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In the 2021 WHO classification of Tumors of the Central Nervous System, additional molecular characteristics
have been included, defining the following adult-type diffuse glioma entities: Astrocytoma IDH-mutant, Oligo-
dendroglioma IDH-mutant and 1p/19g-codeleted, and Glioblastoma IDH-wildtype. Despite advances in genetic
analysis, precision oncology, and targeted therapy, malignant adult-type diffuse gliomas remain "hard-to-treat

Glioma
Biomarker

tumors", indicating an urgent need for better diagnostic and therapeutic strategies.

In the last decades, miRNA analysis has been a hotspot for researching and developing diagnostic, prognostic,
and predictive biomarkers for various disorders, including brain cancer. Scientific interest has recently been
directed towards therapeutic applications of miRNAs, with encouraging results.

Databases such as NCBI, PubMed, and Medline were searched for a selection of articles reporting the rela-
tionship between deregulated miRNAs and genetic aberrations used in the latest WHO CNS classification.

The current review discussed the recommended molecular biomarkers and genetic aberrations based on the
2021 WHO classification in adult-type diffuse gliomas, along with associated deregulated miRNAs. Additionally,
the study highlights miRNA-based treatment advancements in adults with gliomas.

1. Introduction

Malignant primary brain tumors are among the most difficult to
treat, with a high recurrence rate and low overall survival (OS) of pa-
tients. The 2021 fifth edition of the World Health Organization (WHO)
Classification of Tumors of the Central Nervous System (CNS) empha-
sized the role of integrated diagnosis [1]. In the last decades, the clas-
sification of CNS tumors mainly based on histological and, in some cases,
immunohistochemical analyses has proven to be incomplete. The
introduction of molecular biomarkers has significantly improved diag-
nostic accuracy. High-throughput molecular analyses have provided a
lot of evidence regarding the crucial role of molecular changes, leading
to the integration of numerous aberrant genes in CNS classification.
Combining molecular markers with histological assessment could
enhance tumor grading and prognosis [2].

The current standard of care, consisting of surgical resection,
radiotherapy, and chemotherapy, has resulted in only modest
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improvements in OS for malignant gliomas. This underscores the urgent
need for the development of more effective diagnostic biomarkers and
alternative therapeutic approaches.

miRNAs are small non-coding RNAs (ncRNA) of 18-25 nucleotides in
length. They can bind to messenger RNA (mRNA) molecules and regu-
late post-transcriptional gene expression. Each miRNA can target mul-
tiple mRNAs, and each mRNA can be targeted by multiple miRNAs.

miRNAs play critical roles in various physiological and biological
processes, including cell cycle and division, differentiation, growth,
apoptosis, proliferation, and migration [3]. MiRNAs regulate neuro-
genesis, synaptic plasticity, and neuronal networks. So, miRNA are
essential for normal brain development and have been involved in
neurodevelopmental disorders [3]. Moreover, immune response to
pathogens and cell metabolism have also been influenced by miRNAs.
More than 60 % of all human protein-coding genes are
post-transcriptionally regulated by miRNAs [4], mainly recognizing
3'-untranslated regions (3-UTR) of targeted mRNA [5].
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miRNA synthesis starts in the cell nucleus, and RNA polymerase II
generates primary miRNA (pri-MiRNA) encoded by DNA. In the next
step, ribonuclease Drosha processes pri-miRNA into the precursor
miRNA (pre-miRNA) with 60-70 nt in length. The final step is the
cleavage by Dicer (RNA ribonuclease III) of pre-miRNA into mature
double-stranded miRNA in the cytoplasm. The mature miRNA forms an
RNA-induced silencing complex (RISC) [6]. Binding to the 3'-UTR of the
target mRNA, miRNA post-transcriptionally suppresses the gene
expression, either by translation repression or by mRNA degradation
[5]. Many miRNAs are highly conserved across different species, indi-
cating their fundamental importance.

Dysregulation of miRNA expression has been associated with a wide
range of diseases, including cancer [7-11]. MiRNAs may function as
oncogenes (oncomiRs) or tumor suppressors by regulating the expres-
sion of corresponding genes. OncomiRs downregulate tumor suppressor
genes typically involved in cell cycle regulation, DNA repair, and
apoptosis, resulting in increased expression and uncontrolled cell
growth, leading to the development of cancer. Conversely, tumor sup-
pressor miRNAs inhibit the expression of oncogenes, and their loss or
downregulation leads to cell proliferation and cancer progression.
MiRNAS are also involved in epithelial-to-mesenchymal transition
(EMT), angiogenesis, and drug resistance [10].

Given the importance of miRNAs, they have become a subject of
significant research interest. MiRNAs exhibit stability in various tissues
and biofluids, making them promising candidates as biomarkers and
therapeutic targets. Researchers have investigated the use of miRNA
mimics to replace downregulated tumor suppressor miRNAs and anti-
miRNA oligonucleotides to inhibit incomiRs as potential anti — cancer
strategies [8,10]. Recent research has demonstrated the potential ther-
apeutic applications of deregulated miRNAs in patients with brain tu-
mors [2].

In the current review, we discuss the relationship between deregu-
lated miRNAs and genetic biomarkers used in adult-type glioma
classification.

2. Classification of adult-type diffuse gliomas

The fifth edition of the WHO classification of CNS (CNS5) was based
on additional molecular markers along with histopathological charac-
teristics [1]. Gliomas, neuronal tumors, and glioneuronal tumors are
divided into six families, including adult-type diffuse gliomas,
pediatric-type diffuse low- and high - grade gliomas, circumscribed
astrocytic gliomas, glioneuronal and neuronal tumors, and ependymo-
mas. The subject of our review is adult-type diffuse gliomas, comprising
the majority of adult primary brain tumors.

Adult-type diffuse gliomas are further classified (Table 1) using the
Layered Report Structure for a comprehensive, final integrated diagnosis
of CNS WHO grade and entity [1].

2.1. Glioblastoma, IDH-wildtype

The CNS5 WHO classification recommended the algorithm for
diagnosis (Fig. 1) of "Glioblastoma, IDH-wildtype". Even in the absence
of histological findings such as microvascular proliferation and necrosis,
the presence of genetic aberrations, including TERT promoter muta-
tions, EGFR amplification, or gain of chromosome 7 and loss of

Table 1

The WHO CNSS5 revised tumor types for adult-type diffuse gliomas. The term
"anaplastic" is removed, and arabic numbers are used to standardize CNS
grading. IDH - isocitrate dehydrogenase.

CNS WHO terms Grades
Astrocytoma, IDH-mutant 2,3, 4
Oligodendroglioma, IDH-mutant and 1p/19g-codeleted 2,3
Glioblastoma, IDH-wildtype 4
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chromosome 10 (47/-10), can serve as sufficient markers for diagnosis
[12]. The implementation of up-to-date molecular diagnostic techniques
might accurately determine the grade even when the tumor appears to
have a lower histological grade [13].

2.2. Astrocytoma, IDH-mutant

In the 2021 classification "Astrocytoma, IDH-mutant", CNS WHO
grades 2, 3, and 4 have been used instead of previous diffuse astrocytic
tumors. IDH mutations have been associated with favorable prognosis,
but the presence of cyclin-dependent kinase inhibitor 2A/B (CDKN2A/
B) homozygous deletion is a negative prognostic marker related to poor
patient outcomes [14].

2.3. Oligodendroglioma, IDH-mutant, 1p/19q codeleted

Oligodendrogliomas are among the diffuse neuroglial brain tumors
in adults with longer OS and progression-free survival (PFS) [15]. This
tumor entity harbors IDH mutation, 1p/19q codeletion, which is present
exclusively in oligodendroglioma [16], and TERT promoter mutations.
Mutations in the tumor suppressors Capicua transcriptional repressor
(CIC) and Far Upstream element Binding Protein 1 (FUBP1), as well as
mutations in the NOTCH]1 are also included [17]. Disturbances in these
genes lead to cell proliferation [18], malignant transformation [19,20],
disease progression, and shorter OS [21].

3. Molecular markers for classification of adult-type diffuse
glioma

The main reported disturbed cell pathways in gliomas have been RTK
(receptor tyrosine kinase), RB (retinoblastoma), and P53 [22]. Various
molecular assays could be used to detect the altered genes listed in
Table 2 [13].

3.1. IDH

Isocitrate dehydrogenase (IDH) 1 and 2 catalyze the conversion of
isocitrate into a-ketoglutarate in cytoplasm and peroxisomes (IDH1),
and in mitochondria (IDH2 and 3) [23]. Mutations in each gene decrease
the enzyme affinity for the substrate but increase its affinity for nico-
tinamide adenine dinucleotide phosphate (NADPH). The last leads to an
accumulation of the toxic and oncogenic product 2-hydroxyglutarate
(2HG), which disturbs the citric acid cycle and cell metabolism.
Furthermore, 2HG inhibited certain DNA demethylases, leading to CpG
hypermethylation and suppression of crucial cellular processes [24].
IDH mutations have been observed in a variety of tumors [23] and are
also vital for glioma classification [1], serving as prognostic biomarkers
[14].

3.2. TERT promoter

Mutations in the promoter of the TERT gene are associated with
increased telomerase activity and the survival of cancer cells. Further-
more, TERT promoter disturbance is observed in various cancers and is
linked to tumor diagnosis and treatment [25]. These mutations have
been described in up to 80 % of adult gliomas, mainly in patients with
glioblastoma, followed by oligodendrogliomas (60-70 %) and astrocy-
tomas (35-55 %) [26]. TERT promoter mutations serve as prognostic
markers for poor patient survival and can predict the risk of radio-
therapy resistance [27]. The most frequent TERT promoter mutations
include C228T, followed by C250T [28].

3.3. Gain of chromosome 7 and loss of chromosome 10

Some identified genes on chromosome 7 that impact malignization
are Platelet Derived Growth Factor Subunit A (PDGFA) and Epidermal



E. Nikolova et al.

Non-coding RNA Research 9 (2024) 141-152

Adult-type diffuse

glioma

IDH mutant

IDH wild type

1p/19q codeleted ARTX loss

ARTX retained

A J A

CDKN2A/B retained

Necrosis

Microvascular proliferation
and/or
EGFR amplification
PpTERT mutation
) +7/-10 chr

3

CDKN2A/B
homozygous
deletion

$

Glioblastoma,
IDH-wild type,
CNS WHO grade 4

Fig. 1. The WHO recommended an algorithm for adult-type diffuse glioma classification. ATRX loss is mutually exclusive with 1p/19q codeletion and can be used as

molecular diagnostic marker instead of 1p/19q codeletion.

Table 2

Altered genes according to the WHO CNS5 classification in adult-type diffuse
gliomas. Epidermal Growth Factor Receptor — EGFR; Telomerase Reverse
Transcriptase — TERT; Tumor Protein 53 — TP53; Alpha thalassemia/mental
retardation syndrome X — ATRX; Cyclin-Dependent Kinase Inhibitor 2A/B —
CDKN2A/B; Capicua transcriptional repressor — CIC; Notch Receptor 1 -
NOTCH1; Far Upstream Element Binding Protein 1 — FUBP1.

Tumor type Altered genes Aberrations
Glioblastoma, IDH-wild type wildtype
IDH-wildtype chromosomes 7/10 amplification/deletion
EGFR amplification, mutation
TERT promoter mutation
Astrocytoma, IDH1/IDH2 mutations
IDH-mutant TP53 deletion
ATRX mutation
CDKN2A/B deletion
Oligodendroglioma, IDH1, IDH2 mutations
IDH-mutant 1p/19q codeletion
1p/19q-codeleted TERT promoter mutation
CcIC deletion, mutations
NOTCH1 mutations
FUBP1 deletion, mutations

Growth Factor Receptor (EGFR). The gain of chromosome 7 (+7) mainly
increased PDGFA mRNA levels. Ozawa et al. have speculated that
PDGFA is the primary disturbed gene due to gaining additional copies of
chromosome 7, while the second disturbed chromosome, a loss of 10
(—10) has led to disturbance in the tumor suppressors - Phosphatase and
Tensin homolog (PTEN), O-6-methylguanine-DNA methyltransferase
(MGMT), and others [29].The detection of +7/-10 chromosomes has
been linked to poor patient survival and might be used as potential
therapeutic targets. Amplification of +7 with the EGFR locus and dele-
tion of —10, with PTEN are frequently altered chromosomal regions in
glioblastoma [30]. Oncogenesis might be triggered if PTEN is deleted or
inhibited [31]. PTEN inhibits the PI3K-AKT pathway, leading to
apoptosis by cell cycle arrest [32]. In nearly 25 % of glioblastoma pa-
tients, PTEN deletion or mutation has induced activation of the
PI3K-AKT pathway and promotion of oncogenesis [33].

3.4. EGFR

EGFR is a member of the receptor tyrosine kinase (RTK) family of cell
surface receptors. RTK family also includes Platelet-Derived Growth
Factor Receptor (PDGFR), Vascular Endothelial Growth Factor Receptor
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(VEGFR), Fibroblast Growth Factor Receptor (FGFR), and Insulin-like
Growth Factor 1 Receptor (IGF-1R). All receptors are vital components
of mitogen-activated protein kinase (MAPK), extracellular signal-
regulated kinases (ERK), and phosphoinositide-3-kinase (PI3K)/V-AKT
murine thymoma viral oncogene homolog (AKT) cell signaling systems.
These signaling pathways regulate various cellular processes, including
the cell cycle, differentiation, cell division, metastasis, and apoptosis
[34]. Thus, activated EGFR can trigger multiple pathways [35], leading
to oncogenesis [31].

EGFR gene amplification in IDH-wildtype diffuse and astrocytic gli-
omas serves as a diagnostic biomarker for glioblastoma CNS WHO grade
4 [1]. Additionally, EGFR variants, including EGFRVIII, EGFRvI, EGFRVII,
EGFRvIV, and EGFRvVV, are frequently co-expressed alongside EGFR
amplification. These genetic aberrations significantly influence glioma
proliferation and aggressiveness [36].

3.5. CDKN2A/B

CDKN2A/B genes on chromosome 9p21 are frequently mutated or
deleted in a wide variety of tumors. The CDKN2A gene encodes proteins
p16(INK4A) and pl4(ARF) involved in cell growth and apoptosis, by
regulating p53 and RBs [37]. Homozygous deletion of CDKN2A or
Mdm2/4 amplification resulted in the degradation of the p53 tumor
suppressor [38].

CDKNZ2B encodes p15/INK4B, which inactivates cyclin-dependent
kinase (CDK) 4 and 6 (CDK4/CDK6) and regulates cell proliferation
[37]. CDKN2A/B homozygous deletion is a negative prognostic marker
indicating shorter median OS and shorter PFS [39,40].

3.6. TP53

TP53 (tumor protein 53) is a tumor suppressor gene encoding the
p53 protein. This protein is responsible for regulating cell cycle arrest,
apoptosis, DNA reparation, and protecting cells from tumorigenesis.
Half of the reported cancers showed mutations in p53, making it one of
the most frequently mutated genes and highlighting its crucial role in
oncogenesis [41]. Mutations in TP53 are predominantly found mainly in
astrocytomas, with an occurrence rate ranging from 50 % to 75 %, and
to a lesser extent in oligodendroglioma, observed in approximately
10-34 % [42]. Mutant p53 interacts with oncoproteins and triggers
neoplastic processes. Therefore, TP53 mutations serve as a prognostic
marker associated with increased OS and PFS in patients undergoing
chemotherapy [41].
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3.7. ATRX

Telomere and chromatin structure maintenance involves the alpha
thalassemia/mental retardation syndrome X-linked (ATRX) protein by
binding to G-rich tandem repeats [43]. Mutations in ATRX have been
related to DNA destabilization and the activation of a mechanism known
as alternative lengthening of telomeres (ALT). ALT is typically inactive
in healthy cells [44] but becomes active in cancer cells [45]. In adult
diffuse gliomas, ATRX mutations have also been reported [46], partic-
ularly in patients with IDH-mutated, TP53-mutated astrocytomas, and
secondary GBM [16]. Patients with mutations in IDH and ATRX loss
have been observed to exhibit improved OS and PFS [47].

4. Deregulated miRNAs

miRNAs regulate neurodevelopment in the CNS, and their dysregu-
lation has caused crucial brain cell functions to be affected [48]. It is
known that miRNAs could act as tumor suppressors or oncomiRs, and
their dysfunction led to the dysregulation of signaling pathways and cell
neoplasia [49]. Moreover, cancer cells communicate with nearby and
distant cells using extracellular vesicles (EVs) carried by biological
fluids. EVs contain various signaling molecules, including miRNAs that
regulate the tumor microenvironment and promote tumorigenesis [50].
miRNA stability in different biological fluids highlighted their diag-
nostic, prognostic, and predictive biomarker potential [51]. Monitoring
miRNAs in plasma, blood, urine [52], and other non-invasive samples
would enable better post-surgery patient monitoring with multiple
samplings and relapse control [53].

Most of the studies have discussed the relationship between miRNAs
and regulated targets in gliomas, while our review aims to focus on the
recommended WHO molecular genetic markers in adult-type gliomas
and the corresponding deregulated miRNAs with potential implications
for brain tumor monitoring and future therapy (Fig. 2).

Non-coding RNA Research 9 (2024) 141-152

4.1. miRNA and IDH

Limited data are available regarding the relationship between
deregulated miRNAs and the IDH status of brain cancer patients. It has
been reported that mutant IDH, by generating 2-HG, can lead to the
methylation of promoters for certain miRNAs, resulting in a decrease in
their expression. For instance, the tumor suppressor miR-148A has been
decreased due to promoter hypermethylation. The presence of 2-HG
influences the level of 5-hydroxymethylcytosine (5-hmC) [54].
MiR-148a regulates cellular differentiation, development and also plays
a role in neuronal development. Deregulation of its levels has been
observed in various tumors, which correlates to patient prognosis [55].

A study has identified miRNAs associated with mutated IDH in low
grade gliomas, including miR-106b, miR-130b, miR-98-3p, miR-185,
and miR-7d-3p. The authors have observed that the deregulated signa-
ture could discriminate low-grade glioma from healthy individuals [56].
These miRNAS are studied as oncomiRs and tumor suppressors involved
in tumorigenesis, proliferation, invasion, migration, and metastases
[56-58].

In another study, downregulation of miR- 1-3p, miR-26a-1-3p, and
miR-487b-3p have been observed in patients’ serum, corresponding to
IDH mutations. The signature was more downregulated in IDH-wildtype
samples compared to IDH-mutant or in controls with normal IDH. Given
that the three miRNAs are tumor suppressors, the authors reported that
their levels were informative for OS and PFS [59].

Zhang et al., 2018 investigated the relationship between the IDHI
R132H mutation, miRNAs and insulin-like growth factor 1 receptor
(IGF1R). They observed that the IDH1 R132H mutation has decreased
expression of miR-141-3p, miR-7-5p, and miR-223-3p. The three miR-
NAs have suppressed malignization and metastasis and their deregula-
tion was related to increased expression of IGF1R [60]. Increased IGF1R
is frequently observed in many cancers and is related to proliferative and
aggressive tumor phenotype [61].

Another study has observed that the high level of 2-HG has been

ImiR-7, miR-491 - 1 EGFR
tmiR- 21 - | PTEN
tmiR-214 - | PTEN

|miR-181d, -142-3p - tMGMT
ImiR-7 - 1EGFR, IGF-1R “
tmiR-214 - | PTEN |
|miR-200c - TEMT w
tmiR-10b, -125a, -204 ‘;
tmiR-21, -181, -221/222 |
| |

| lmiR-195 - 1 TERT
| | ImiR-200 - 1SIM2 (EGFR)
tmiR-125b - | TP53

TP53mut - |miR-34a
TEGFR/EGFRVIII - | miR-524,
miR-107, -146b, etc.

IDHmut - |miR-7,-223-3p,-200
pTERTmut - TmiR-29b, -4699
pTERTmut -| miR-199a,
-10chr - miR-346,-107, -146b.

Proliferation

Therapy Resistance

tmiR -9 - [CDKN2A
TmiR-10b - |p53 pathway

|miR34a - 1VEGF

Genomic
alterations

Invasion,

Migration and EMT

|miR-195, -491 - {TERT
TmiR -9 - |[CDKN2A
TmiR-504 - |p53

|miR-7, -491 - tEGFR
TEGFR - |miR-338-3p
IDHR132H - |miR-200 family
TP53 mut - |miR-34a

Fig. 2. Some of the deregulated miRNAs and corresponding genetic biomarkers, involved in glioma pathogenesis and therapy. Epidermal Growth Factor Receptor —
EGFR; Telomerase Reverse Transcriptase — TERT; Tumor Protein 53 — TP53; Vascular Endothelial Growth Factor Receptor — VEGF, O-6-Methylguanine-DNA
Methyltransferase — MGMT; Insulin-like Growth Factor 1 Receptor — IGF-1R; Cyclin-Dependent Kinase Inhibitor 2A — CDKN2A; Isocitrate dehydrogenase — IDH;
Phosphatase and Tensin homolog — PTEN; single-minded homolog 2 — SIM2; epithelial-mesenchymal transition — EMT; - 10 chr — loss of chromosome 10.
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associated with EMT, by deregulating miR-200b and miR-200c and up-
regulating the ZEB1. Interestingly, inhibition of the IDH mutation has
reversed EMT properties [62].

4.2. miRNA and TERT promoter mutations

TERT has been reported as a target of tumor suppressor miR-491.
This miRNA has been down-regulated in ovarian, glioblastoma, hepa-
tocellular carcinoma (HCC), and brain metastases [8,63-65]. Regulating
the PI3K/AKT pathway, miRNA-491 has inhibited cell invasion and
migration in gliomas and other cancers [63,64]. Moreover, miRNA-491
targeting EGFR, CDK6, and Bcl has suppressed glioblastoma prolifera-
tion, invasion, and induced apoptosis [64]. Another study has observed
that miR-491 along with miR-133a, miR-342, and let-7g, directly tar-
geted TERT and inhibited telomerase activity, the Wnt pathway, and cell
division [66]. These miRs act as tumor suppressors and have been
involved in the regulation of cell proliferation, migration, metastases,
and drug resistance [67,68].

In patients with mutated TERT promoter miR-199a has been down-
regulated, while miRNA-29b-1 and miRNA-4699 have been up-
regulated. It has been reported that miR-199a, as a tumor suppressor,
has regulated cell cycle and cancer progression [69]. MiR-29b-1 acts as
oncomiR and has been observed to activate EMT in oral squamous cell
carcinoma [70].

Other miRNAs regulating TERT are miR-195, suppressing tumori-
genesis in thyroid cancer [71] and a widely reported oncomiR —
miRNA-21 in patients with GBM [72]. MiR-195 regulates critical
signaling pathways such as MAPK, PI3K/AKT, TNF, Wnt/p-Catenin,
JAK/STAT, and Notch. As a tumor suppressor, miR-195 is frequently
downregulated in various cancers. This miRNA was related to inhibition
of cell proliferation, migration, chemoresistance and activation of
apoptosis [71,73]. MiR-21 regulates a plethora of biological processes
and diseases, including development, cardiovascular diseases, inflam-
mation, and cancer. It is a widely studied oncomiR with elevated
expression in various tumors, including gliomas [8,74,75]. Some of the
confirmed targets of miR-21 are some tumor suppressor genes, such as
PTEN, Bcl2, PDCD4 [76]. Upregulation of miR-21 in glioblastoma cells
increased TERT expression mediated by STAT3, promoting glioma
growth. Otherwise, the downregulation of miR-21 suppressed TERT
expression [72].

Some TERT-targeting miRs have been reported to possess prognostic
value. For example, the down-regulation of miR-1207, miR-1182, miR-
532, and miR-3064 has been related to poor clinical outcomes in pa-
tients with different tumors [77,78]. MiR-1182 has inhibited prolifera-
tion, invasion and metastasis [77,78]. Furthermore, miR-1182 has
induced chemosensitivity to cisplatin by inhibition of TERT in bladder
cancer [78].

Downregulation of miR-532 and miR-3064 was related to higher
tumor stage and metastasis, by up-regulation of Slug and down-
regulation of Bax and E-cadherin [64]. These miRNAs predominantly
act as tumor suppressors and may be investigated for future clinical
applications.

4.3. miRNA and +7/-10 chromosomes

The gain of chromosome 7 might increase the levels of encoded
miRNAs, while the deletion of chromosome 10 decreases the levels of
miRNAs located there. Deregulated miRNAs are strongly associated with
the disturbed genes. The loss of chromosome 10 promotes glioma
growth, due to deletion of the PTEN tumor suppressor gene and low
expression of miRNAs located on this chromosome, including miR-107,
miR-146b-5p, miR-346, and miR-1287-5p. Downregulation of these
miRNAs was related to overexpression of CDK6, EGFR, TERT, and
SEMAGA genes involved in glioma growth and proliferation [79]. These
miRNAs have also been disturbed and deregulated in various cancers
[79]. PTEN has been frequently deleted in various cancers and appeared
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to be directly regulated by miR-21 in hepatocellular carcinoma (HCC)
[80], as well as miR-19a, and miR-214 [76,81]. As a tumor suppressor,
PTEN inhibits cell proliferation by the PI3K-AKT pathway [30].

MiR-214 has suppressed expression of PTEN leading to cell prolif-
eration and survival [76,81]. Furthermore, PTEN deletion or suppres-
sion by miRNAs is also related to drug resistance. For instance, in
ovarian cancer, miR-214 has induced cisplatin resistance and cell
malignization, by inhibiting PTEN [81].

The PTEN loss was related to the amplification of miR-26a and
gliomagenesis [82]. Interestingly, the last miRNAs (—21 and —26a) have
shown diagnostic and prognostic value in high-grade glioma [82].

4.4. miRNA and EGFR

EGFR overexpression has been reported in various cancers, including
breast, colon, lung cancers and glioblastoma, related to poor patient’s
prognosis [36,83,84].

Notably, EGFR overexpression, along with EGFRVIII variant, has been
found to suppress miR-524-3p and miR-524 by histone modifications
[84]. These two miRNAs, miR-524-5p and miR-524-3p play a pivotal
role in malignization by targeting Smad2, Hesl, and Teadl, which
subsequently inhibit the oncogenic C-myc protein. Interestingly, C-myc
upregulated EGFR or EGFRVIII variant expression by binding to their
promoter [84]. These findings indicate the significance of the
miR-524/EGFR/EGFRVIII/C-myc axis in gliomagenesis. Moreover, both
miRNAs have been associated with longer OS in glioma patients. Their
restoration has demonstrated therapeutic potential, effectively inhibit-
ing glioma proliferation, migration and tumorigenesis [84]. MiR-524
exhibits tumor suppressor activity by targeting PTEN, BRAF and ERK2
[85,86] inhibiting the growth of various cancers [84-86]. MiR-524-5p
further has targeted SMAD4 and ZEB2, contributing to EMT and can-
cer metastasis [87].

In addition, EGFR amplification has been linked to the inhibition of
the tumor suppressor miR-338-3p, leading to EMT and metastasis [83,
88]. By targeting ZEB2 and Akt signaling, miR-338-3p inhibited EMT
[88]. The selection of genetic alterations, such as EGFR overexpression
in adult gliomas, has been shown to enhance cell growth and migration
by upregulating the levels of the oncoprotein EYA transcriptional
coactivator and phosphatase 2 (EYA2). The restoration of miR-338-3p
and inhibition of EYA2 represent potential therapeutic alternatives for
metastatic tumors [83]. Moreover, miR-338-3p has been reported to be
downregulated in various tumors, and its low expression is associated
with poor clinical outcomes [88].

miR-7, a tumor suppressor miRNA, plays a vital role in regulating
fundamental cellular processes, including cell division, differentiation,
migration, and apoptosis. Downregulated miR-7 has been observed in a
plethora of cancers, including brain tumors [89,90]. In glioblastoma,
low miR-7 expression has been linked to elevated levels of its confirmed
target, EGFR [91]. Restoration of miR-7 expression has demonstrated its
potential in reducing proliferation, survival, and invasiveness in
cultured glioma cells [92]. MiR-7 targeted PI3K mediators, AKT activity,
the insulin receptor, and decreased miR-7 levels have been associated
with increased activity in these pathways [91]. Additionally, mir-7
suppression by promoter methylation has been observed in cancer
stem cells, while Hepatitis B virus (HBV) protein HBx and hepatocyte
growth factor can upregulate miR-7 expression through EGFR in certain
cell types [93].

EGFR has been targeted by miR-133b, regulating cell invasion and
division in colorectal cancer [94]. Reduced expression of miR-133b has
been associated with increased levels of EGFR, leading to poor patient
survival and metastases in various cancers [94].

miR-200a-3p, a member of the miRNA 200 family, has been
decreased in gliomas. As a result, Gail protein has activated EGFR and
PI3K-Akt pathways, promoting cell proliferation and inhibiting
apoptosis [95,96]. The miRNA-200 family, including miR-141,
miR-200b, miR-200c, miR-429, plays a crucial role in glioma
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development, progression, and metastasis [95,97]. Some of the targets
of miR-200a include single-minded homolog 2-short form (SIM2-s),
which regulates cell invasion and migration, as well as TGF - 2, which
plays a role in proliferation, differentiation, and migration [98].

4.5. miRNA and CDKN2A/2B

The product of the CDKN2A gene, namely pl6 protein, probably
plays a more important role in cancer suppression than p53. P16 is
involved in cell cycle arrest, cell proliferation, the occurrence of various
cancers [39].

Increased expression of miR-9 has been linked to reduced expression
of its target, p16, influencing cell growth, angiogenesis, and metastasis
in patients with osteosarcoma [99]. MiR-9 has been deregulated in lung
cancer, bladder cancer, osteosarcoma, ovarian cancer, nasopharyngeal
carcinoma, glioblastoma, etc. [100]. In glioblastoma, miR-9 has
inhibited proliferation by targeting CAMP response element-binding
protein (CREB) and promoted migration by targeting neurofibromin 1
(NF1) [100].

Interestingly, the human herpes simplex virus (HSV-2) encoded
miRNA, H4-5p, has been shown to bind to the 3-UTR of CDKN2A and
inhibit its expression, leading to reduced apoptosis [101].

In leukemia cells, decreased expression of miR-497 and miR-195 has
been related to intensive deletion of CDKN2A/B and lower PFS.
Furthermore, authors observed tumor recurrence when miR-195 and
miR-497 have been suppressed. These miRNas have targeted cyclin-
dependent kinase 4 (CDK4) and cyclin-D3 (CCND3), controlling cell
cycle and inhibiting B-cell precursor acute lymphoblastic leukemia
progression [102]. Interestingly, the presence of normal CDKN2A/2B in
combination with high expression of miR-497 and miR-195 have
demonstrated a better outcome, indicating their potential as therapeutic
targets. Both miRNAs have been observed to function as tumor sup-
pressors in various cancers [71,102,103]. The expression of miR-497
and miR-195 is epigenetically suppressed by promoter methylation in
some types of cancers [102].

4.6. miRNA and TP53

Several miRs have been identified as key regulators of p53 levels and
its associated functions in apoptosis and cell cycle arrest.

In contrast, miR-34a indirectly upregulates p53 activity through
downregulation of sirtuin 1 (SIRT1). SIRT1 is a negative regulator of p53
by its deacetylation and inhibits cell apoptosis. Furthermore, p53 can
directly regulate the expression of the miR-34 family by binding to their
promoters and activating their transcription [104]. In glioma, patients
with mutant p53 showed lower miR-34 expression, which correlated
with a poor prognosis and a higher tumor grade [105]. The loss of
miR-34 could promote tumorigenesis and this miRNA has been reported
to be down-regulated in various tumors [104-106]. Furthermore, mu-
tations in the TP53 gene (R175H and R273H) might influence the ac-
tivity of Drosha and decrease the levels of miR-16-1, miR-143, and
miR-145.

The P53 pathway has been controlled by miRNA-10b, which is
overexpressed in gliomas and brain metastases [8,107]. Upregulation of
miR-10b has been associated with cell proliferation, angiogenesis, and
migration. Its levels have been linked to a poor prognosis in glioma
patients, promoting cell invasion and migration [108-110]. Interest-
ingly, Epstein-Barr virus latent membrane protein 1 (LMP1) activated
the expression of TWIST-1 and NF-kB, increasing the levels of miR-10b,
which is critical for EMT [111]. MiR-10 has shown potential not only as
a diagnostic and prognostic biomarker but also as a therapeutic target.
Decreased expression of miR-10b is associated with improved response
to neoadjuvant therapy and increased survival [107].

MiR-125b and miR-504 have directly targeted the 3-UTR region of
p53 and downregulated its expression levels [112,113]. MiR125 is a
brain-enriched miRNA which is upregulated in glioma cells. This miRNA
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has interacted with Bmf, inducing glioma proliferation and inhibiting
cell apoptosis [114]. MiR-504 overexpression has suppressed migration,
invasion, EMT, and stemness in glioblastoma [112].

4.7. miRNA and MGMT

MGMT plays a crucial role in DNA repair, particularly in the removal
of alkyl groups from the O-6 position of guanine. Methylation of MGMT
promoter leads to the accumulation of DNA damage and increases the
cytotoxicity of alkylating chemotherapy. Epigenetic silencing of MGMT
through promoter methylation has been observed in nearly 45 % of GBM
patients and is a predictive marker for better response to adjuvant
temozolomide (TMZ) therapy as well as better patient outcomes [115].

Some miRNAs have emerged as key regulators of MGMT and have
been shown to predominantly enhance TMZ sensitivity in glioblastoma.
For example, miR-181d and miR-142-3p have targeted MGMT directly,
leading to increased chemosensitivity towards the alkylating agent TMZ.
Therefore, together with MGMT, miR-181d might be used as a predictive
biomarker, correlated with improved OS [116]. Interestingly, the low
expression of miR-181b and miR-181c in glioblastoma has been related
to a better TMZ response [116].

Other direct regulators of the 3'UTR of MGMT are miR-198, miR-
221/222, miR-767-3p, and miR-648 which have also increased the
sensitivity to TMZ [117,118]. Moreover, miR-221/222, which are
frequently up-regulated in glioma, increase chromosomal aberrations
and are correlated with poor patient survival [118].

miRNAs play a significant role in regulating MGMT promoter
methylation and expression, which, in turn, influence the response to
alkylating chemotherapy in cancer [119]. DNA methyltransferases
(DNMTs), which include the DNMT1, DNMT2, and DNMT3 family of
enzymes, catalyze the methylation of the CpG islands in the promoter
regions. In high-grade astrocytic tumors, DNMT1 overexpression has
been correlated with a reduction in MGMT protein expression. Some
miRNAs associated with DNMT overexpression include miR-143,
miR-153, miR-148 [119,120]. MiR-143 and miR-148 have been down-
regulated in various cancers, including gliomas [118]. Overexpression
of miR-143 and miR-148 inhibited angiogenesis, migration, and inva-
sion. Moreover, miR-143 has been shown to sensitize glioma cells to
TMZ, presumably by indirectly regulating MGMT promoter methylation
and expression [121].

Understanding the intricate interplay between miRNAs and MGMT
offers valuable insights into the development of personalized treatment
strategies and the identification of predictive biomarkers. Further
research in this field holds promise for improving the effectiveness of
alkylating chemotherapy and enhancing outcomes for cancer patients.

4.8. miRNA and BRAF

Mutations in v-raf murine viral oncogene homolog B1 (BRAF) play a
significant role in various types of cancer, including brain tumors [85,
122]. The most common BRAF mutation, p.V600E, involves a specific
change in the BRAF gene, resulting in the substitution of valine (V) with
glutamic acid (E) at position 600 in the BRAF protein. This genetic
alteration leads to the constitutive activation of the BRAF, leading to the
uncontrolled activation of the MAPK pathway and cell proliferation,
division, apoptosis inhibition, and cell survival.

These signaling events contribute to the formation and growth of
brain tumors, even in the absence of external growth signals. The most
common BRAF alterations, p.V600E and BRAF-KIAA1549 fusions,
involving exon 16 in KIAA1549 and 9 in BRAF, are observed in adult-
type glioma (3-5%), although they are most commonly associated
with pediatric low-grade gliomas and pleomorphic xanthoastrocytomas
[122,123]. KIAA1549-BRAF fusions are also found in various other
malignancies, including melanoma, spindle cell neoplasms, sarcomas,
breast carcinoma, thyroid and lung cancer.

BRAF mutation, p.V60OE, is targeted by FDA-approved therapy,
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while additional inhibitors against other BRAF aberrations are under
development. Targeted therapies using BRAF inhibitors, have been
developed and show promise in treating BRAF V600E-mutated brain
tumors [124,125]. However, ongoing research is essential to address
resistance mechanisms and optimize treatment strategies for these
tumors.

Several miRNAs have been identified as regulators of BRAF or
components of the BRAF signaling pathway. For example, down-
regulation of miR-31 has been associated with increased BRAF expres-
sion and activation of the MAPK signaling pathway. Conversely, miR-31
has been significantly up-regulated and associated with advanced CRC
with the BRAF V60OE mutation, compared to wild-type BRAF. There-
fore, this miR showed potential as a prognostic and therapeutic marker
[126].

By specifically targeting the 3-UTR of BRAF and ERK2, miR-524p
has been shown to inhibit the development of oncogenic BRAF mela-
noma. MiR-524 efficiently blocks MAPK/ERK signaling, influencing
tumor growth, proliferation, and cell motility [85].

A number of studies have already reported the contribution of
miRNAs to the resistance to BRAF inhibitors [127-129]. Some miRNAs
have shown the ability to inhibit the growth of BRAF-resistant tumors,
while others play a role in the selection and survival of cell populations
that have developed resistance to BRAF inhibitors.

For example, miR-7 has been found to counteract resistance to BRAF
inhibitors by targeting EGFR, IGF-1R, CRAF and suppressing MAPK and
PI3K/Akt pathways. The authors have reported inhibition of tumor
growth using miR-7 mimics and underlined the role of this miR as a
potential therapeutic agent in BRAF-resistant melanoma [127]. MiR-524
has also shown the ability to suppress the development of melanoma
resistant to BRAF inhibitors [85,130].

Conversely, miR-125a, miR-204, and miR-211 have contributed to
increased BRAF resistance, primarily acting through MAPK and PI3K/
Akt pathways [128]. Additionally, miR-200c has been observed to
regulate EMT, leading to the acquisition of resistance to BRAF inhibitors.
The upregulation of miR-200c has resulted in inhibition of melanoma
growth, especially in resistant cells to BRAF inhibitors [129].

5. Therapeutic applications

The current standard of treatment for malignant brain tumors in-
volves surgical resection, radio- and chemotherapy. Surgical resection
has been recommended to be performed in high-volume medical centers
with highly-trained specialists to avoid surgical morbidity, errors in
biopsy sampling, and adverse outcomes [131]. Since the improvement
in patient outcome, OS, and PFS is minimal, new therapy strategies and
molecular markers for monitoring are urgently needed. The diagnosis
and treatment of patients with GBM are still challenging. Even though
glioma accounts for approximately 1 % of global cancer cases, it has a
low survival rate, frequent recurrence, and treatment resistance [32,
132].

The recommended genetic markers for therapy decisions have been
updated in the WHO CNS5 classification. Notably, molecular testing
should be performed on the most recent tumor sample, as cancers may
change and their molecular profiles might alter over time [1,133].

Most treatments for malignant brain tumors have had a limited
impact on the tumor’s growth and the patient’s survival. Non-invasive
biomarker discovery has been a "hot" topic in brain tumor manage-
ment [52]. miRNA-based circulating biomarkers are among the most
tested due to their stability in biofluids and disturbance in cancer [134].
The suffix NOS in glioma classification is sometimes related to a difficult
prognosis. For example, in patients with IDH NOS glioma, establishing a
miRNA signature can improve the accuracy of the prognosis. Addition-
ally, studies Performed over the recent years have confirmed their role
in developing radio- and chemotherapy resistance in brain tumors [2,
135-137]. Certain miRNAs can sensitize tumor cells to radiation or
chemotherapy, making them more susceptible to these treatments.
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Some miRNAs have been associated with TMZ resistance in GBM
[135,138-140] and can be used as predictive biomarkers and thera-
peutic targets. For example, miR-21 promotes cell survival, tumor
growth, chemo- and radioresistance. Inhibition of miR-21 in GBM by
antisense oligonucleotides (ASO) resulted in cell death and apoptosis
due to the restoration of caspase-3 activity and the Bax/Bcl2 ratio.
Furthermore, this resulted in radiosensitization of U373 and U87 cells,
whereas overexpression of miR-21 led to a decrease in radiosensitivity.
This has resulted in a better TMZ response [139]. In another study, high
miRNA-9 expression levels have been associated with increased glioma
TMZ sensitivity, and its expression might be used for TMZ treatment
monitoring [135]. Another study reported that miR-210-3p induced
chemoresistance to TMZ in glioma cell lines via upregulation of the
TGF-f under hypoxic conditions [141]. MiR-181 family and
miR-221/222 have been related to chemoresistance and their down-
regulation in cell lines caused an increase in sensitivity to TMZ and
apoptosis [138].

MiRNAs have also exhibited a crucial role in the development of
radiotherapy resistance. For instance, some miRNAs promoted GBM
radiosensitivity, including microRNAs-26a, —124, —128, —103a, —145,
—153, —181a/b, —203, —221/222, —223, —224, —320, - 524, —590), -
640, etc [142,143]. For example, miR-524-5p increased the radiosen-
sitivity of glioma cells by suppressing autophagy. Up-regulation of
miR-7 has led to downregulation of the EGFR-AKT signaling network
[127] and radiosensitivity in glioma cell lines cell [144]. These miRNAS
might be further explored for enhancement of the effect of radiotherapy.

Conversely, miR-96, -135b, —21, —155, —210, —320b, and —212
have been related to radioresistance [142,145]. These miRNA regulate
radiation-related signaling pathways such as apoptosis, proliferation,
DNA repair, and cell cycle arrest. Therefore, knockdown of the radio-
resistant miRNAs represents a prospective opportunity for better
radiotherapy.

Additionally, miRNAs can be used as predictive biomarkers for gli-
oma therapy. For example, miR-21 and miR-181c have stratified pa-
tients according to the relapse time after TMZ therapy, while let-7a,
miR-539, miR-1305, miR-1260, and miR-3163 have been deregulated
between patients with short- and long-time survival [146]. Thus,
miRNA-based therapies can be combined with traditional chemotherapy
or radiotherapy to enhance treatment outcomes.

The perspective for miRNA-based therapy applications is based on
their stability and small size. However, miRNA’s ability to target mul-
tiple genes has been a limiting factor for their therapeutic use. For this
reason, miRNA-loaded nanoparticles, protecting miRNAs from nuclease
degradation, have been pointed out as a possible effective delivery of
miRNAs across the blood-brain barrier to the tumor site. This approach
enhances therapeutic efficacy, reduces off-target effects, and facilitates
interactions with nearby healthy cells [147].

Moreover, GBM-specific surface receptors function as recognition
targets, guaranteeing that miRNA is transported to the specific tumor
cells and the targeted gene [148]. Experimental in vitro analyses using
nanoparticles for miR-21 inhibition result in increased tumor apoptosis
and OS in glioblastoma cells [149]. Some deregulated miRNAs might be
used as adjuvant therapy in TMZ-resistant patients. Interestingly, sup-
pressing miR-10b has inhibited proliferation and growth only in glioma
cells but not nearby normal cells [109,150]. Restoration of miR-7 has
decreased tumor volume and survival in mice by suppressing EGFR/-
PI3K/AKT pathways [151].

Several promising miRNA-based therapeutic approaches have
entered clinical trials (Table 3). There are currently no miRNAs in
clinical trials for patients with diffuse gliomas. However, significant
attention has been focused on miRNA-based therapy and resistance due
to EGFR activation or PTEN inhibition, which have often been disrupted
in gliomas [31].

MiRNA-based therapeutic approaches are still in the early stages of
development and require further preclinical and clinical studies to
determine their safety and efficacy. For successful miRNA-based
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Table 3
MiRNA-based drugs that have entered clinical trials.

Non-coding RNA Research 9 (2024) 141-152

miRNA Disease Clinical stage Company/drug name Study number
miR-155 treatment of amyotrophic lateral sclerosis (ALS) preclinical miRagen Therap., Inc./MRG-107 completed a preclinical
trial trial
miR-34a treatment of different types of cancers I miRNATherapeutics/MRX34 NCT03713320
miR-17 treatment of polycystic kidney disease I Regulus Therapeutics/RGLS4326 NCT04536688
miR-16 treatment of recurrent malignant pleural mesothelioma and non- I Asbestos Diseases Research Foundation/ NCT02369198
small cell lung cancer TargomiRs
miR-21 prevent alport syndrome (nephropathy) I Genzyme/Lademirsen NCT03373786
miR-92a blood vessel growth and to control ischemia I miRagen Therap. Inc./MRG-110 NCT03603431
miR-103, miR- Non Alcoholic Steatohepatitis (NASH) in patients with type 2 I/1la AstraZeneca/AZD4076 (RG-125) NCT02826525
107 diabetes
miR-155 cutaneous T-cell lymphoma (CTCL) I miRagen Therap., Inc./MRG-106 NCT03713320
miR-29 treatment of fibrosis (cutaneous, idiopathic pulmonary fibrosis etc.)  1I miRagen Therap., Inc./MRG-201 NCT03601052
miR-122 treatment of hepatitis C virus (HCV) I SantarisPharma/Miravirsen (SPC3649) NCT01200420
therapy, the delivery system should be more cancer-specific. The use of Acknowledgments

engineered exosomes [152], viral vectors, or plasmids [153] offer a
non-invasive and cell-specific delivery method with promising thera-
peutic application. Nevertheless, these strategies hold significant po-
tential for advancing the treatment of brain tumors and other types of
cancer.

These studies emphasize the potential use of miRNAs and the
currently recommended biomarkers for glioma diagnosis and treatment.
Furthermore, miRNA profiling could also be used to stratify patients and
determine the best course of treatment.

6. Conclusions

The study highlights the role of deregulated miRNAs related to the
recommended molecular aberrations in adult diffuse glial tumors ac-
cording to the 2021 WHO CNS classification. Since miRNAs contribute
to the dysregulation of cell cycle control, cell proliferation, apoptosis,
and other critical processes, their biomarker potential could improve
brain tumor monitoring. Finally, we outline the potential of personal-
ized miRNA therapy for more effective treatment and patient outcome
improvement. Continued research and clinical trials are essential to
translate genetic aberrations and deregulated miRNAs into effective
treatments, paving the way for a future of precision medicine for pa-
tients with gliomas.
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