step transalkylation reac-
tion. It transfers an alkyl substituent (alkyl or chloroethyl)
from the oxygen to the cysteine residue of its catalytic pocket
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Figure 2. Adduct formation as a result of the reaction of DNA and temozolomide. A) N7 methylguanine (N7MG): The N7 position of guanine is methylated by
temozolomide. The 70% adduct formed in the cells under temozolomide exposure was N7MG. B) N3 methyl adenine (N3MA): The N3 position of adenine is
methylated by temozolomide. The 10% adduct formed in the cells under temozolomide exposure was N3MA. C) O6 methylguanine (O6MG): The O6 position of
adenine is methylated by temozolomide. The 5% adduct formed in the cells upon exposure to temozolomide is O6MG.
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(Cys 145). This results in inactivation of MGMT and its
subsequent degradation by proteasome mechanisms. Thus,
one MGMT molecule can remove only one adduct, such
that repair is dependent on continuous MGMT expression.
Due to the high lethality of O6MG, this is one of the main
mechanisms of anti-temozolomide. MGMT is an evolutiona-
rily conserved enzyme that is regulated by a variety of meth-
ods, such as promoter methylation, altered expression, histone
modifications, post-transcriptional modifications, and
miRNA regulation of transcription levels.27,28 It is
a cytoplasmic protein that shuttles through the nucleus after
DNA alkylation damage. MGMT promoter methylation has
been found to be viable in GBM and is associated with a good
clinical response to temozolomide.9 However, the association
of MGMT protein levels with GBM survival remains
unclear.29,30 Many reports have shown changes in MGMT
protein in response to temozolomide treatment by activating
various signaling pathways. For example, the Wnt pathway
has been shown to modulate MGMT expression in response
to temozolomide because its inhibition results in a decrease in
MGMT expression and chemical sensitization.31 It has been
reported that 0.4% of MGMT mutations in gliomas indicate
that genetic inactivation is not the primary mechanism of
resistance development. The use of drugs that inhibit
MGMT, such as O6-benzylguanine (O6BG), is limited in
clinical applications due to its hematological cytotoxicity.32

On the other hand, MGMT methylation is associated with
a high mutation phenotype at relapse.33 Due to its predictive

significance, MGMT promoter methylation is used clinically
for GBM (Box 2).

Mismatch repair
Mismatch repair pathways are used to prevent mismatches
caused by replication errors and incorrect insertions. In mam-
mals, MSH2 and MSH6 heterodimer recognize base
mismatches.25 Next, another heterodimeric complex consist-
ing of MLH1 and PMS2 was recruited to the repair site to
modulate the process. As previously described, unrepaired
O6MG pairs with thymine instead of cytosine. This O6MG-
thymidine pair is recognized by MMR, and as a result, thy-
mine is removed from the newly synthesized strand, leaving
O6MG intact. In the next replication cycle, a mismatch occurs
again and the repair cycle is repeated. This ineffective loop of
MMR causes the replication fork to stall because the cells
attempt to divide and cause the production of double-strand
breaks. These double-strand breaks are cytotoxic to cells, so
O6MG-induced cytotoxicity requires active MMR.34 In the
absence of MMR, O6MG lesions are tolerated, resulting in
chemical resistance. Very few mutations are reported in the
MMR component of GBM. However, in recurrent GBM,
MSH6 mutations have been found with no mutations in
matched primary tumors. This mutation in MSH6 resulted
in a decrease in its expression, further confirming the resis-
tance induced by temozolomide by inactivating MMR.

Figure 3. Resistance mechanism of temozolomide. A) N7MG and N3MA induced base excision repair (BER) pathways leading to recognition of modified bases by DNA
glycosylation enzymes followed by base excision by AP endonuclease. This results in the recruitment of complexes containing DNA polymerase, DNA ligase, and
adaptor molecules. This complex replaces the damaged site with the correct foundation. An effective BER results in resistance to temozolomide. B) O6MG on DNA
results in an O6MG-thymidine mismatch. In the presence of active mismatch repair (MMR), the incorporated thymine was removed from the undamaged strand and
incorporated again during the next replication cycle. This results in an ineffective loop of MMR which results in cytotoxicity. In the absence of an active MMR
mechanism, the O6MG-thymidine mismatch is tolerated and cells survive. In the presence of MGMT, the O6MG is repaired, resulting in resistance.
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Base excision repair
BER repair single nucleotide modification.35 As described
above, temozolomide produces various types of adducts. The
BER that primarily recognizes N7MG and N3MA is activated
to resolve these adducts. Since the major lesion caused by
temozolomide is N7MG alkylation, active BER plays a key
role in temozolomide resistance. The BER pathway is initiated
when a modified base is recognized by a DNA glycosylase.
A DNA glycosylase scans DNA helices to recognize and excise
modified or damaged bases. In eukaryotes, different types of
glycosylation enzymes are activated by different underlying
lesions. In the case of the temozolomide adduct, the alkyl
adenine DNA glycosylase (AAG) plays a major role. Once
the damaged base is removed, an apurinic site is created. At
this stage, the depurination/depyrimidine endonuclease
(APE1) cleaves the damaged end, and DNA polymerase β
(DNA POLB) is synthesized thereon and filled with a single
nucleotide gap. Finally, the nick sealing step is carried out by
DNA ligase I or a complex of XRCC1 and DNA ligase III. In
the absence of an active BER mechanism, temozolomide-
induced N7MG adducts are cytotoxic to cells.36 It has been
shown that BER intermediates that retain unrepaired single
nucleotide gaps or gaps are more toxic than the initial damage
of DNA. Therefore, inhibition of this repair process is fatal to
the cells in an intermediate step after base excision. Consistent
with this, up-regulation of AAG and silencing of DNA POLB
have been shown to result in hypersensitivity of GBM cells to
temozolomide. Furthermore, silencing AAG alone can disrupt
the overall initiation of the BER mechanism and has therefore
been shown to increase the chemosensitivity of cells to
temozolomide.37

Other mechanisms

In addition to MGMT as part of the DNA repair mechanism
that confers resistance to temozolomide, many other alternative
mechanisms have been proposed. The role of gap junction
intracellular communication (GJIC) has been shown to be
important for the development of temozolomide resistance.
Increased RNA and protein levels of connexin 43 (a GJIC
component) were observed upon exposure to temozolomide.
This increase was found to be dependent on the EGFR/JNK/
ERK/AP1 axis, as it was found that binding of AP1 to the 5‘
regulatory region of connexin 43 is important for its
upregulation.38,39 The functional role of connexin 43 was estab-
lished by dye transfer, and increased metastasis in resistant
cells, suggesting that intercellular transfer may be an important
factor in temozolomide resistance In another study, inhibition
of junction 43 by peptidomimetic was shown to result in
inhibition of mTOR and activation of AMPK, resulting in
increased cell death following temozolomide exposure.
Similarly, another protein, p-Gp (p-glycoprotein), which is an
ABC transporter, has been shown to efflux from temozolomide
to help resist.40 In addition, protein homeostasis in response to
temozolomide damage have been shown to be important for
cell survival. In addition to DNA damage responses, chemical
resistance is also dependent on the endoplasmic reticulum
stress response. The ER stress inducer, JLK 1486, has been
shown to increase the efficacy of temozolomide, suggesting

that prolonged ER stress can play a synergistic role in temozo-
lomide-induced cell death.41 In addition to protein homeosta-
sis, an imbalance in metabolic response can also increase the
effect of temozolomide. In a similar series, it has been reported
that AMPK is induced after temozolomide exposure and pro-
motes apoptosis by inhibiting mTORC1.42 In another study,
activation of β-catenin and AKT signaling has been shown to
confer chemical resistance to the U87 glioma cell line. The
combination of a GSK3β inhibitor cocktail with temozolomide
has been shown to be beneficial in a mouse model.43

Clinical trials and combination therapy

A landmark study to establish current standards of care called
the “Stupp regimen,” indicates that newly diagnosed gliomas
are synchronized with radiation and adjuvant chemotherapy
(75 mg/m2 body surface area daily for six weeks, followed by
six cycles of temozolomide at 150–200 mg/m2 for 5 days dur-
ing each 28 day cycle) is given compared to radiation alone.
The median overall survival of the Stupp regimen branch was
14.6 months, compared to 12.1 for RT alone. At the same time,
the importance of the methylation status of the MGMT pro-
moter to the patient‘s chemotherapy response was established.
In this study, it was found that MGMT promoter methylation
increased the survival rate of GBM patients regardless of treat-
ment, making it a prognostic marker. In addition, GBM
patients with promoter methylation when receiving RT and
temozolomide had improved median survival compared to
RT alone. This underscores the role of MGMT in temozolo-
mide resistance.9 Based on this, it has been suggested that
increasing the dose of temozolomide should increase its cyto-
toxic effect as it will overcome the ability to repair. However,
this trial failed to provide a survival difference between the two
arms.44,45 Several driving gene changes have been described in
GBM10. Based on this knowledge, the efficacy of many targeted
therapies alone or in combination with temozolomide has been
tested. Unfortunately, these efforts to date have not led to the
emergence of any successful therapy that can benefit patients.
The EGFR pathway has been reported to be altered in a variety
of ways in most GBM, such as EGFR amplification or muta-
tion. EGFR inhibitors (erlotinib and gefitinib) and monoclonal
antibodies (cetuximab and nimotuzumab) have undergone
multiple phases II and III clinical trials, but they survive or
The benefits of the combined use of temozolomide could not
be established.46 Similarly, inhibition of the PI3K/mTOR sig-
naling pathway with temsirolimus (an mTOR inhibitor) failed
to provide a survival benefit compared to temozolomide.47 In
addition to active GBM signaling, tumor-gene angiogenesis is
essential for disease progression. Bevacizumab is a humanized
antibody against vascular endothelial growth factor
A (VEGFA), combined with standard therapies for newly diag-
nosed patients in two independent clinical trials, both confirm-
ing the lack of benefit in the overall survival of GBM
patients.17,47,49

Conclusion: can the red queen race be won?

Temozolomide is the drug of choice for GBM treatment in
the clinic. Although it is beneficial to the survival of
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patients, the recurrence and prognosis of GBM remain
frustrating. The temozolomide response lacks robust pre-
dictive markers. To date, combination therapies that have
been tried have failed to provide additional benefits to
patients. This highlights the gap between the positive results
of the in vitro and in vivo models, but the human trials fail.
Therefore, any improvement in this area will allow us to re-
enter the same place we started, which is the overall survival
of 15 months. The question is when will the Red Queen
race be won? The need for hours is to understand drug
resistance from a new perspective so that other tumor
susceptibility can be utilized and targeted improvements in
survival can be achieved. An understanding of the mechan-
isms by which tumor cells play an important role in com-
bating temozolomide will enable the addition of other
agents to the regimen, making it possible for a double
sword to make tumor recurrence difficult.

Methylation-specific PCR (MSP)

Methylation-specific PCR is most commonly used for MGMT
promoter methylation diagnostic tests. This is a simple and cost-
effective test that can be performed on a small number of
stereotactic biopsy samples in the case of unresectable GBM
and formalin-fixed, paraffin-embedded (FFPE) clinical samples.
Extraction of genomic DNA from the sample and bisulfite
treatment results in the conversion of the cytosine residue to
uracil. The methylated cytosine residue in the form of 5-methyl-
cytosine remains unchanged after this treatment. Although the
methylation-specific primer pair contains a sequence comple-
mentary to the untransformed 5-methylcytosine, on the other
hand, the non-methylation-specific primer pair contains
a sequence complementary to the unmethylated cytosine that
has been transformed. For thymine. After the completion of the
PCR, gel electrophoresis was performed to visualize the bands.
Therefore, one of the above two primer pairs obtains the ampli-
fication product as determined by the MGMT26.

Quantitative methylation-specific PCR

The method also utilizes bisulfite conversion of genomic DNA
and amplification using methylation-specific primers such as
an MSP. However, instead of semi-quantitative analysis based

on gel electrophoresis, RT-qPCR values were used to report
methylation status. The Ct value obtained for each sample was
used to calculate the copy number based on a linear regres-
sion of the values plotted on the copy number equivalent
standard curve. A standard curve was obtained using
a plasmid containing the sequence of interest after bisulfite
conversion. Data normalization in terms of sample proces-
sing, volume, DNA separation, etc. is obtained by the ratio of
the MGMT copy value obtained from the standard curve to
the internal control copy value (for example, ACTB). A cutoff
value is applied to the ratio to define the methylation status.28

Pyrosequencing

Pyrosequencing is based on the principle of “synthesis sequen-
cing”, which is used to determine the sequence of methylated
CpG sites on the MGMT promoter. This technique relies on the
measurement of light signals produced by bioluminescence,
which can be detected when pyrophosphate is released during
DNA synthesis. Previously, bisulfite conversion of the genomic
DNA to be analyzed was performed, which resulted in the
conversion of unmethylated CpG to TpG, keeping the methy-
lated CpGs the same. The transformed genomic DNA was used
as a sequencing template, primers, specific enzymes and enzyme
substrates for synthesis. The enzymes used include the Klenow
fragment of DNA polymerase I, ATP sulfurylase, luciferase,
apyrase, and the enzyme substrates include adenosine phosphate
sulfate and D-luciferin. Four nucleotides were added in
a continuous cycle in the sequence, and the light-emitting
recording recorded the incorporated nucleotides. Based on this
data, the DNA template sequence and its methylation status in
the initial sample can be derived. This method is highly analy-
tical and is recommended for use in current clinical settings.50
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Abbreviations

Box 1. Red queen race conversation from Alice in the wonderland by Lewis Carroll.

“Well, in our country,” Alice said, still panting. “You usually get to other
places – if you run fast for a long time, as we have been doing.”

“A slow country!” said the Queen. “Now, here, you see, it requires all the runs
you can do, stay in the same place. If you want to reach other places, you
must run at least twice as fast as you have been doing!”.

GBM glioblastoma

MGMT O6-methylguanine-DNA methyltransferase
MMR mismatch repair
BER base excision repair
N7MG N7 methylguanine
N3MG N3 methylguanine
O6BG O6-benzylguanine
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