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Simple Summary: This review article presents novel therapies being developed for central nervous
system cancers. Based on recent studies of our own and others, we have enumerated six molecules,
which upon mutation are regarded as the primary cause of cancer development and are as follows:
isocitrate dehydrogenase, telomerase reverse transcriptase, BRAF, O6-methylguanine-DNA methyl-
transferase, histone3-lysine27/histone3-guanine34, and NTRK/ROS1. Molecule-targeting drugs
have been developed based on tumor initiation and how these mutations are involved in tumor
development and progression.

Abstract: The timing of the acquisition of tumor-specific gene mutations and the systems by which
these gene mutations are acquired during tumorigenesis were clarified. Advances in our under-
standing of tumorigenesis are being made every day, and therapies targeting fundamental genetic
alterations have great potential for cancer treatment. Moreover, our research team successfully
estimated tumor progression using mathematical modeling and attempted early diagnosis of brain
tumors. We developed a nanodevice that enables urinary genetic diagnosis in a simple and non-
invasive manner. Mainly on the basis of our research and experience, this review article presents
novel therapies being developed for central nervous system cancers and six molecules, which upon
mutation cause tumorigenesis and tumor progression. Further understanding of the genetic char-
acteristics of brain tumors will lead to the development of precise drugs and improve individual
treatment outcomes.
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1. Introduction

Although numerous multidisciplinary therapeutic strategies that combine surgical
resection, chemotherapy, radiation therapy, and other treatment approaches have been
attempted for central nervous system (CNS) cancers, several tumor types are still char-
acterized by extremely poor prognosis. A typical example is a glioblastoma, which is
classified by the World Health Organization (WHO) as a grade 4 tumor type and has a
very poor prognosis, with a 5-year survival rate of approximately 10% [1,2]. Moreover,
regardless of the tumor type, in several cases, treatment options are extremely limited
owing to the anatomical location of the tumors. Furthermore, brainstem glioma, which is
common in children and characterized by a high degree of pathological malignancy, has
limited treatment options, with a 2-year survival rate of only 10% [3]. In these tumors
with poor prognosis, it is imperative to develop novel therapeutic approaches, as well as
improvements in surgical resection techniques such as supra-total resection and endoscopic
tumor resection.

Several novel therapies for CNS cancers are currently under development. Several
advances in genome analysis have been made and studies on how genetic aspects are
related to the development, progression patterns, treatment responsiveness, and recurrence
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of cancers after treatment have been reported. Molecule-targeting drugs and several other
novel therapies have also been developed as part of this process. In this review, we have
presented new perspectives on the development and progression of CNS cancer and its
associated molecular mechanisms.

2. Mathematical Model of Tumor Development

Diffuse glioma, which accounts for approximately 80% of CNS tumors, is classified
as a grade 2–4 tumor type by the WHO [4]. Although grade 2 tumors are generally con-
sidered low-grade malignancies, they often have poor prognoses, owing to malignant
transformations that occur over time during treatment or at recurrence [4]. Such malignant
transformations have been attributed to therapeutic interventions, such as chemotherapy
and radiotherapy, which are performed as standard treatments [5,6]. Grade-2 gliomas are
responsive to radiotherapy plus chemotherapy with temozolomide (TMZ) or the regimen
of procarbazine, lomustine (CCNU), and vincristine (known as PCV) [7–10]. However, the
timing of these therapies after surgery is controversial. If the clinical course of an indi-
vidual tumor is predicted based on the tumor’s genetic background, we would be able to
estimate the best timing for surgery. The advent of genome-wide analysis technologies has
revealed the characteristic genetic lesions in a variety of tumors including LGGs, and the
results well imply clinical outcomes [11–13]. For example, mutations in the genes encoding
isocitrate dehydrogenase (IDH) 1 and 2 (IDH1 and IDH2) account for approximately 80%
of grade-2 gliomas and represent one of the fundamental and earliest molecular events in
the genesis of these tumors [14–17]. The IDH-mutant grade 2-gliomas are classified into
two subtypes which demonstrate different clinicopathological and genetic characteristics
depending on the presence of co-deletion of the short arm of chromosome 1 (1p) and the
long arm of chromosome 19 (19q) (1p/19q) according to the revised WHO classification [4].
Longitudinal studies of IDHmut-gliomas have identified several genetic and epigenetic
alterations more commonly in recurrent tumors with malignant transformation compared
to primary tumors [18,19]. These genetic and epigenetic insights into tumors showed
sequential events happening within single cells and the clinical behaviors of an individ-
ual. Several attempts have been made to use mathematical models of the routes taken by
these cancers, from tumor development to malignant transformation, to the end of making
inferences regarding the factors involved and their timing. Among a number of interdis-
ciplinary studies, two mathematical models accounted for the malignant transformation
of Grade-2 gliomas [20,21]. However, these studies analyzed a small number of patients
who underwent surgery alone, and estimated growth parameters, but failing due to rough
prediction of tumor progression. Conversely, our team used time-series data to construct a
mathematical model that accounted for the effects of therapeutic interventions on factors
such as tumor volume (calculated from images) and treatment history, using 276 cases of
IDH-mutant glioma. Using comprehensive genetic analyses for each case, we were able
to estimate the effects of therapeutic interventions on tumor progression and malignant
transformation, considering the period from tumor onset to diagnosis and the timing of
therapeutic interventions [22]. Consequently, the model revealed that prompt adjuvant
chemoradiotherapy prolonged malignant transformation-free survival if the size of tumors
was ≤50 cm3. Furthermore, optimal treatment differed according to genetic alterations for
large tumors (>50 cm3); adjuvant therapies prolonged malignant transformation-free sur-
vival in IDHmut/1p19qnoncodel tumors. Importantly, phosphoinositide 3-kinase mutation
would be a key accelerator in IDHmut/1p19qcodel tumors, which increased postoperative
proliferation rate and shortened malignant transformation-free survival. This mathematical
model is an important tool that can be used to trace tumor development.

3. Urine-Based Genetic–Molecular Diagnosis

Owing to the findings related to tumor development described, genetic analyses
are increasingly being used in the field of tumor diagnosis, which relies on pathological
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diagnosis. This led to a significant reorganization of the WHO classification system in
2021 [23].

Liquid biopsy has offered an attractive alternative for diagnosing and monitoring
cancer in the past decade. Since tissue biopsies can only collect a portion of cancer tissue,
biased information due to spatial heterogeneity within and between tumors is inevitable,
making it difficult to obtain a complete picture of the tumor tissue [24–26]. On the other
hand, since liquid biopsy collects body fluids such as blood and urine that contain tumor-
related information, it can obtain information on a wide range of tumor tissues without
being affected by spatial heterogeneity [27]. The main advantage of liquid biopsy is that only
body fluids such as blood or urine need to be collected, thus minimizing pain and physical
burden. Due to the ease of specimen collection in liquid biopsy, long-term follow-up testing
for early detection and prediction of cancer recurrence is possible, and even if a cancer
acquires new drug resistance during treatment, testing of cancer response to drugs would
be easily performed. The advent of liquid biopsy provides a noninvasive yet repeatable
method to track cancer in real time, leading to improved cancer management and outcomes.
Advances in measurement and analysis technologies such as quantitative polymerase
chain reaction (qPCR), next-generation sequencing (NGS) and mass spectrometry have
expanded the scope of application of liquid biopsy for cfDNA and EVs in body fluids.
As for attempts to detect genetic mutations by analyzing cfDNA in blood, what began as
an assay to detect KRAS/BRAF mutations associated with resistance to EGFR antibody
therapy in colorectal cancer patients has evolved into the development of a commercial
panel test for a large cohort of more than 10,000 patients [28,29]. Other gene panel tests
that can detect more than 70 genetic mutations from a blood sample include Foundation
Medicine’s FoundationOne Liquid CDx and Guardant Health’s Guardant360, which are in
development with FDA breakthrough device designation [30]. Our group reported on the
scalability of zinc oxide (ZnO) nanowire performance, in which we have found the capture
of cell-free DNA (cfDNA) via hydrogen bonding in addition to the previously reported
capture of extracellular vesicles via surface charge. The ZnO nanowire devices have
previously been developed to collect urinary EVs [31–33] and profile urinary EV-derived
microRNAs (miRNAs) for mass screening of CNS tumors [34]. cfDNA can be recovered
from the urine of patients with brain tumors followed by NGS-mediated detection of
cfDNA mutations, thus leading to identification of molecular subtypes of brain tumors.

4. Molecule-Targeted Therapy

Studies on the initiation of tumor-specific gene mutations and how these gene mu-
tations occur during tumorigenesis are being carried out. Molecule-targeting drugs have
been developed based on tumor initiation and how these mutations are involved in tumor
development and progression.

While a number of genes such as TP53, PTEN and CDKN2A/B are critical to tu-
mor malignancy, in this review we focus on six druggable molecules: isocitrate dehydro-
genase (IDH), telomerase reverse transcriptase (TERT), BRAF, O6-methylguanine-DNA
methyltransferase (MGMT), histone3-lysine27 (H3K27)/histone3-guanine34 (H3G34), and
NTRK/ROS1. The mutation, deletion, or amplification of these genes promote cancer devel-
opment, where the altered genes and dysregulated transcription exerts a gain of function.

4.1. Isocitrate Dehydrogenase

Although it was first reported by Vogelstein et al. as a WHO-grade 4 glioblastoma; recent
analyses have shown that most WHO grade 2 and 3 astrocytoma/oligodendrogliomas are
characterized by IDH1/2 mutations [35]. Specifically, wild-type IDH1/2 uses NADP+ as a
coenzyme to produce α-ketoglutaric acid (αKG) from isocitric acid, whereas mutant IDH1/2
uses NADPH as a coenzyme to produce oncometabolite D-2-hydroxyglutaric acid (D2HG)
from αKG. Furthermore, D-2-HG competitively inhibits αKG–dependent dioxygenases, such
as HIF propyl4 hydroxylase, collagen propyl4 hydroxylase, and TET2 hydroxylase, and
as a consequence stabilizes HIF-1/2α protein, and impairs collagen maturation, cytosine
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demethylation, and histone demethylation [36–40]. The accumulation of D-2-HG leads to
early gliomagenesis, followed by clonal expansion through epigenetic dysregulation [41,42].
The mutant-IDH induced methylation, a factor known as glioma CpG island methylator
phenotype (G-CIMP), could probably result from the effects of IDH mutation on epigenetic
regulation, which contributes to tumor development [10,36,43] (Figure 1).
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Figure 1. Cascades of mutant IDH1. Wild-type IDH1/2 protein uses NADP+ as a coenzyme to
produce α-ketoglutaric acid (αKG) from isocitric acid, whereas mutant IDH1/2 uses NADPH as a
coenzyme to produce D-2-hydroxyglutaric acid (D2HG) from αKG. Furthermore, D2HG inhibits αKG
dioxygenases leading to the reduced activity of TET2 hydroxylase, histone demethylase, collagen
propyl 4 hydroxylase, and HIF hydroxylase, probably as a result of the effects of IDH mutation on
epigenetic regulation. All of these together contribute to tumor development.

Furthermore, this mutation occurs during tumor formation in the earliest stages of tumor
development; thus, according to WHO 2021 glioma classifications, the IDH mutation status should
be examined when classifying glioblastoma and astrocytomas/oligodendrogliomas (Table 1).

Table 1. Diagnosis of adult-type diffuse glioma.

Integrated Diagnosis

Oligodendroglioma,
IDH-Mutant and

1p/19q-Codeleted, WHO
Grade 2 or 3

Astrocytoma,
IDH-Mutant, WHO

Grade 2 or 3

Astrocytoma,
IDH-Mutant, WHO

Grade 4

Glioblastoma, IDH
Wild-Type, WHO

Grade 4

IDH Mutant Mutant Mutant Wild-type

ATRX Nuclear ATRX retained Nuclear ATRX lost Nuclear ATRX lost Nuclear ATRX retained

1p/19q Codeleted Intact Intact

CDKN2A/B Retained Homozygously deleted **

TERT, EGFR and/or
+7/−10 * TERT-mutant

TERT-mutant,
EGFR-amplified and/or

+7/−10 ***

Morphology Necrosis and/or MVP ** Necrosis and/or MVP ***

* +7/−10, chromosome 7 gain or chromosome 10 loss. ** Integrated diagnosis is made when either two factors are
present. *** Integrated diagnosis is made when either two factors are met. MVP, microvascular proliferation.
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Mutant IDH inhibitors have been used to treat cancer stem cells (CSCs) associated
with myeloid leukemia [44,45]. Phase I and II trials involving the use of a selective mutant
IDH1 inhibitor (DS-1001) for the treatment of recurrent IDH-mutant gliomas have been con-
ducted [44]. Therefore, if therapeutic effectiveness is confirmed, the use of IDH inhibitors
could become a treatment option for a wide range of tumor types. Hence, the results of
these trials are eagerly awaited.

4.2. TERT

Telomerase reverse transcriptase (TERT) that prolongs telomere length is generally
thought to maintain telomere length and thus genome stability but is rarely expressed
in normal cells. Increased expression of TERT has been reported in a number of tumor
types. Theoretically, the suppression of TERT gene expression leads to decline in telomerase
activity during the differentiation of regular somatic cells. This is not, however, the case in
tumor cells. Delayed TERT re-expression forcibly maintains telomeres and prevents cell
death. Although several aspects of this mechanism remain unclear, a two-stage model in
which cells are made “immortal” via the induction of selective telomere prolongation and
genomic instability owing to shortened telomere fusion and the reactivation of telomerase
activity has been proposed [45]. The majority of TERT gene mutations occur in the promoter
region, especially, at 124 or 146 bases upstream from the start codon. The mutations
paradoxically upregulate the expression of TERT.

In gliomas, TERT gene mutation is positively correlated with IDH mutation and
1p19q co-deletion [11], therefore it may be involved in early stage tumor development
(Table 1). This mutation also plays an important role in glioma differentiation. Astrocytomas
and oligodendrogliomas both develop by acquiring IDH mutations at an early stage, as
described above, but further develop into astrocytomas by sequential mutations in TP53
and ATRX, whereas oligodendrogliomas develop by acquiring IDH mutations followed
by oligodendrogliomas are caused by IDH mutation followed by deletion of 1p19q and
mutation of the TERT promoter, followed by mutation of CIC.

Telomerase consists of an RNA constituent and a reverse transcriptase component.
Thus, either the functioning or transcription of aberrant TERT can be a druggable target.
Agents such as RNA-dependent RNA polymerase (RdRP) inhibitors [46] and FOS inhibitors
that target the FOS/GABP/mutant TERT promoter cascade have been developed [47].
TERT may have functions entirely independent of telomere biology. For example, TERT is
capable of performing RdRP functions via its association with BRG1, an SWI/SNF-related
chromatin remodeling protein, and nucleostemin, a GTP-binding protein, forming the
TERT–BRG1–NS complex (TBN complex). The TBN complex synthesizes double-stranded
RNAs that are processed into short-interfering RNAs that regulate heterochromatin as-
sembly and mitotic progression [48]. Inhibitors targeting these non-canonical functions
of TERT serve as promising anticancer agents. One such inhibitor, Eribulin is known to
target the RdRP activity of TERT. TERT mutations upregulate TERT expression by creat-
ing specific binding sites for the GABPA/GABPB transcription factor complex [49]. FOS,
as a powerful transcriptional factor for GABPB, upregulates the expression of GABPB,
which in turn binds and activates the mutant TERT promoter [50]. Targeting FOS in the
FOS/GABP/mutant TERT cascade might be an effective therapeutic strategy for gliomas
harboring TERT promoter mutations.

4.3. BRAF

BRAF, a type of oncogene that is well known as a fusion gene with UPF0606 protein-
coding gene, KIAA-1549 (https://www.uniprot.org/uniprotkb/Q9HCM3/entry, accessed
on 20 March 2023) or the V600E substitution, is involved in tumor formation via activation
of the MAPK pathway. Generally, V600E is frequently observed in tumors, including gan-
gliogliomas, pleomorphic xanthoastrocytomas, dysembryoplastic neuroepithelial tumors,
and approximately 10% of glioblastomas. The BRAFV600E mutation results in the constant
activation of intracellular BRAF molecules, which overactivates the MAPK pathway, an

https://www.uniprot.org/uniprotkb/Q9HCM3/entry
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important signaling pathway in malignancy, and promotes tumorigenesis. Additionally,
this stimulation pathway also includes bypasses through CRAF.

BRAF inhibitors have already been used in the treatment of melanoma, non-small
cell lung cancer, and high-grade and low-grade gliomas in adults and children. Excellent
tumor control effects for each have been shown, and recently, the combined use with
mitogen-activated extracellular signal-regulated kinase (MEK) inhibitors has improved
tumor control [51,52] (Figure 2). However, BRAF and MEK inhibitors still have issues with
drug resistance and relapse within a few years. It has been reported that RAFi resistant
tumor cells acquire resistance due to increased CRAF activity via a transition from BRAF to
CRAF-dominated bypass signaling, and the use of CRAFi in combination or pan-RAFi has
been used to improve therapeutic efficacy.
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Figure 2. De novo cascade of BRAF V600E. BRAF V600E hyperactivates mitogen-activated extracellu-
lar signal-regulated kinase (MEK). Conversely, there is a bypass stimulation mediated by CRAF [53].
Thus, the use of BRAF inhibitors in combination with MEK inhibitors improves tumor control.

4.4. MGMT

The promoter methylation of MGMT, coding for a DNA repair enzyme that eliminates
the alkyl group from guanine O6 in DNA, is considered a typical epigenomic abnormality
involved in brain tumor development. MGMT promoter methylation, which has been
observed in 45–75% of WHO grade 4 glioblastomas, is regarded as a positive prognostic
predictor. Thus, it has been used to predict the therapeutic effect of the alkylating agent,
temozolomide (TMZ), which is a standard therapeutic agent for glioblastoma. TMZ forms
O6-methylguanine (O6-meG) by alkylating the DNA guanine, which induces cell death by
repeating the mismatch repair cycle. However, aberrant MGMT expression removes the
methyl group of O6-meG, and therefore diminishes the antitumor effect of TMZ (Figure 3).

Additionally, MGMT promoter methylation is correlated with G-CIMP [54]. However,
its involvement in tumor development and progression remains unclear.

Aggressive tumor resection is often performed for CNS cancers; however, this alone
does not guarantee a good prognosis. Additionally, most regimens are a combination of
radiation therapy and chemotherapy, with the alkylating agent TMZ that is used commonly
in standard chemotherapy treatments. However, as described previously, given that
>50% of CNS cancer cases exhibit resistance, depending on the level of MGMT promoter
methylation, many treatment strategies centered on TMZ have been attempted. One
example is the RTOG 0525/EORTC 26052-22053 trial, which hypothesized that an increase
in the TMZ dose would significantly improve overall survival (OS) and progression-free
survival (PFS); however, no improvements were observed.
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guanine, which induces cell death by repeating the mismatch repair system cycle. However, in
the absence of MGMT promoter methylation and when MGMT expression is not suppressed, the
antitumor effect of TMZ is inhibited owing to the transfer of the methyl group of O6-meG by MGMT.

Furthermore, trials on TMZ combination therapies using IFN-β and bevacizumab
(BEV), a vascular endothelial growth factor monoclonal antibody, have begun. Specifically,
for BEV, the phase 3 trials AVAglio [55] and RTOG0825 [56] showed improvements in PFS,
but not in OS.

Combination therapy with IFN-β has also been used to overcome treatment resistance
in tumors with non-MGMT promoter methylation. The goal was to enhance the antitumor
effect of TMZ by activating p53 with IFN-β, as this promotes the binding of p53 and MGMT
promoters to suppress MGMT expression. A phase 2 trial, JCOG0911, was performed after
a phase 1 trial (INTEGRA study) [57]. However, the data did not show any improvement
in prognosis following IFN-β addition [58].

4.5. H3K27/H3G34

A core histone forms an octamer and binds to DNA, leading to chromatin formation.
The histone tail region at the N-terminus of the histone protein regulates transcription,
including structural changes in chromatin and gene expression. Generally, DNA transcrip-
tional regulation of a regulatory region is performed via chemical modifications, including
acetylation or methylation of this region. Large exome sequencing studies have also led to
the identification of numerous genetic mutations in the histone tail in children with glioblas-
toma [59]. Several K27 and G34 mutations of H3F3A, which encode H3.3, have also been
identified, and tumors that frequently exhibit these mutations are often concentrated in the
median structural regions, including the brain stem, thalamus, and cerebral hemisphere.
Thus, in 2021, the WHO proposed a new class of gliomas known as pediatric-type dif-
fuse high-grade gliomas: diffuse midline glioma (H3K27-altered) and diffuse hemispheric
glioma (H3.3 G34 mutant) (Table 2).

Table 2. Diagnosis of pediatric-type diffuse glioma.

Diagnosis Diffuse Midline Glioma, H3
K27-Altered, WHO Grade 4

Diffuse Hemispheric Glioma, H3
G34-Mutant, WHO Grade 4

IDH Wild type Wild type

ATRX Nuclear ATRX retained Nuclear ATRX > retained

H3.3 K27M-mutant (+loss of K27me3) Mutant

H3.3 G34R/V-mutant Mutant
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Furthermore, the H3K27M mutation induces epigenomic changes that suppress the
methyl-group transfer activity of polycomb repressive complex 2, which contains an en-
hancer of zest homolog 2 (EZH2), the trimethylating enzyme of H3K27 (H3K27me3).
However, its involvement in tumor development and progression remains unclear. An
inhibitor of JMJD3, demethylase enzyme of H3K27, can successfully suppress the growth
of brain stem glioma cells [60], and a previous study showed that inhibition of the reverse
mechanism, EZH2, suppresses tumor progression [61]. Further studies are necessary to
elucidate the underlying mechanisms.

4.6. NTRK-Fusion and ROS1-Fusion Genes

NTRK encodes tropomyosin receptor kinase (TRK), which binds to ligands such as
nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), and neurotrophin
(NT) to transmit signals into cells.

ROS1 was initially identified as a gene that shows high homology to c-ros, a proto-
oncogene of the avian sarcoma virus. The Golgi-associated PDZ and coiled–coil motif-
containing protein (GOPC)–ROS1 fusion gene was found in glioblastoma U118MG [62].

When NTRK or ROS1 undergoes fusion, their signaling pathways, MAPK or PI3K
pathways, are constitutively activated, causing tumor hyperproliferation [63,64]. The NTRK
fusion gene has been identified in pediatric gliomas, especially pontine and high-grade
gliomas [65]. In 2019, the first international joint study focusing on fusion genes of infantile
gliomas reported that almost all ROS1 or NTRK fusion genes were found in hemispheric
primary tumors, and over 80% of these genes were found in malignant tumors [66]. In this
regard, entrectinib, an inhibitior against TRKA/B/C and ROS1 and ALK, was developed
as a therapeutic target for pediatric refractory gliomas. It has been reported that entrectinib
showed a high rate of tumor suppression in difficult-to-treat NTRK-positive high-grade
brain tumors and is expected to have therapeutic applications in the future. Furthermore,
the development of second-generation inhibitors to address problems associated with
resistance acquisition is underway [67].

5. Discussion

This article summarizes the efforts to understand tumorigenesis and the advances
made in diagnosis and treatment in brain tumors, particularly gliomas. Conventional CNS
cancer treatment has been changing drastically with the research being conducted. To date,
it has not been clarified whether, when, and how to optimally treat individual patients to
prevent the malignant transformation of their tumors, but it is not difficult to imagine that
the sequential elucidation of the acquisition of genetic mutations from the origin of tumor
development as described above will lead to a more specialized treatment for individual
patients. Furthermore, in our previous studies, we have shown that it is possible to use
mathematical models to trace the pathway of IDH-mutation-based low-grade gliomas,
from development to malignant transformation [22]. With this success, we expect to be able
to reciprocate the origins of tumor development and provide more effective therapeutic
intervention at more appropriate times to achieve optimal timing of treatment.

Furthermore, our research team developed a nanowire device that can be used to
measure microRNAs in urine and diagnose brain tumors with high probability [34]. These
results have several important practical implications. The most important aspect of treating
brain tumors is the detection and initiation of treatment while the tumors are still small.
However, in many patients with brain tumors, the tumor size increases considerably, and
once advanced, it is difficult to completely remove the tumor surgically. Especially in
malignant brain tumors that require multidisciplinary treatment, the surgical removal rate
of some tumors is directly related to life expectancy, and the relationship with tumor size
and surrounding structures at the time of therapeutic intervention is often directly related
to prognosis. Therefore, we consider it a noteworthy finding that urinalysis can detect
brain tumors in the early stages.
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Progress is being made in embryological studies of the central nervous system and
brain tumors, with a focus on organoid technology. Further understanding of the genetic
characteristics of tumors is expected to lead directly to improved treatment outcomes. As
the gene-based discoveries made so far are a miniscule fraction of cancer research, it is also
expected that further analysis of tumor types will lead to the development of precision
medicine that focuses on unique molecular characteristics.

Author Contributions: Conceptualization, A.N.; methodology, A.N.; software, A.K.; formal analysis,
A.N. and A.K.; resources, A.N.; data curation, A.N. and A.K.; writing—original draft preparation,
M.K.; writing—review and editing, A.N. and A.K. and Y.R. and M.K.; visualization, A.N. and A.K.;
supervision, A.N.; project administration, A.N. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by JSPS KAKENHI, grant number 20K17927.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: We would like to thank Junna Natsume for manuscript preparation and English
language editing, respectively.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ostrom, Q.T.; Gittleman, H.; Liao, P.; Rouse, C.; Chen, Y.; Dowling, J.; Wolinsky, Y.; Kruchko, C.; Barnholtz-Sloan, J. CBTRUS

statistical report: Primary brain and central nervous system tumors diagnosed in the United States in 2007–2011. Neuro-Oncol.
2014, 16 (Suppl. S4), iv1–iv63. [CrossRef]

2. Stupp, R.; Hegi, M.E.; Mason, W.P.; van den Bent, M.J.; Taphoorn, M.J.; Janzer, R.C.; Ludwin, S.K.; Allgeier, A.; Fisher, B.;
Belanger, K.; et al. Effects of radiotherapy with concomitant and adjuvant temozolomide versus radiotherapy alone on survival
in glioblastoma in a randomised phase III study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol. 2009, 10, 459–466.
[CrossRef] [PubMed]

3. Fric, R.; Eide, P.K. Comparative observational study on the clinical presentation, intracranial volume measurements, and
intracranial pressure scores in patients with either Chiari malformation Type I or idiopathic intracranial hypertension. J.
Neurosurg. 2016, 126, 1312–1322. [CrossRef] [PubMed]

4. Louis, D.N. WHO Classification of Tumours of the Central Nervous System; International Agency for Research on Cancer: Lyon,
France, 2016.

5. Garcia, D.M.; Fulling, K.H.; Marks, J.E. The value of radiation therapy in addition to surgery for astrocytomas of the adult
cerebrum. Cancer 1985, 55, 919–927. [CrossRef] [PubMed]

6. Karim, A.B.; Maat, B.; Hatlevoll, R.; Menten, J.; Rutten, E.H.; Thomas, D.G.; Mascarenhas, F.; Horiot, J.C.; Parvinen, L.M.; van
Reijn, M.; et al. A randomized trial on dose-response in radiation therapy of low-grade cerebral glioma: European Organization
for Research and Treatment of Cancer (EORTC) Study 22844. Int. J. Radiat. Oncol. Biol. Phys. 1996, 36, 549–556. [CrossRef]
[PubMed]

7. Buckner, J.C.; Shaw, E.G.; Pugh, S.L.; Chakravarti, A.; Gilbert, M.R.; Barger, G.R.; Coons, S.; Ricci, P.; Bullard, D.; Brown, P.D.; et al.
Radiation plus Procarbazine, CCNU, and Vincristine in Low-Grade Glioma. N. Engl. J. Med. 2016, 374, 1344–1355. [CrossRef]

8. van den Bent, M.J.; Taphoorn, M.J.; Brandes, A.A.; Menten, J.; Stupp, R.; Frenay, M.; Chinot, O.; Kros, J.M.; van der Rijt, C.C.;
Vecht, C.J.; et al. Phase II study of first-line chemotherapy with temozolomide in recurrent oligodendroglial tumors: The
European Organization for Research and Treatment of Cancer Brain Tumor Group Study 26971. J. Clin. Oncol. 2003, 21, 2525–2528.
[CrossRef]

9. Cairncross, J.G.; Ueki, K.; Zlatescu, M.C.; Lisle, D.K.; Finkelstein, D.M.; Hammond, R.R.; Silver, J.S.; Stark, P.C.; Macdonald, D.R.;
Ino, Y.; et al. Specific genetic predictors of chemotherapeutic response and survival in patients with anaplastic oligodendrogliomas.
J. Natl. Cancer Inst. 1998, 90, 1473–1479. [CrossRef]

10. Fisher, B.J.; Pugh, S.L.; Macdonald, D.R.; Chakravatri, A.; Lesser, G.J.; Fox, S.; Rogers, C.L.; Werner-Wasik, M.; Doyle, T.; Bahary,
J.P.; et al. Phase 2 Study of a Temozolomide-Based Chemoradiation Therapy Regimen for High-Risk, Low-Grade Gliomas:
Long-Term Results of Radiation Therapy Oncology Group 0424. Int. J. Radiat Oncol. Biol. Phys. 2020, 107, 720–725. [CrossRef]

11. Suzuki, H.; Aoki, K.; Chiba, K.; Sato, Y.; Shiozawa, Y.; Shiraishi, Y.; Shimamura, T.; Niida, A.; Motomura, K.; Ohka, F.; et al.
Mutational landscape and clonal architecture in grade II and III gliomas. Nat. Genet. 2015, 47, 458–468. [CrossRef]

12. Cancer Genome Atlas Research, N.; Brat, D.J.; Verhaak, R.G.; Aldape, K.D.; Yung, W.K.; Salama, S.R.; Cooper, L.A.; Rheinbay, E.;
Miller, C.R.; Vitucci, M.; et al. Comprehensive, Integrative Genomic Analysis of Diffuse Lower-Grade Gliomas. N. Engl. J. Med.
2015, 372, 2481–2498. [CrossRef]

https://doi.org/10.1093/neuonc/nou223
https://doi.org/10.1016/S1470-2045(09)70025-7
https://www.ncbi.nlm.nih.gov/pubmed/19269895
https://doi.org/10.3171/2016.4.JNS152862
https://www.ncbi.nlm.nih.gov/pubmed/27341045
https://doi.org/10.1002/1097-0142(19850301)55:5&lt;919::AID-CNCR2820550502&gt;3.0.CO;2-4
https://www.ncbi.nlm.nih.gov/pubmed/3967199
https://doi.org/10.1016/S0360-3016(96)00352-5
https://www.ncbi.nlm.nih.gov/pubmed/8948338
https://doi.org/10.1056/NEJMoa1500925
https://doi.org/10.1200/JCO.2003.12.015
https://doi.org/10.1093/jnci/90.19.1473
https://doi.org/10.1016/j.ijrobp.2020.03.027
https://doi.org/10.1038/ng.3273
https://doi.org/10.1056/NEJMoa1402121


Genes 2023, 14, 1201 10 of 12

13. Smith, J.S.; Perry, A.; Borell, T.J.; Lee, H.K.; O’Fallon, J.; Hosek, S.M.; Kimmel, D.; Yates, A.; Burger, P.C.; Scheithauer, B.W.;
et al. Alterations of chromosome arms 1p and 19q as predictors of survival in oligodendrogliomas, astrocytomas, and mixed
oligoastrocytomas. J. Clin. Oncol. 2000, 18, 636–645. [CrossRef]

14. Yan, H.; Parsons, D.W.; Jin, G.; McLendon, R.; Rasheed, B.A.; Yuan, W.; Kos, I.; Batinic-Haberle, I.; Jones, S.; Riggins, G.J.; et al.
IDH1 and IDH2 mutations in gliomas. N. Engl. J. Med. 2009, 360, 765–773. [CrossRef] [PubMed]

15. Ohgaki, H.; Kleihues, P. Genetic profile of astrocytic and oligodendroglial gliomas. Brain Tumor Pathol. 2011, 28, 177–183.
[CrossRef] [PubMed]

16. Balss, J.; Meyer, J.; Mueller, W.; Korshunov, A.; Hartmann, C.; von Deimling, A. Analysis of the IDH1 codon 132 mutation in brain
tumors. Acta Neuropathol. 2008, 116, 597–602. [CrossRef] [PubMed]

17. Hartmann, C.; Meyer, J.; Balss, J.; Capper, D.; Mueller, W.; Christians, A.; Felsberg, J.; Wolter, M.; Mawrin, C.; Wick, W.; et al. Type
and frequency of IDH1 and IDH2 mutations are related to astrocytic and oligodendroglial differentiation and age: A study of
1010 diffuse gliomas. Acta Neuropathol. 2009, 118, 469–474. [CrossRef]

18. Bai, H.; Harmanci, A.S.; Erson-Omay, E.Z.; Li, J.; Coskun, S.; Simon, M.; Krischek, B.; Ozduman, K.; Omay, S.B.; Sorensen,
E.A.; et al. Integrated genomic characterization of IDH1-mutant glioma malignant progression. Nat. Genet. 2016, 48, 59–66.
[CrossRef]

19. de Souza, C.F.; Sabedot, T.S.; Malta, T.M.; Stetson, L.; Morozova, O.; Sokolov, A.; Laird, P.W.; Wiznerowicz, M.; Iavarone, A.;
Snyder, J.; et al. A Distinct DNA Methylation Shift in a Subset of Glioma CpG Island Methylator Phenotypes during Tumor
Recurrence. Cell Rep. 2018, 23, 637–651. [CrossRef]

20. Bogdanska, M.U.; Bodnar, M.; Piotrowska, M.J.; Murek, M.; Schucht, P.; Beck, J.; Martinez-Gonzalez, A.; Perez-Garcia, V.M. A
mathematical model describes the malignant transformation of low grade gliomas: Prognostic implications. PLoS ONE 2017,
12, e0179999. [CrossRef]

21. Mandonnet, E.; Delattre, J.Y.; Tanguy, M.L.; Swanson, K.R.; Carpentier, A.F.; Duffau, H.; Cornu, P.; Van Effenterre, R.; Alvord, E.C.;
Capelle, L. Continuous growth of mean tumor diameter in a subset of grade II gliomas. Ann. Neurol. 2003, 53, 524–528. [CrossRef]

22. Aoki, K.; Suzuki, H.; Yamamoto, T.; Yamamoto, K.N.; Maeda, S.; Okuno, Y.; Ranjit, M.; Motomura, K.; Ohka, F.; Tanahashi, K.; et al.
Mathematical Modeling and Mutational Analysis Reveal Optimal Therapy to Prevent Malignant Transformation in Grade II
IDH-Mutant Gliomas. Cancer Res. 2021, 81, 4861–4873. [CrossRef]

23. Louis, D.N.; Perry, A.; Wesseling, P.; Brat, D.J.; Cree, I.A.; Figarella-Branger, D.; Hawkins, C.; Ng, H.K.; Pfister, S.M.; Reifenberger,
G.; et al. The 2021 WHO Classification of Tumors of the Central Nervous System: A summary. Neuro-Oncol. 2021, 23, 1231–1251.
[CrossRef] [PubMed]

24. Gerlinger, M.; Rowan, A.J.; Horswell, S.; Math, M.; Larkin, J.; Endesfelder, D.; Gronroos, E.; Martinez, P.; Matthews, N.; Stewart,
A.; et al. Intratumor heterogeneity and branched evolution revealed by multiregion sequencing. N. Engl. J. Med. 2012, 366,
883–892. [CrossRef] [PubMed]

25. Murtaza, M.; Dawson, S.J.; Tsui, D.W.; Gale, D.; Forshew, T.; Piskorz, A.M.; Parkinson, C.; Chin, S.F.; Kingsbury, Z.; Wong,
A.S.; et al. Non-invasive analysis of acquired resistance to cancer therapy by sequencing of plasma DNA. Nature 2013, 497,
108–112. [CrossRef]

26. Shah, S.P.; Roth, A.; Goya, R.; Oloumi, A.; Ha, G.; Zhao, Y.; Turashvili, G.; Ding, J.; Tse, K.; Haffari, G.; et al. The clonal and
mutational evolution spectrum of primary triple-negative breast cancers. Nature 2012, 486, 395–399. [CrossRef] [PubMed]

27. Parikh, A.R.; Leshchiner, I.; Elagina, L.; Goyal, L.; Levovitz, C.; Siravegna, G.; Livitz, D.; Rhrissorrakrai, K.; Martin, E.E.; Van
Seventer, E.E.; et al. Liquid versus tissue biopsy for detecting acquired resistance and tumor heterogeneity in gastrointestinal
cancers. Nat. Med. 2019, 25, 1415–1421. [CrossRef]

28. Thierry, A.R.; Mouliere, F.; El Messaoudi, S.; Mollevi, C.; Lopez-Crapez, E.; Rolet, F.; Gillet, B.; Gongora, C.; Dechelotte, P.; Robert,
B.; et al. Clinical validation of the detection of KRAS and BRAF mutations from circulating tumor DNA. Nat. Med. 2014, 20,
430–435. [CrossRef]

29. Zill, O.A.; Banks, K.C.; Fairclough, S.R.; Mortimer, S.A.; Vowles, J.V.; Mokhtari, R.; Gandara, D.R.; Mack, P.C.; Odegaard, J.I.;
Nagy, R.J.; et al. The Landscape of Actionable Genomic Alterations in Cell-Free Circulating Tumor DNA from 21,807 Advanced
Cancer Patients. Clin. Cancer. Res. 2018, 24, 3528–3538. [CrossRef]

30. Sheridan, C. Investors keep the faith in cancer liquid biopsies. Nat. Biotechnol. 2019, 37, 972–974. [CrossRef]
31. Yasui, T.; Paisrisarn, P.; Yanagida, T.; Konakade, Y.; Nakamura, Y.; Nagashima, K.; Musa, M.; Thiodorus, I.A.; Takahashi, H.;

Naganawa, T.; et al. Molecular profiling of extracellular vesicles via charge-based capture using oxide nanowire microfluidics.
Biosens. Bioelectron. 2021, 194, 113589. [CrossRef]

32. Yasui, T.; Yanagida, T.; Ito, S.; Konakade, Y.; Takeshita, D.; Naganawa, T.; Nagashima, K.; Shimada, T.; Kaji, N.; Nakamura,
Y.; et al. Unveiling massive numbers of cancer-related urinary-microRNA candidates via nanowires. Sci. Adv. 2017, 3, e1701133.
[CrossRef]

33. Paisrisarn, P.; Yasui, T.; Zhu, Z.T.; Klamchuen, A.; Kasamechonchung, P.; Wutikhun, T.; Yordsri, V.; Baba, Y. Tailoring ZnO
nanowire crystallinity and morphology for label-free capturing of extracellular vesicles. Nanoscale 2022, 14, 4484–4494. [CrossRef]
[PubMed]

34. Kitano, Y.; Aoki, K.; Ohka, F.; Yamazaki, S.; Motomura, K.; Tanahashi, K.; Hirano, M.; Naganawa, T.; Iida, M.; Shiraki, Y.; et al.
Urinary MicroRNA-Based Diagnostic Model for Central Nervous System Tumors Using Nanowire Scaffolds. ACS Appl. Mater.
Interfaces 2021, 13, 17316–17329. [CrossRef] [PubMed]

https://doi.org/10.1200/JCO.2000.18.3.636
https://doi.org/10.1056/NEJMoa0808710
https://www.ncbi.nlm.nih.gov/pubmed/19228619
https://doi.org/10.1007/s10014-011-0029-1
https://www.ncbi.nlm.nih.gov/pubmed/21442241
https://doi.org/10.1007/s00401-008-0455-2
https://www.ncbi.nlm.nih.gov/pubmed/18985363
https://doi.org/10.1007/s00401-009-0561-9
https://doi.org/10.1038/ng.3457
https://doi.org/10.1016/j.celrep.2018.03.107
https://doi.org/10.1371/journal.pone.0179999
https://doi.org/10.1002/ana.10528
https://doi.org/10.1158/0008-5472.CAN-21-0985
https://doi.org/10.1093/neuonc/noab106
https://www.ncbi.nlm.nih.gov/pubmed/34185076
https://doi.org/10.1056/NEJMoa1113205
https://www.ncbi.nlm.nih.gov/pubmed/22397650
https://doi.org/10.1038/nature12065
https://doi.org/10.1038/nature10933
https://www.ncbi.nlm.nih.gov/pubmed/22495314
https://doi.org/10.1038/s41591-019-0561-9
https://doi.org/10.1038/nm.3511
https://doi.org/10.1158/1078-0432.CCR-17-3837
https://doi.org/10.1038/d41587-019-00022-7
https://doi.org/10.1016/j.bios.2021.113589
https://doi.org/10.1126/sciadv.1701133
https://doi.org/10.1039/D1NR07237D
https://www.ncbi.nlm.nih.gov/pubmed/35234770
https://doi.org/10.1021/acsami.1c01754
https://www.ncbi.nlm.nih.gov/pubmed/33793202


Genes 2023, 14, 1201 11 of 12

35. Chowdhury, R.; Yeoh, K.K.; Tian, Y.M.; Hillringhaus, L.; Bagg, E.A.; Rose, N.R.; Leung, I.K.; Li, X.S.; Woon, E.C.; Yang, M.; et al.
The oncometabolite 2-hydroxyglutarate inhibits histone lysine demethylases. EMBO Rep. 2011, 12, 463–469. [CrossRef]

36. Figueroa, M.E.; Abdel-Wahab, O.; Lu, C.; Ward, P.S.; Patel, J.; Shih, A.; Li, Y.; Bhagwat, N.; Vasanthakumar, A.; Fernandez,
H.F.; et al. Leukemic IDH1 and IDH2 mutations result in a hypermethylation phenotype, disrupt TET2 function, and impair
hematopoietic differentiation. Cancer Cell 2010, 18, 553–567. [CrossRef] [PubMed]

37. Lu, C.; Ward, P.S.; Kapoor, G.S.; Rohle, D.; Turcan, S.; Abdel-Wahab, O.; Edwards, C.R.; Khanin, R.; Figueroa, M.E.; Melnick,
A.; et al. IDH mutation impairs histone demethylation and results in a block to cell differentiation. Nature 2012, 483, 474–478.
[CrossRef]

38. Sasaki, M.; Knobbe, C.B.; Itsumi, M.; Elia, A.J.; Harris, I.S.; Chio, I.I.C.; Cairns, R.A.; McCracken, S.; Wakeham, A.; Haight, J.; et al.
D-2-hydroxyglutarate produced by mutant IDH1 perturbs collagen maturation and basement membrane function. Genes Dev.
2012, 26, 2038–2049. [CrossRef]

39. Koivunen, P.; Lee, S.; Duncan, C.G.; Lopez, G.; Lu, G.; Ramkissoon, S.; Losman, J.A.; Joensuu, P.; Bergmann, U.; Gross, S.; et al.
Transformation by the (R)-enantiomer of 2-hydroxyglutarate linked to EGLN activation. Nature 2012, 483, 484–488. [CrossRef]

40. Dang, L.; White, D.W.; Gross, S.; Bennett, B.D.; Bittinger, M.A.; Driggers, E.M.; Fantin, V.R.; Jang, H.G.; Jin, S.; Keenan, M.C.; et al.
Cancer-associated IDH1 mutations produce 2-hydroxyglutarate. Nature 2009, 462, 739–744. [CrossRef]

41. Noushmehr, H.; Weisenberger, D.J.; Diefes, K.; Phillips, H.S.; Pujara, K.; Berman, B.P.; Pan, F.; Pelloski, C.E.; Sulman, E.P.; Bhat,
K.P.; et al. Identification of a CpG island methylator phenotype that defines a distinct subgroup of glioma. Cancer Cell 2010, 17,
510–522. [CrossRef]

42. Dang, L.; Su, S.M. Isocitrate Dehydrogenase Mutation and (R)-2-Hydroxyglutarate: From Basic Discovery to Therapeutics
Development. Annu. Rev. Biochem. 2017, 86, 305–331. [CrossRef]

43. Boddu, P.; Borthakur, G. Therapeutic targeting of isocitrate dehydrogenase mutant AML. Expert Opin. Investig. Drugs 2017, 26,
525–530. [CrossRef]

44. Natsume, A.; Arakawa, Y.; Narita, Y.; Sugiyama, K.; Hata, N.; Muragaki, Y.; Shinojima, N.; Kumabe, T.; Saito, R.; Motomura,
K.; et al. The first-in-human phase I study of a brain-penetrant mutant IDH1 inhibitor DS-1001 in patients with recurrent or
progressive IDH1-mutant gliomas. Neuro Oncol. 2023, 25, 326–336. [CrossRef] [PubMed]

45. Chiba, K.; Lorbeer, F.K.; Shain, A.H.; McSwiggen, D.T.; Schruf, E.; Oh, A.; Ryu, J.; Darzacq, X.; Bastian, B.C.; Hockemeyer, D.
Mutations in the promoter of the telomerase gene TERT contribute to tumorigenesis by a two-step mechanism. Science 2017, 357,
1416–1420. [CrossRef] [PubMed]

46. Takahashi, M.; Miki, S.; Fujimoto, K.; Fukuoka, K.; Matsushita, Y.; Maida, Y.; Yasukawa, M.; Hayashi, M.; Shinkyo, R.; Kikuchi,
K.; et al. Eribulin penetrates brain tumor tissue and prolongs survival of mice harboring intracerebral glioblastoma xenografts.
Cancer Sci. 2019, 110, 2247–2257. [CrossRef]

47. Liu, R.; Tan, J.; Shen, X.; Jiang, K.; Wang, C.; Zhu, G.; Xing, M. Therapeutic targeting of FOS in mutant TERT cancers through
removing TERT suppression of apoptosis via regulating survivin and TRAIL-R2. Proc. Natl. Acad. Sci. USA 2021, 118, e2022779118.
[CrossRef] [PubMed]

48. Maida, Y.; Yasukawa, M.; Okamoto, N.; Ohka, S.; Kinoshita, K.; Totoki, Y.; Ito, T.K.; Minamino, T.; Nakamura, H.; Yamaguchi,
S.; et al. Involvement of telomerase reverse transcriptase in heterochromatin maintenance. Mol. Cell Biol. 2014, 34, 1576–1593.
[CrossRef] [PubMed]

49. Bell, R.J.; Rube, H.T.; Kreig, A.; Mancini, A.; Fouse, S.D.; Nagarajan, R.P.; Choi, S.; Hong, C.; He, D.; Pekmezci, M.; et al. Cancer.
The transcription factor GABP selectively binds and activates the mutant TERT promoter in cancer. Science 2015, 348, 1036–1039.
[CrossRef]

50. Liu, R.; Zhang, T.; Zhu, G.; Xing, M. Regulation of mutant TERT by BRAF V600E/MAP kinase pathway through FOS/GABP in
human cancer. Nat. Commun. 2018, 9, 579. [CrossRef] [PubMed]

51. Nobre, L.; Zapotocky, M.; Ramaswamy, V.; Ryall, S.; Bennett, J.; Alderete, D.; Balaguer Guill, J.; Baroni, L.; Bartels, U.; Bavle,
A.; et al. Outcomes of BRAF V600E Pediatric Gliomas Treated With Targeted BRAF Inhibition. JCO Precis. Oncol. 2020, 4, 561–571.
[CrossRef]

52. Wen, P.Y.; Stein, A.; van den Bent, M.; De Greve, J.; Wick, A.; de Vos, F.Y.F.L.; von Bubnoff, N.; van Linde, M.E.; Lai, A.; Prager,
G.W.; et al. Dabrafenib plus trametinib in patients with BRAFV600E-mutant low-grade and high-grade glioma (ROAR): A
multicentre, open-label, single-arm, phase 2, basket trial. Lancet Oncol. 2022, 23, 53–64. [CrossRef] [PubMed]

53. Lito, P.; Saborowski, A.; Yue, J.; Solomon, M.; Joseph, E.; Gadal, S.; Saborowski, M.; Kastenhuber, E.; Fellmann, C.; Ohara, K.; et al.
Disruption of CRAF-mediated MEK activation is required for effective MEK inhibition in KRAS mutant tumors. Cancer Cell 2014,
25, 697–710. [CrossRef] [PubMed]

54. Ohka, F.; Natsume, A.; Motomura, K.; Kishida, Y.; Kondo, Y.; Abe, T.; Nakasu, Y.; Namba, H.; Wakai, K.; Fukui, T.; et al. The Global
DNA Methylation Surrogate LINE-1 Methylation Is Correlated with MGMT Promoter Methylation and Is a Better Prognostic
Factor for Glioma. PLoS ONE 2011, 6, e23332. [CrossRef] [PubMed]

55. Chinot, O.L.; Wick, W.; Mason, W.; Henriksson, R.; Saran, F.; Nishikawa, R.; Carpentier, A.F.; Hoang-Xuan, K.; Kavan, P.; Cernea,
D.; et al. Bevacizumab plus radiotherapy-temozolomide for newly diagnosed glioblastoma. N. Engl. J. Med. 2014, 370, 709–722.
[CrossRef]

https://doi.org/10.1038/embor.2011.43
https://doi.org/10.1016/j.ccr.2010.11.015
https://www.ncbi.nlm.nih.gov/pubmed/21130701
https://doi.org/10.1038/nature10860
https://doi.org/10.1101/gad.198200.112
https://doi.org/10.1038/nature10898
https://doi.org/10.1038/nature08617
https://doi.org/10.1016/j.ccr.2010.03.017
https://doi.org/10.1146/annurev-biochem-061516-044732
https://doi.org/10.1080/13543784.2017.1317745
https://doi.org/10.1093/neuonc/noac155
https://www.ncbi.nlm.nih.gov/pubmed/35722822
https://doi.org/10.1126/science.aao0535
https://www.ncbi.nlm.nih.gov/pubmed/28818973
https://doi.org/10.1111/cas.14067
https://doi.org/10.1073/pnas.2022779118
https://www.ncbi.nlm.nih.gov/pubmed/33836600
https://doi.org/10.1128/MCB.00093-14
https://www.ncbi.nlm.nih.gov/pubmed/24550003
https://doi.org/10.1126/science.aab0015
https://doi.org/10.1038/s41467-018-03033-1
https://www.ncbi.nlm.nih.gov/pubmed/29422527
https://doi.org/10.1200/PO.19.00298
https://doi.org/10.1016/S1470-2045(21)00578-7
https://www.ncbi.nlm.nih.gov/pubmed/34838156
https://doi.org/10.1016/j.ccr.2014.03.011
https://www.ncbi.nlm.nih.gov/pubmed/24746704
https://doi.org/10.1371/journal.pone.0023332
https://www.ncbi.nlm.nih.gov/pubmed/21829728
https://doi.org/10.1056/NEJMoa1308345


Genes 2023, 14, 1201 12 of 12

56. Gilbert, M.R.; Dignam, J.J.; Armstrong, T.S.; Wefel, J.S.; Blumenthal, D.T.; Vogelbaum, M.A.; Colman, H.; Chakravarti, A.; Pugh,
S.; Won, M.; et al. A randomized trial of bevacizumab for newly diagnosed glioblastoma. N. Engl. J. Med. 2014, 370, 699–708.
[CrossRef] [PubMed]

57. Wakabayashi, T.; Natsume, A.; Mizusawa, J.; Katayama, H.; Fukuda, H.; Sumi, M.; Nishikawa, R.; Narita, Y.; Muragaki, Y.;
Maruyama, T.; et al. JCOG0911 INTEGRA study: A randomized screening phase II trial of interferonβ plus temozolomide in
comparison with temozolomide alone for newly diagnosed glioblastoma. J. Neurooncol. 2018, 138, 627–636. [CrossRef]

58. Natsume, A.; Aoki, K.; Ohka, F.; Maeda, S.; Hirano, M.; Adilijiang, A.; Motomura, K.; Sumi, M.; Nishikawa, R.; Narita, Y.; et al.
Genetic analysis in patients with newly diagnosed glioblastomas treated with interferon-beta plus temozolomide in comparison
with temozolomide alone. J. Neurooncol. 2020, 148, 17–27. [CrossRef]

59. Schwartzentruber, J.; Korshunov, A.; Liu, X.Y.; Jones, D.T.; Pfaff, E.; Jacob, K.; Sturm, D.; Fontebasso, A.M.; Quang, D.A.; Tonjes,
M.; et al. Driver mutations in histone H3.3 and chromatin remodelling genes in paediatric glioblastoma. Nature 2012, 482, 226–231.
[CrossRef]

60. Hashizume, R.; Andor, N.; Ihara, Y.; Lerner, R.; Gan, H.; Chen, X.; Fang, D.; Huang, X.; Tom, M.W.; Ngo, V.; et al. Pharmacologic
inhibition of histone demethylation as a therapy for pediatric brainstem glioma. Nat. Med. 2014, 20, 1394–1396. [CrossRef]

61. Keane, L.; Cheray, M.; Saidi, D.; Kirby, C.; Friess, L.; Gonzalez-Rodriguez, P.; Gerdes, M.E.; Grabert, K.; McColl, B.W.; Joseph, B.
Inhibition of microglial EZH2 leads to anti-tumoral effects in pediatric diffuse midline gliomas. Neurooncol. Adv. 2021, 3, vdab096.
[CrossRef]

62. Charest, A.; Lane, K.; McMahon, K.; Park, J.; Preisinger, E.; Conroy, H.; Housman, D. Fusion of FIG to the receptor tyrosine kinase
ROS in a glioblastoma with an interstitial del(6)(q21q21). Genes Chromosomes Cancer 2003, 37, 58–71. [CrossRef]

63. Cocco, E.; Scaltriti, M.; Drilon, A. NTRK fusion-positive cancers and TRK inhibitor therapy. Nat. Rev. Clin. Oncol. 2018, 15,
731–747. [CrossRef]

64. Robinson, D.R.; Wu, Y.M.; Lin, S.F. The protein tyrosine kinase family of the human genome. Oncogene 2000, 19, 5548–5557.
[CrossRef]

65. Wu, G.; Diaz, A.K.; Paugh, B.S.; Rankin, S.L.; Ju, B.; Li, Y.; Zhu, X.; Qu, C.; Chen, X.; Zhang, J.; et al. The genomic landscape
of diffuse intrinsic pontine glioma and pediatric non-brainstem high-grade glioma. Nat. Genet. 2014, 46, 444–450. [CrossRef]
[PubMed]

66. Guerreiro Stucklin, A.S.; Ryall, S.; Fukuoka, K.; Zapotocky, M.; Lassaletta, A.; Li, C.; Bridge, T.; Kim, B.; Arnoldo, A.; Kowalski,
P.E.; et al. Alterations in ALK/ROS1/NTRK/MET drive a group of infantile hemispheric gliomas. Nat. Commun. 2019, 10, 4343.
[CrossRef] [PubMed]

67. Sievers, P.; Stichel, D.; Sill, M.; Schrimpf, D.; Sturm, D.; Selt, F.; Ecker, J.; Kazdal, D.; Miele, E.; Kranendonk, M.E.G.; et al.
GOPC:ROS1 and other ROS1 fusions represent a rare but recurrent drug target in a variety of glioma types. Acta Neuropathol.
2021, 142, 1065–1069. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1056/NEJMoa1308573
https://www.ncbi.nlm.nih.gov/pubmed/24552317
https://doi.org/10.1007/s11060-018-2831-7
https://doi.org/10.1007/s11060-020-03505-9
https://doi.org/10.1038/nature10833
https://doi.org/10.1038/nm.3716
https://doi.org/10.1093/noajnl/vdab096
https://doi.org/10.1002/gcc.10207
https://doi.org/10.1038/s41571-018-0113-0
https://doi.org/10.1038/sj.onc.1203957
https://doi.org/10.1038/ng.2938
https://www.ncbi.nlm.nih.gov/pubmed/24705251
https://doi.org/10.1038/s41467-019-12187-5
https://www.ncbi.nlm.nih.gov/pubmed/31554817
https://doi.org/10.1007/s00401-021-02369-1
https://www.ncbi.nlm.nih.gov/pubmed/34536122

	Introduction 
	Mathematical Model of Tumor Development 
	Urine-Based Genetic–Molecular Diagnosis 
	Molecule-Targeted Therapy 
	Isocitrate Dehydrogenase 
	TERT 
	BRAF 
	MGMT 
	H3K27/H3G34 
	NTRK-Fusion and ROS1-Fusion Genes 

	Discussion 
	References

