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Abstract: Glioblastoma multiforme (GBM) is a highly invasive brain malignancy originating from astrocytes,
accounting for approximately 30% of central nervous system malignancies. Despite advancements in
therapeutic strategies including surgery, chemotherapy, and radiopharmaceutical drugs, the prognosis for
GBM patients remains dismal. The aggressive nature of GBM necessitates the identification of molecular targets
and the exploration of effective treatments to inhibit its proliferation. The Notch signaling pathway, which
plays a critical role in cellular homeostasis, becomes deregulated in GBM, leading to increased expression of
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pathway target genes such as MYC, Hesl, and Heyl, thereby promoting cellular proliferation and
differentiation. Recent research has highlighted the regulatory role of non-coding RNAs (ncRNAs) in
modulating Notch signaling by targeting critical mRNA expression at the post-transcriptional or
transcriptional levels. Specifically, various types of ncRNAs, including long non-coding RNAs (IncRNAs) and
microRNAs (miRNAs), have been shown to control multiple target genes and significantly contribute to the
carcinogenesis of GBM. Furthermore, these ncRNAs hold promise as prognostic and predictive markers for
GBM. This review aims to summarize the latest studies investigating the regulatory effects of ncRNAs on the
Notch signaling pathway in GBM.

Keywords: glioblastoma; notch signaling; IncRNAs; miRNAs

1. Introduction

Glioma is the most prevalent and aggressive tumor of the central nervous system. According to
cellular sources, gliomas may be divided into oligodendroglioma, astrocytoma, mixed gliomas (oligo-
astrocytomas), and ependymomas [1]. The World Health Organization (WHO) has separated gliomas
into four grade subtypes. Grades I and II are classically investigated as low-grade gliomas, whereas
grade III and IV tumor types are perceived as high-grade glioma types. Glioblastoma multiform
(GBM, grade IV astrocytoma) is a competitive and fast-growing tumor, with an average survival time
of 12-14 months after preliminary diagnosis [2]. Thus the discovery of an impressive therapeutic
approach is essential in this disease [2].

The high development potential and diminished apoptosis potential of the glioma cells are
chiefly reliant upon hereditary intensifications or transformations and changes in pro-apoptotic and
oncogenic genes expression [3]. The idea of molecular treatment for GBM tumors is dependent on
probable pharmacological or genetic changes in the main molecular signaling pathways such as the
Notch pathway to reduce GBM proliferation and angiogenesis [4]. Notch signaling is complicated in
different cellular processes related to normal growth and cellular hemostasis; however, its role in
many features is also associated with cancer, for example: variation types, proliferation, the transition
of epithelial-mesenchymal, stemness, or angiogenesis [5].

Abnormal Notch molecular signaling in GBM stem cells increases tumor reappearance and
invasion [6]. It is vital to regulate the underlying processes in GBM tumorigenesis to understand the
molecular mechanism involved in this progress to find more efficient therapeutic approaches. More
importantly, several recent studies have reported the significance of the interaction between Notch
signaling and non-coding RNAs (ncRNAs) such as microRNAs (miRNAs), long non-coding RNAs
(IncRNAs) and circular RNAs in the various aspects of GBM pathogenesis. This review discusses the
potential role of ncRNAs in regulating notch signaling in GBM.

2. ncRNAs Functions in GBM

Despite the fact that the majority of the human genome (80%) is transcribed into RNA, only ~2%
of RNA is translated into proteins [7]. Therefore, ncRNAs make up the large majority of cellular
RNAs and have substantial functions in the regulation of physiological, biological, and pathological
events [8]. The last decades have witnessed robust interests in studying the involvement of two
important categories of ncRNAs including miRNAs and IncRNAs in the regulation of various human
malignancies [9]. miRNAs are a class related to minor 20-22 nucleotide-ncRNAs that control
important cellular events via targeting the 3’ untranslated region (UTR) of mRNAs of target genes
[10,11]. IncRNAs are much preserved non-coding RNAs that are more than 200 nucleotides in length
with no protein-coding ability [12-15]. They were originally believed to be ‘transcriptional sounds’
leading to short RNA polymerase loyalty [16-19].

Previous studies have demonstrated an abnormal expression pattern of miRNAs and IncRNAs
in GBM [9]. According to these studies, 95 miRNAs have been reported to be downregulated in GBM
and 256 miRNAs upregulated in GBM tissues compared to normal brain tissues [20]. miR-21, which
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is overexpressed in human glioma cells and tissues, showed a significant link of this miRNA with the
malignant transformation of GBM [21]. One of the most frequently overexpressed miRNAs in GBM
is miR-221/222. MiR-181 family, miR-26a, miR-34a, miR-148a, and miR-10b are other important
miRNAs with aberrant expression levels in GBM cells and tissues. miRNAs play a number of crucial
roles in the cell proliferation, viability, and stemness, migration and invasion, angiogenesis immune
evasion, and drug resistance of GBM cells [22]. In this regard, miRNAs represent promising
therapeutic agents or targets for GBM.

In addition to miRNAs, IncRNAs are another group of ncRNAs with increasing importance in
the numerous aspects of GBM [23]. Deregulation of IncRNAs might influence signaling pathways
and establish a cellular proliferation benefit, leading to unrestrained growth of tumors [24]. Previous
studies have indicated that IncRNAs have a pivotal function in glioma development by controlling
multiple tumorigenic processes such as cellular proliferation and apoptosis [25,26]. Differential
expression of specific IncRNAs might correlate with disease progression and cancer malignancy and
thus could potentially be used as therapeutic targets and biomarkers for prognosis [26,27]. The latest
confirmations propose that IncRNAs act as important factors in various biological progressions, such
as X chromosome deactivation, regulating gene expression and post-transcriptional changes, as well
as controlling translation [28-30]. LncRNAs can also act as tumor suppressors or oncogenes in GBM
and can be used as prognostic or diagnostic valuable biomarkers for this tumor [31-33].

3. Notch Signaling Pathway in the Pathogenesis of GBM

The Notch pathway has been demonstrated to have major functions in a broad range of
developmental and cellular events, from cell fate decision and stem cell maintenance, to cell growth
and apoptosis, and tissue homeostasis [34,35]. The Notch family is a cytoplasmic receptor and
Notchl, Notch2, Notch3, and Notch4 are four well-known homologous of this family, which act
through bridging two major ligands families including Delta-like (DI11-3 and -4) and Jagged (Jagged1
and -2) [36]. Interaction between Notch receptors and ligands results in the receptor cleavage via
member A Disintegrin and Metalloprotease (ADAM) (52 cleavage) and following intracellular
cleavage by y-secretase (S3 cleavage) leads to the release of the Notch intracellular domain (NICD).
NICD then translocates to the nucleus and interacts with members of the Suppressor of Hairless, Lag
1 (Longevity Assurance Gene) (CSL) family, C-Promoter binding factor (CBF1) [37].

At the nucleus, Notch targets and activates the transcription of various genes, such as members
of the Hey (hairy and enhancer of split related with XRPW motif) and basic Hes (helix-loop-helix
family) [38] (Figure 1). Due to the importance of this signaling pathway in the various cellular
processes, an accumulating number of studies have reported aberrant expression patterns of key
components of Notch signaling in numerous human malignancies including GBM. Notch2
overexpression has been frequently observed in GBM [39,40]. Notchl was demonstrated to control
the expression levels of epidermal growth factor receptor (EGFR), which is upregulated in GBM [41].
In addition, one of the most common genetic alterations in GBM is the genomic amplification of
EGEFR. On the other hand, EGF is considered as one of the significant proliferation pathways in GBM,
which is mediated by activation of the PI3K-AKT-mTOR and RAS-RAF-MEK-ERK cascades [42-44].
Therefore, targeting the Notch signaling pathway has been considered as a promising therapeutic
strategy for combating GBM.
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Figure 1. The scheme of Notch signaling activation in GBM.

Before transfer to the surface of signal recipient cell Notch receptor is cleaved by Furin (S1
cleavage) and then located on the surface of the plasma membrane. Notch signaling is activated by
binding the Notch receptor to its ligand on the signal donor cells, which causes metalloproteinase
(ADAM 10) to cleave the extracellular (S2 cleavage). Then the intracellular part of the Notch receptor
is cleaved by Y secretase enzyme (S3 cleavage) and the NICD translocates from cytoplasm to nucleus,
removes the repressing effect of CSL from the promotor, and activates Notch target gene expression
such as HES 1 family, HEY1, and Myc (Figure 1).

4. Cancer Stem Cells, Cancer Stem-like Cells, and Notch Pathway in Glioblastoma

The resistance of GBM to radiation and chemotherapy is related to the presence of an infrequent
division of cancer stem cells (CSCs) that have been recognized in the tumor central part [4]. Cancer
stem-like cells (CSLCs) are probable aims for curing GBM because of their important task in
reappearance and tumorigenesis. Notch signaling blocks arsenic trioxide (As203) in GBM cell lines,
reducing the levels of CSLCs, which are necessary for in vivo tumor creation; consequently, As203
represses tumorigenesis of cell lines of GBM [45,46].

GBM also includes a collection of stem cells with multipotent characters. These cells crosstalk in
neurovascular positions with endothelial cells. The stimulation of the Notchl pathway by the
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expression of the NICD in these cells has been established to decrease their migration and
proliferation, which is supplemented by the severe diminution in the expression of transcription
factors of neural stem cells (Oligodendrocyte transcription factor (OLIG2), sex-determining region
Y)-box 2 (SOX2), and Achaete-scute homolog 1(ASCL1)), while Snail family transcriptional
repressor 2 (SNAI2), Kruppel-like transcription factor 9 (KLF9), and Hairy/enhancer-of-split related
with YRPW motif protein (HEY)1/2 transcription factors will be up-regulated. The expression of
NICD stimulates the expression of markers of pericytes (PDGFRb and NG2) in glioma stem cells. This
is paralleled with the stimulation of many angiogenesis-associated agents, most remarkably
cytokines (IL8 and Heparin-binding epidermal growth factor), adhesion molecule types (such as
Vascular cell adhesion molecule 1), and matrix metalloproteinases especially type 9. Thus, these
discoveries show the importance of the Notchl signaling in regulating angiogenic and plasticity
potencies of stem cells of GBM [47-50].

The investigation of the influence of the Hesl-aimed shRNA (shHesl), a Notchl gene goal,
particularly on the refractory of GBM CSCs to y-secretase inhibitor-X (GSI-X), has shown that
reduction of Hesl stimulates alterations in cells growth, morphology, and rate and also in the
aggressive potency of shHes1-CSCs in reply to growth factors [51]. These effects are associated with
suppression of EGFR and regulation of Stat3 phosphorylation. Stat3/5 inhibitors prompt the
apoptosis process of both control and shHes1-CSC cells. Taken together, Hesl appears to be a
promising target, but is not adequate to aim glioma effectively. Thus a prospective pharmacological
interference should be designed for GBM therapy based on anti-Stat3/5 agents either unaccompanied
or as combined treatments [4,51-53].

Protein Kinase C iota (PKCi) is a vital applicant gene for the survival of GBM stem-like cells
(GSCs). PKCi has been established as a therapeutic beneficial aim in non-small cell lung cancer,
leading to the detection of an inhibitor titled aurothiomalate (ATM), which interrupts the PKCi/ERK
signaling. It has been revealed that, although GSCs have sensitivity to inhibition by drugs through a
pseudosubstrate inhibitor, they are much less delicate to ATM, suggesting that PKCi goes along a
various pathway axis in GSCs. Profiling gene expression of PKCI-quieted GSCs has discovered a new
character of the Notch signaling in PKCi intermediated GSC survival. A ligation assessment has
exhibited that PKCi and Notch1 are very close in GSCs. Directing PKCi in the Notch signaling context
can be an efficient approach to attacking the GSCs position in GBM [54].

5. Notch Pathway-Related Channels and Glioblastoma

Hypoxia has been shown to direct glioma in the direction of a more aggressive position.
Transient receptor potential 6 (TRPC6) is essential for the expansion of the destructive phenotype,
and TRPC6 knockdown inhibits GBM proliferation, angiogenesis, and invasion. TRPC6 creates a
continued increase of calcium in the cells that are connected to the stimulation of the activity of the
pathway of the calcineurin-nuclear factor of activated T-cell (NFAT). The inhibition of the
calcineurin-NFAT pathway by drugs considerably decreases the expansion of the aggressive GBM
under hypoxia conditions. Clinically, the expression of TRPC6 is increased in GBM samples in
comparison with typical tissues. Collectively, studies indicate that TRPC6 is a basic mediator of the
proliferation of GBM in vitro and in vivo and that TRPC6 may be a favorable therapeutic goal in GBM
treatment [55].

Transient receptor potential cation channel, subfamily M, member 7 (TRPM?), is ubiquitous, and
forms a constitutively active Mg2+ and Ca2+ penetrable ion channel that is singular in being both a
serine/threonine kinase and an ion channel [56]. TRPMY is single in the sense that it codes an o kinase
domain merged to the moiety of ion channel, the channel area and kinase can be commonly
controlled, but the existence of the domain related to a kinase is not essential for TRPM7 channel
function, even though it helps relatively to the changes of the sensitivity of the channel to cAMP
[57,58] and Mg2+ [59]. TRPM7 knockdown reduced the Notchl and STAT3 pathways in GBM cells
grown in monolayer culture. Moreover, markers of CSC (CD133 and ALDHI1), Notch1 target genes,
and phospho-STAT3 are considerably greater in spheroid GBM CSCs when compared to monolayer
cultures. Consequently, phosphorylated STAT3 binds to the ALDH1 promoter in GBM cells. In
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addition, TRMP7-stimulated high regulation of expression of ALDHI is related to enhance in ALDH1
function in stem-like cells once enlarge as spheroid type CSCs [56].

6. Notch Signaling Interacting Molecules, Proteins, Markers, and Related Drug Effects in
Glioblastoma

Neural stem cells (NSCs) develop into the central nervous system and are located in special parts
of the mature brain for replacing injured cells. The loss of the balance between NSC differentiation
and self-renewal can result in tumor progression. Recent studies have exhibited that mRNA
expressions of insulin-like growth factor binding protein 2 (IGFBP2) are extortionate during fetal
brain growth, and are reduced during the brain maturation to adults. IGFBP2 is also often expressed
highly in GBM, which is associated with tumor reappearance and reduced survival, and
subsequently causes GBM development. IGFBP2 is also overexpressed in NSCs and induces their
proliferation but prevents their changes in astrocytes and neurons. The IGFBP2 knockdown in NSCs
strongly affects the gene expression associated with Notch signaling and the cell cycle [60].

Inhibition of Notch signaling through the mastermind-like 1 (DN-MAML1), or the remedy of a
GS], leads to a noteworthy decrease in glioma cells proliferation in vivo and in vitro. The specific
Notch receptors knockdown revealed that Notchl and Notch2 receptors diversely help GBM cells
proliferation, although Notch2 performs the main function. Moreover, Notch pathway blocking
hinders the glioma-derived neurospheres proliferation in vivo and in vitro [61]. These findings show
that the Notch signaling pathway helps to ideal GBM proliferation, and strongly support that this
could be a promising therapeutic target for GBM.

Current Notch signaling inhibitors block the crucial enzymes involved in these pathways,
including metalloproteinases (10 and 17) and y-secretase enzyme, which is essential for the Notch
signal activation. Notch S2 and S3 cleavage inhibitors strongly reduce GBM growth. Furthermore, it
has been shown a-secretase is a substitute to g type for inhibiting Notch in GBM [62].

The effect of leptin and its receptors has been revealed in glioma cells. The expression of leptin
and related receptors is much higher in GBM cells (T98G and U-87MG) than the normal glial cell line
(SVG p12), which indicates that inducing leptin prompts proliferation in human GBM cells.
Treatment with leptin enhances neurosphere generation by increasing the self-renewal property and
inducing the expression rate of SOX2. Mechanistically, a leptin facilitates upregulating Notchl
receptors and activates its effectors and target factors. The crosstalk between Notch and leptin
emphasizes leptin/ Notch interaction as a possible new therapeutic aim for curing GBM. [63].

Herbal drugs having antitumor characteristics have been applied in adjuvant treatment that are
harmless and inexpensive in comparison to chemotherapy. Bacopa monnieri has been applied for the
growth of brain cells due to its neuroprotective properties. Antitumor compositions of Bacopa
monnieri have been revealed to be favorable in the treatment of cancer. Monnieri Bacoside A - a
dynamic and plentiful factor of Bacopa Monnieri - has displayed significant cytotoxicity in human
GBM in vitro through cell cycle arrest and apoptosis via decreasing the expression of Notchl [64].
Temozolomide (TMZ) is the typical chemotherapy drug for human GBM. Nonetheless, resistance to
TMZ is a key problem for this remedy. Genomics assay has verified that EGF-containing fibulin-like
extracellular matrix protein 1(EFEMP1), a matrix protein of extracellular, is related to TMZ-resistance
[65]. Suppressing EFEMP1 in GBM cells leads to reduced cell survival after TMZ therapy, while its
high expression creates resistance to TMZ. EFEMP1's performances operate in different ways,
particularly y-secretase-facilitated stimulation of the Notch signaling. y-Secretase inhibition via
RO4929097 has been revealed to create the limited sensitivity of GBM cells to TMZ in vivo and in
vitro [65,66]. These results demonstrated the promising role of EFEMP1 in reducing resistance to
TMZ in human GBM [66,67].

The elastin-like polypeptide (ELP) is a reactive polypeptide in terms of temperature that can be
dynamically aimed at the tumor location by hyperthermia restricted application. Conjugation of the
ELP with a Notch inhibitory peptide Dominant-negative Mastermind-like (dnMAML) and a
penetrating peptide Synthetic Battlefield (SynB1) improved cellular acceptance and blood-brain
barrier diffusion, and increased GBM, cytotoxicity, apoptosis, and cell cycle arrest by inhibition of
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the Notch target genes. Briefly, hyperthermia inhibits proliferation via cell cycle arrest, and promotes
apoptosis in U251 and D54 cells. Subsequently, hyperthermia enhances the general delivery of the
polypeptide by cells, causes the anti-notch activity of dnMAML in receiving cells, and decreases the
Notch target genes including Hey-L and Hes-1 [68].

Collapsin response mediator protein 5 (CRMP5) is highly expressed in the developing brain.
This protein was first defined as cancer-induced by autoimmunity and results in neurodegenerative
disorders including paraneoplastic syndromes or neurologic pathologies. Moutal et al. revealed the
two distinct CRMP5 expression patterns seen in human glioblastoma (GBM) biopsies which stimulate
expression of Notch receptor and activation of Akt protein in human GBM stem cells [69]. They
demonstrated that increasing CRMP5 mechanistically hijack Notch receptors from Itch-dependent
lysosomal degradation and increase stemness in GBM cells [70].

Sec61 is a fundamental constituent of the translocation apparatus of protein in the membrane of
the endoplasmic reticulum [71], which is involved in protein folding, translocation, modification, and
unfolded protein response to nutrient deprivation and hypoxia in tumor microenvironments [72,73].
Sec61 includes three different subunits, and the gamma subunit of Sec61 (Sec61G) is highly expressed
in most GBM patients and associated with reduced prognosis. It was reported that overexpression of
SEC61G decreased the sensitivity of TMZ in patients with GBM [74]. There is a significant association
between the expression of SEC61G and Notch signaling. Thus, SEC61G is a new prognostic marker
that may be used for the prediction of survival of GBM patients [74].

There is a clinical relationship between the tumor vascular laminin-411 (a4b1g1) expression with
GBM tumor grade and CSC associated genes, such as Notch signaling memberships, Nestin, c-Myc,
and CD133. High expression of Laminin-411 is also associated with a higher reappearance degree
and a shorter survival of a patient with glioma [75,76]. Expression of Laminin-411 in the
microenvironment of GBM associates with Notch and other markers of cancer stemness which caused
GBM proliferation [77].

Receptors of Notch transfer into the endoplasmic reticulum and Golgi apparatus and are altered
by several glycosyltransferases, comprising O-glucosyltransferase 1 (Poglutl), Pofutl, and KDEL
(Lys-Asp-Glu-Leu) containing 2 (KDELC2) and Poglut2 (KDELC1) [78]. KDELC1 and KDELC2 help
transmission of O-glucose to Notchl EGF11 and Notch3 EGF10 [79]. KDELC2 can prompt invasion
and migration of GBM via inducing MMP-2, enhances proliferation of the tumor by inhibition of two
caspases (3 and 9), and increases cell cycle speed [80]. Moreover, the high expression of KDELC2
induces the cascade of Notch signaling, containing NF-kB and PI3K/Akt/mTOR signaling pathways.
Thus, KDELC2 is a marker for the measurement of the aggressiveness of GBM [80].

Deltex (DTX) is a protein with Notch interacting characteristics, which includes a basic area at
the N-terminal where it binds to the ankyrin sequences of the intracellular part of Notch. Deltex has
been suggested to control Notch action by antagonizing the crosstalk between repressor of Hairless,
a highly conserved protein that acts as the transducing transcription factor for the Notch cell-cell
signaling pathway, and Notch [81]. The non-canonical Notch signaling acts via DTX1 and mediates
main characteristics related to GBM invasion. For instance, DTX1 triggers the MAPK/ERK and the
RTK/PI3K/PKB key signaling pathways and stimulates anti-apoptotic factors. The DTX1 levels have
a strong association with the proliferation of GBM cells. High expression of DTX1 enhances cells
invasion and migration relating to ERK stimulation; in contrast, GBM patients with low DTX1 rates
have a better prognosis [82].

Stimulation of Notch signaling pathways performed by proteases belonging the family of
disintegrins and metalloproteinases (ADAM), including ADAM-17 and ADAM-10, mediates other
signaling factors downstream [83]. ADAM-17 supervises the cut via proteolysis of Notch in its
extracellular area, resulting in the stimulation of the Notch signaling pathway, which is involved in
the production and maintenance of GSCs. GBM cells (CD133 positive) express a higher amount of
ADAM-17 in comparison to the CD133 negative GBM cells. ADAM-17 may preserve the GSCs
stemness by hindering their differentiation and stimulating their self-renewal through the Notch
signaling pathway [84].
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Resistance against available drugs is a key barrier to the progression of therapeutic effects for
patients of GBM. The endoplasmic reticulum stress response (ERSR) has been reported as a factor to
resistance against chemotherapy agents in GBM because radiation can induce ERSR and related
downstream signaling. Alteration in ROS equilibrium is the second reason for ER stress after
irradiation. Inhibition of a key regulator of the ERSR, such as activating transcription factor 6 (ATF6),
is adequate to increase radiation-prompted death in cells. Also, induction of ATF6 helps the
upregulation (via radiation) of Notchl and glucose-regulated protein 78 (GRP78). So ATF6 can be a
probable therapeutic aim to increase the efficiency of radiation treatment [85].

It has been revealed that a secretory glycoprotein, Stanniocalcin-1 (STC1), acts as a new inducer
for stem-like properties of GBM cells. STC1 crosstalks with the extracellular region of Notchl to
activate NOTCH1-SOX2 signaling, and enhances the stemlike characters of glioma cells.
Consequently, STC1 is a new Notch ligand (non-canonical pathway) and functions as a vital marker
and regulator of stemness in GBM [86].

The axonal leadership protein, netrin-1 or laminin-associated secreted protein is overexpressed
in biopsies of GBM tumors. Netrin-1 makes a complex with both Jaggedl and Notch2, and
subsequently increases GBM cells invasion. Therefore, netrin-1 can be a potential marker for
evaluating GBM invasion [87]. Tenascin-C (TNC) is an extracellular matrix protein pronounced in
aggressive GBM; it enhances Notch function to increase proliferation in brain cancer-initiating cells
[88].

7. microRNAs Effects on Notch Pathway in Glioma Progression

Several microRNAs are regulated in the Notch pathway that play a crucial role in nervous
system progress and brain tumor types [89]. Tumor suppressor miR-34a expression is decreased in
GBM tissues, c-Met, Notchl, and Notch2 expression have been regulated by miR-34a in GBM stem
cells [90]. miR-34a-5p intermediates interaction between Notchl/EGFR signaling pathways and M2
type muscarinic receptors in U87 GBM Cells [3,91,92]. Based on the suppressive character of this
miRNA in the histotypes of different types of tumors [93-96], miR-34a-5p expression is intensely
decreased in cell lines of GBM in comparison to typical brain tissue. Remarkably, the Notch
expression seems to be associated with expression of miR-34a-5p; actually, in the normal human
brain, tissues with high expressions of miR-34a-5p, have decreased Notch-1 expression, while in GBM
cell lines, the reduced expression of miR-34-5p is related to Notch-1 upregulation [97].

Bcl2/adenovirus Elb 19-kDa interacting protein 3 (BNIP3) is a member of Bcl2 homology 3
(BH3), and it is situated in the mitochondria. It cooperates with ischemia-reperfusion (I/R) damage
by stimulating mitochondrial inappropriate action [98-101] and is expressed highly by the Hypoxia-
Inducible Factor (HIF)-1 transcription factor in the hypoxic region of tumors types [102,103]. It was
demonstrated that BNIP3 is involved in Notch regulation in glioma cells. In malignant conditions,
BNIP3 is located chiefly in the nucleus and hinders the apoptosis process [104]. It has been stated that
the expression of miR-145 is reduced in human GBM, and rat glioma tissues and GBM cell lines,
whereas BNIP3 expression was enhanced in the same tissues. High expression of miR-145 or low
expression of BNIP3 stimulates cellular apoptosis in GBM. miR-145 targets BNIP3 mRNA by binding
to its 3' UTR site. These results showed that miR-145 controls GBM cell apoptosis by controlling and
regulating the Notch-associated genes including Notch1, Hes1, and p21 by targeting BNIP3 [10].

miR-524-5p and miR-524-3p recover the general survival phase of patients with GBM, and their
high expression can restrain proliferation, migration, cell cycle, and regulate tumor development in
vivo. Briefly, both miRNAs have an inhibitory synergistic outcome on GBM cells. Moreover, studies
approve that EGFR amplification and EGFRVIII mutations can suppress the pri-miR-524 expression
by histone modification. miR-524-5p and miR-524-3p also hinder Notch, TGFp factors and the Hippo
pathway by targeting Hes1, Smad2 and Teadl, respectively. C-myc as a shared transcription factor
of three pathways is suppressed after miRNA induction as well [105].

It was reported that miR-326 increases following Notch1 silencing. This microRNA is not only
repressed by Notch factors but also functions as a feedback loop via hindering Notch factors and
activity. miR-326 is downregulated in GBM samples and transfection of this miRNA in both GBM
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and stem cell-like glioma lines showed a cytotoxic effect. Moreover, in vivo miR-326 induction
decreases the tumorigenesis of GBM [89].

miRNAs including miR-190-5p, miR-488-3p, miR-325, miR-34a, and miR-524-5p/3p involved in
Notch negative regulation however other miRNAs like miR-145 and miR-4775 increase Notch
signaling. On the other hand, IncRNAs including PVT-1, LINC00152, increase the Notch signaling
pathway by masking the miRNA which targets Notch expression, others involved in Notch
regulation indirectly include LINC0021, HOXA-AS2 and OPI-5, and PIncRNA-1 target Notch directly
including.

8. Notch Pathway and Circular RNAs in Glioma Progression

An ncRNA with significant regulatory strength, Circular RNA (circRNA) has obtained enhanced
consideration from RNA examiners in the last few years [106]. circRNA nuclear factor I X (circNFIX)
is the circRNA to be expressed highly in GBM. Furthermore, Notch signaling is significantly
expressed in tumor tissues related to the brain in comparison to normal tissues. It has been recognized
that circNFIX acts as a miR-34a-5p sponge. Low expression of circNFIX and high expression of miR-
34a-5p will impede cell migration and proliferation. Additionally, an inhibitor of miR-34a-5p
deactivates the repressive influence of si-circNFIX on GBM tumor cells. Also, miR-34a-5p and si-
circNFIX mimic the apoptosis process. It has been revealed that si-circNFIX can repress GBM cells
proliferation by controlling Notchl and miR-34a-5p in vivo [107].

9. IncRNAs Regulation on the Notch Pathway in GBM Progression

Recently, evidence has revealed that IncRNA not only stimulates or hinders the Notch signaling
pathway but also controls the expansion of cancer by regulating the Notch pathway [108]. Interaction
between IncRNAs and the Notch pathway makes those key molecules prospective biomarkers in the
hyperactive Notch pathway cancer types [5]. The expression rates of prostate cancer-up-regulated
long non-coding RNA 1(PIncRNA-1) is predominantly increased in GBM tissues and cell lines [109].
PIncRNA-1 knockdown markedly decreased cell proliferation, colony formation, and induced
apoptosis of glioma cell lines via reducing of Notch-1, Jag-1, and Hes-1 expression.

Plasmacytoma Variant Translocation 1 (PVT1) is a IncRNA involved in tumorigenesis and the
development of different malignancies. PVT1 has a key role in regulating the biological behaviors of
GBM cells. PVT1 masks both tumor suppressor miR-190a-5p and miR-488-3p in glioma cells. miR-
190a-5p and miR-488-3p directly target Myocyte enhancer factor 2C (MEF2C), which upregulates
JAGGED1 by increasing its promoter activity in GBM [110].

Zinc finger antisense 1 (ZFAS1) IncRNAs, overexpressed in GBM cell lines and tissues, is
strongly related to the tumor aggressiveness phase and reduced overall survival rate. Moreover, in
vitro experiments have revealed that inhibition of ZFAS1 potentially reduces proliferation, invasion,
and migration of GBM cells. Notably, it has been confirmed that the Notch signaling and epithelial-
mesenchymal transition (EMT) are deactivated in the GBM cells after the knockdown of ZFAS1 [24].
LncRNA FEZF1-AS1 sponge miR-34a and cause upregulation of Notch-1 in GBM cells. The
phenotypic results of this sponge were promoting GBM cell invasion and migration [111].

Long intergenic non-protein coding RNA 1410 (LINC01410) is overexpressed in GBM. It was
reported that LINC01410 regulated Notch2 by miR-506-3p sponging. Additionally, overexpression
of Myc in GBM increases the transcription of LINC01410 in a feedback loop. Studies have also shown
that LINC01410 accelerates the development of glioma tumor via an agent acting as a ceRNA for miR-
506-3p and increasing expression of Notch2 to further stimulate the Notch pathway [112].
Temozolomide resistant GBM cell is also regulated by Long intergenic non-protein coding RNA 0021
(LINC00021). LINC00021 promoted the TMZ resistance and reduced apoptosis via the Notch
pathway and suppression of p21 expression through recruitment of EZH2 in GBM [113].

Various studies have evaluated the efficacy of inhibiting ncRNAs and Notch signaling as a
therapeutic strategy for GBM. Opa interacting protein 5 (OIP5) belongs to the cancer-testis specific
gene and is situated in the chromosome 15q15.1. Numerous studies reported that it is constantly
expressed in GBM tumor [114]. Knockdown or down-regulation of linc-OIP5 expression via a siRNA
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(linc-OIP5-small interfering RNA) hinders tumorigenesis, migration, and proliferation of glioma cells
by the effect on the Notch signaling related to Yes-associated-protein (YAP) [115]. Knockdown of
prostate cancer-up-regulated long non-coding RNA 1 (PIncRNA-1) decreases GBM proliferation,
colony development, and stimulates the apoptosis process in GBM cells. Furthermore, expression of
PIncRNA-1 caused proliferation, increased colony numbers, and suppresses apoptosis in usual
human astrocytes.

It was reported that PIncRNA-1 induces activation of the Notch signal by regulation of Notchl,
Hes-1, and Jag-1 expression. Together, investigations imply that IncRNA PIncRNA-1 may have
tumor-inducing character in the progression and expansion of gliomas via controlling the Notch
pathway and inhibition of Notch signal pathway and can reverse the proliferation, colony, and
apoptosis in overexpressed PIncRNA-1 GBM cells [109].

HOXA cluster antisense RN A 2 (HOXA-AS2), located between the human HOXA4 and HOXA3
genes in the HOXA group, acts as an important oncogene in several malignancies such as gastric,
breast, and pancreatic cancers, and hepatocellular carcinoma [116]. HOXA-AS2 overexpressed in
GBM cells and tissues. High HOXAAS2 expression levels are related to an increase in tumor mass
and advanced pathological phase. The knockdown of HOXA-AS2 represses the cells invasion and
growth and induces apoptosis. Instinctively, HOXA-AS2 genetically hinders minor RhoGTPase RhoE
(also recognized as Rnd3) transcription via binding to the Zeste homolog 2 enhancer.

Furthermore, increasing the expression of RND3 has tumor-repressive effects by inactivation of
the Notch signal pathway. Mechanistically, RND3 physically interacted with the proteins involved
in the Notch transcriptional complex factors including NICD, CSL, and MAML1, promoted NICD
ubiquitination, and contributed to the removal of these cofactor proteins. It was revealed that RND3
facilitated the binding of NICD to a ubiquitin ligase known as FBW7 and hence the improved NICD
protein degradation (https://pubmed.ncbi.nlm.nih.gov/26108681/). Moreover, the anti-cancer
properties stimulated through si-HOXA-AS2 are significantly inverted by increasing RND3
expression [117].

Knockdown of ncRNA 152 (LINC00152) considerably represses cell migration, viability, and
invasion potency and stimulates apoptosis in vitro. Moreover, LINC00152 worked as a molecular
sponge of miR-4775, which resulted in inhibition converses the tumor-suppressive properties of
LINCO00152 silencing on GBM cells. Additionally, cell division protein kinase 6 (CDK6) has been
proved to be a key target of miR-4775. Overexpression of CDK6 decreases the apoptosis and block
miR-4775, and results in inhibitory effects on cells viability, invasion, and migration. It was
demonstrated that overexpression CDK6 triggers the Notch and PI3K/Akt/MAPK pathway [118].

Plasmacytoma variant translocation 1 (PVT1) gene originates from an intergenic region on
chromosome 8 (8q24), It was reported that PVT1 knockdown suppressed the oncogenic feature of
GBM cells through the repression of invasion, migration, and proliferation, as well as via increasing
apoptosis. Also, PVT1 has been recognized to exert its effects on the GBM cells through binding to
miR-488-3p and miR-190a-5p, which play as tumor suppressors by regulating PVT1 in GBM cell lines.
miR-488-3p and miR-190a-5p directly target Myocyte enhancer factor 2C (MEF2C). It was
demonstrated that MEF2C, an oncogene in GBM, and its overexpression increases promoter activity
of JAGGEDI1 and results in JAGGED1 up-regulation. Knockdown of PVT1 together with induction
of miR-488-3p and miR-190a-5p help to the minimum tumor size and the extended survival in
immunodeficient mice [41]. It was reported miR-524-3p and -5p reduced Notch, TGF/B, and the
Hippo pathway through targeting Hesl, Smad2 and Teadl, respectively; this results in repression of
C-myc, which is their common downstream transcription factor [105].

Recombination signal binding protein for immunoglobulin kappa J region (RBPJ) is the main
transcription factor of the Notch signaling pathway, and it is essential for Notch canonical signaling
[119-121]. RBPJ increases cell invasion, proliferation, stemness, and tumor initiation potency in GBM
cells by stimulating the IL6-STAT3 pathway [122].
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10. Conclusions

Glioblastoma (GBM) stands out as the most aggressive form of brain tumor, with the Notch
pathway playing a pivotal role in its tumorigenesis. Non-coding RNAs (ncRNAs) have emerged as
crucial regulators of this pathway, particularly at the post-transcriptional level. Notably, long non-
coding RNAs (IncRNAs) and microRNAs (miRNAs) exhibit potential as diagnostic, prognostic, and
therapeutic targets for GBM. The interplay between IncRNAs and the Notch signaling pathway
presents these molecules as promising biomarkers for assessing Notch pathway activity and as
exciting prospects for RNA-based therapeutic interventions. Moreover, certain miRNAs exert their
functions by inhibiting or modulating Notch signaling. Consequently, targeting molecular
biomarkers within this pathway holds promise for predicting patient survival outcomes. Genomics-
based analysis of GBM-derived exosomes from blood samples offers a promising avenue for
predicting malignancy levels. Additionally, the effective delivery of tumor suppressor miRNAs
targeting critical Notch members or activators represents a potential therapeutic strategy for GBM
treatment.
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