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Abstract
Glioblastoma (GBM) is an aggressive type IV brain tumor that originates from astrocytes and has a poor prognosis. Despite 
intensive research, survival rates have not significantly improved. Noncoding RNAs (ncRNAs) are emerging as critical regula-
tors of carcinogenesis, progression, and increased treatment resistance in GBM cells. They influence angiogenesis, migration, 
epithelial-to-mesenchymal transition, and invasion in GBM cells. ncRNAs, such as long ncRNAs (lncRNAs), microRNAs 
(miRNAs), and circular RNAs (circRNAs), are commonly dysregulated in GBM. miRNAs, such as miR-21, miR‐133a, and 
miR‐27a‐3p, are oncogenes that increase cell proliferation, metastasis, and migration by targeting TGFBR1 and BTG2. In 
contrast, lncRNAs, such as HOXD-AS2 and LINC00511, are oncogenes that increase the migration, invasion, and prolifera-
tion of cells. CircRNAs, such as circ0001730, circENTPD7, and circFOXO3, are oncogenes responsible for cell growth, 
angiogenesis, and viability. Developing novel therapeutic strategies targeting ncRNAs, cell migration, and angiogenesis is a 
promising approach for GBM. By targeting these dysregulated ncRNAs, we can potentially restore a healthy balance in gene 
expression and influence disease progression. ncRNAs abound within GBM, demonstrating significant roles in governing the 
growth and behavior of these tumors. They may also be useful as biomarkers or targets for therapy. The use of morpholino 
oligonucleotides (MOs) suppressing the oncogene expression of HOTAIR, BCYRN1, and cyrano, antisense oligonucleotides 
(ASOs) suppressing the expression of ncRNAs such as MALAT1 and miR-10b, locked nucleic acids (LNAs) suppressing 
miR-21, and peptide nucleic acids (PNAs) suppressing the expression of miR-155 inhibited the PI3K pathway, tumor growth, 
angiogenesis, proliferation, migration, and invasion. Targeting oncogenic ncRNAs with RNA-interfering strategies such as 
MOs, ASOs, LNAs, CRISPR-Cas9 gene editing, and PNA approaches may represent a promising therapeutic strategy for 
GBM. This review emphasizes the critical role of ncRNAs in GBM pathogenesis, as well as the potential for new therapeutic 
strategies targeting these pathways to improve the prognosis and quality of life for GBM patients.
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Introduction

RNA was once thought of as just a messenger molecule for 
relaying the code from DNA by ribosomes to synthesize 
proteins. However, in the past three decades, different types 
of RNA molecules have been discovered, the most impor-
tant of which are the noncoding RNAs (ncRNAs). ncRNA 

constitutes around 98% of RNA transcribed from human 
DNA, a revelation from whole-genome sequencing, while 
only approximately 3% comprises protein-coding genes 
(Song et al. 2024). The rest of the genome encodes mainly 
ncRNA. With the development of high throughput sequenc-
ing methodology, the majority of DNA sequences in the 
human genome have been elucidated (Bao et al. 2024). The 
ENCODE (Encyclopedia of DNA Elements) project revealed 
that less than 2% of the mammalian genome encodes mes-
senger RNA. Still, at least 70% of the genome can produce 
transcripts of different sizes, mostly ncRNAs (Mattick et al. 
2023). ncRNAs play important roles in regulating life activi-
ties such as DNA replication, transcription, RNA process-
ing, translation, and protein functions. These ncRNAs are 
split into two classes: housekeeping and regulatory RNAs. 
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tRNA, rRNA, snRNA, and snoRNA belong to these house-
keeping RNA classes responsible for maintaining a constant 
protein expression level in the cells (Beňačka et al. 2023). 
The housekeeping ncRNAs are parts of the critical molecu-
lar machinery required for basic life activities, including 
transport RNA carrying amino acids, small nucleolar RNA 
guiding RNA modification and processing, and ribosomal 
RNA involved in protein synthesis (Koffler et al. 2023). The 
regulatory ncRNAs, such as microRNA (miRNA), long non-
coding RNA (lncRNA), and circular RNA (circRNA), par-
ticipate in multiple processes including tumorigenesis and 
tumor angiogenesis (Ahmadi et al. 2024).

The realm of lncRNAs, characterized by transcripts over 
200 nucleotides long, has unveiled its involvement in numer-
ous biological processes. These ncRNAs are theorized to 
influence gene expression through epigenetic, transcrip-
tional, and post-transcriptional modifications, with their 
levels intricately linked to various biological traits such 
as cell survival (Wu et al. 2023). Their dysregulation of 
ncRNA is increasingly recognized as a factor in numerous 
human disorders, particularly noteworthy being their distinct 
expression profiles across diverse tumor types, where they 
can act as suppressors or promoters of tumor growth (Ismail 
et al. 2023). Dysregulated ncRNA expression plays a pivotal 
role in cancer initiation, progression, resistance to therapy, 
and the dysregulation of genes involved in carcinogenesis, 
metastasis, and malignancy progression through different 
tumor stages (Xue et al. 2022). Operating through various 
cellular processes including transcriptional, post-transcrip-
tional, and epigenetic mechanisms, ncRNAs, affected by 
genetic changes, are closely linked to cancer development. 
Additionally, their involvement in the global regulation of 
cellular processes positions ncRNAs as potential biomark-
ers in cancer, thus introducing a fresh perspective to cancer 
diagnosis and treatment (Lu et al. 2023a, Peng et al. 2023). 
For instance, in GBM, the deletion of miR‐489‐3p, miR‐
181a‐5p, and miR‐128‐3p tumor suppressors is associated 
with the deletion of BDNF and KPNA4 (Lui et al. 2024). 
Conversely, amplifying specific chromosomal regions has 
led to the overexpression of oncogenic lncRNAs like FAL1 
and PVT1 (Kciuk et al. 2023). Furthermore, recurrent muta-
tions occurring in the promoters of lncRNAs NEAT1 and 
MIR210HG have been implicated in altered expression pat-
terns and the progression of glial cells (Tang et al. 2023).

In recent decades, ncRNAs have been targeted to reduce 
glioblastoma (GBM) through various mechanisms. Inhibit-
ing metastasis, angiogenesis, cell proliferation, migration, 
and invasion are crucial for effective treatment strategies 
(Dai et al. 2023). Metastasis is a significant obstacle in 
GBM management, as it leads to extracranial spread and 
worsens patient outcomes. Angiogenesis, the formation of 
new blood vessels, supports tumor growth and metastasis by 
providing necessary nutrients and oxygen (Gu et al. 2023). 

Cell proliferation and apoptosis are critical for tumor pro-
gression and response to therapy. Migration and invasion 
enable GBM cells to disseminate and colonize distant sites 
(Wang et al. 2023). By targeting angiogenesis, migration, 
and cell survival, processes can improve treatment outcomes 
by reducing the risk of metastasis and enhancing the efficacy 
of therapies. Targeting these mechanisms can lead to more 
effective and personalized treatments for GBM patients. 
Targeting dysregulated ncRNAs in GBM holds promise for 
restoring normal gene expression patterns and potentially 
influencing disease progression (Rios et al. 2024). Various 
therapeutic strategies are under investigation to target ncR-
NAs effectively. RNA inhibiting strategies such as antisense 
oligonucleotides (ASOs) are short, single-stranded DNA or 
RNA molecules designed to bind complementary sequences 
on target ncRNAs. This binding can lead to degradation of 
the target ncRNA via RNase H-mediated mechanisms or 
block its interaction with other molecules, thereby altering 
its regulatory function. ncRNAs are abundant in GBM and 
play crucial roles in tumor growth and behavior regulation. 
They also hold potential as biomarkers or therapeutic targets 
(Garbo et al. 2022). Emerging methods such as morpholino 
oligonucleotides (MOs) (Hua et al. 2024), locked nucleic 
acids (LNAs) (Shivakumar et al. 2024), and peptide nucleic 
acids (PNAs) (Pradeep et al. 2023) offer precise approaches 
for targeting ncRNAs in GBM therapy. Another approach 
involves the use of miRNA mimics or antagonists. Mimics 
are synthetic versions of miRNAs that can compensate for 
deficient miRNAs in disease states, while antagonists can 
inhibit the activity of overexpressed miRNAs.

The World Health Organization (WHO) has defined gli-
oma as a kind of brain cancer known as GBM. It is the most 
unrelenting primary brain cancer, proves refractory to treat-
ment, and portends a dismal future (Lin et al. 2023). Among 
human cancers, GBM, or grade IV glioma, is a particularly 
deadly one. It represents the greatest incidence rate of malig-
nant brain and central nervous system (CNS) malignancies, 
accounting for 27% of primary brain tumors and an astound-
ing 80% of malignant cases. About 308,102 new cases and 
251,329 new fatalities related to GBM are recorded each 
year (Akhlaghdoust et al. 2024). GBM is distinguished by 
its aggressive and rapid clinical progression, mutations, epi-
genetic modifications, prominent vascularization, and infil-
trative growth pattern. Age, race, ethnicity, and gender are 
among the variables that affect the incidence of GBM. The 
time-of-life annual incidence rate of GBM is 3.20/100,000 
individuals. Men are 1.6 times more likely to develop GBM 
than women (Goel et al. 2022; Tepper et al. 2016). The inci-
dence of GBM is higher in the West than in less developed 
countries, especially in the case of white people, and it tends 
to rise with age (Grochans et al. 2022). The median overall 
survival for those with GBM is a dismal 15 months. Despite 
employing intensive therapeutic approaches such as surgery 
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and chemoradiotherapy, the median survival duration for 
individuals with GBM has shown minimal improvement 
(Huang et al. 2024). Due to several limitations in chemo-
therapy, radiotherapy, and surgery, recent research has high-
lighted the involvement of miRNA, lncRNA, and circRNA 
in GBM; it is exemplified in Fig. 1 sourced from the Scopus 
database, which elucidates their roles and potential as targets 
for therapeutic intervention. Figure 2 details the research 
work conducted on miRNA, lncRNA, and circRNA during 
a specific period from 2016 to 2022. The recent adoption 
of these strategies in clinical practice highlights the cru-
cial need for research into novel diagnostic and therapeutic 
approaches for GBM.

However, there is still a lot of research needed to fully 
understand the regulation of cell processes to make use of 
new biomarkers and new technologies as tools to improve 
the treatment of GBM. This review focuses on the recent 
developments and advances in ncRNA biology pertinent to 
their role in GBM tumorigenesis and therapy response. Here, 

we delve into the functional roles of miRNA, lncRNA, and 
circRNAs, in GBM development, progression, and therapy 
resistance, thus highlighting the potential and clinical impli-
cations of the ncRNAs in GBM. In previous research on 
GBM, targeting the disease has often led to the reappear-
ance of the tumor due to the development of resistance. To 
overcome this limitation, a novel approach involves targeting 
ncRNAs, which have been shown to play critical roles in 
GBM pathogenesis. Suppressing these ncRNA biomarkers 
using ASOs, MOs, LNAs, and PNAs can inhibit apoptosis, 
cell migration, and angiogenesis, thereby preventing the 
recurrence of metastasis. This targeted strategy can poten-
tially improve treatment outcomes and enhance the qual-
ity of life for GBM patients. This study will offer valuable 
insights to various stakeholders, including researchers, cli-
nicians, patients, neuro-oncologists, oncologists, molecular 
biologists, geneticists, and healthcare professionals involved 
in GBM diagnosis and treatment. In this context, this arti-
cle aims to review the exciting progress of ncRNAs in the 

Fig. 1   A network map of scientific research on glioblastoma with miRNA, lncRNA, and circRNA therapy. The network visualization based on 
four colored clusters indicates the relatedness of the scientific journals and an overlay visualization
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development of GBM and highlight the possibility of devel-
oping novel therapeutic approaches that target these metasta-
sis and angiogenesis pathways to enhance the prognosis and 
quality of life for GBM patients.

Noncoding RNA

The classification of ncRNAs is based on various criteria 
including their structure, function, biogenesis, localization, 
and interaction with DNA or protein-coding mRNAs. miR-
NAs, small interfering RNAs (siRNAs), piwi-interacting 
RNAs (piRNAs), and other types are all small regulatory 
RNAs. They consist of up to 200 bases. Long noncoding 
RNAs, on the other hand, are those that are longer than 200 
bases. Many small, noncoding RNAs do useful things. Two 
examples are transfer RNAs (tRNAs) and ribosomal RNAs 
(rRNAs) (Chaudhary and Banerjee 2024). In eukaryotic 
cells, ncRNAs make up about 0.002 to 0.2% of the total RNA 
content, while rRNA and tRNA make up 80 to 90% and 10 
to 15% of the total RNA content, respectively. There are two 

more types of lncRNAs: antisense lncRNAs and long inter-
genic ncRNAs (lincRNAs). The regulatory regions of these 
lncRNAs distinguish them from protein-coding genes within 
the same genomic locus (DeOcesano et al. 2020). Natural 
antisense transcripts (NATs) are another group (Svoboda 
2020). They consist of lncRNAs, whose sequences align 
with those of other RNA molecules. NATs frequently work 
as nonprotein-coding antisense RNA partners with protein-
coding mRNAs. This suggests that they might help control 
nonprotein-coding sense RNAs (Širvinskas et al. 2023). 
To target angiogenesis through dysregulated ncRNAs, it is 
essential to understand the mechanisms of miRNAs, lncR-
NAs, and circRNAs individually.

MicroRNAs

Biogenesis of miRNAs

miRNAs are naturally produced and only 18 to 22 nucleo-
tides long, control gene expression by binding to specific 

Fig. 2   A bibliograph network map of scientific research on glioblas-
toma with miRNA therapy. It specifies a period of the occurrence of 
the keyword from 2016 (blue) to 2022 (yellow). This figure is uti-

lized from the Scopus database by keywords “glioblastoma” AND 
“miRNA” lncRNA” AND “circRNA” and a time range of 2016–2022
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sections of messenger RNA molecules. There are multiple 
processes involved in the production of miRNAs (O’Brien 
et al. 2018a, 2018b). After RNA polymerase II/III generates 
primary miRNA in the nucleus, it undergoes a metamorpho-
sis into precursor miRNA (pre-miRNA). Ran, Exportin5, 
and guanosine triphosphate (GTP) work together to make 
this complicated journey of pre-miRNAs from the cytoplasm 
back to the nucleus possible (O’Brien et al. 2018a, 2018b). 
Pre-miRNAs are cleaved into mature double-stranded miR-
NAs once they reach the nucleus. Following maturity, these 
miRNAs split into two independent strands. When one of 
these strands attaches itself to the intended mRNA, an RNA-
induced silencing complex is created (RISC) (Pong and Gul-
lerova 2018). This interaction inhibits the target gene’s 
expression. One strand, typically the guide strand, directs the 
RISC complex to the target mRNA sequence, while the other 
strand, known as the passenger strand, is usually degraded or 
otherwise discarded (Pong and Gullerova 2018).

In eukaryotes, miRNAs bind to mRNA transcripts and 
cause mRNA degradation or translational suppression. 
They can identify mRNA molecules for specific break-
downs, which can directly cause mRNA degradation. With 
the help of enzymes and protein complexes, the miRNA-
induced silencing complex (miRISC) orchestrates the deg-
radation of mRNA (Luo et al. 2018). Argonaute proteins, 
which are at the center of mRISC, direct miRISCs to target 
specific mRNAs. Through their interference with the trans-
lation process, miRNAs can either entirely stop or reduce 
the expression of a gene. In mammalian cells, miRNAs can 
amplify translation inhibition through the de-adenylation 
and destruction of mRNA (Mattei et al. 2021). Unconven-
tional mechanisms by which miRNAs adversely affect target 
gene expression have been uncovered in multiple investiga-
tions (Zhao et al. 2022). One study by Matsui et al. showed 
that miR-589 interacts with RNA in the cyclooxygenase-2 
(COX-2) promoter region, which increases the transcription 
of COX-2 (Matsui et al. 2013).

Intricacies of miRNA targeting and functional 
dynamics

There are two main ways that miRNAs are made: the canon-
ical pathway and the noncanonical pathway. Through the 
canonical route, RNA polymerase II copies genes to make 
pri-miRNAs. Starting with a cap structure and a poly-
adenylation tail, the primary miRNA (pri-miRNA) goes 
on a trip of change that ends with a stem-loop structure 
formed by complementary base pairing (Pong and Gul-
lerova 2018). The microprocessor, which is made up of 
the Drosha enzyme and the DGCR8 protein, keeps cutting 
up the pri-miRNA after it has been changed into the shape 
of a hairpin. Pre-miRNAs are hairpin-shaped and usually 
between 60 and 120 nucleotides long. They are made by this 

process (Manzoni et al. 2018). Taking the pre-miRNA across 
the nuclear border and into the cytoplasm is done by the 
Exportin5/RanGTP complex, which works like a molecular 
ferry. The pre-miRNA meets Dicer, an RNase III enzyme, 
in the cytoplasm of the cell. This starts a complicated dance 
of cleavage that makes mature miRNA pairs that are about 
22 nucleotides long (Liu et al. 2018). A protein called Argo-
naute (AGO) will only bind to the 3p strand from its 3′ end 
or the 5p strand from its 5′ end after the pre-miRNA hairpin 
structure unwinds. The chosen strand is then added to the 
RISC (Medley et al. 2021).

The miRNA-guided RISC can either block translation or 
break down mRNA. There are two alternative pathways for 
miRNA synthesis that do not involve the Drosha/DGCR8 
complex or Dicer. Mirtrons and m7G-capped pre-miRNAs 
are two types of pre-miRNAs that are made from introns 
during splicing and look like Dicer substrates (Martinez 
et al. 2017). These pre-miRNAs mature independently of 
the Drosha/DGCR8 complex and are transported to the 
cytoplasm by Exportin 1, bypassing Drosha cleavage. Small 
hairpin RNA (shRNA) transcript maturation occurs inde-
pendently of Dicer (Saloura et al. 2017). Pre-miRNA tran-
scripts embark on a two-stage odyssey, beginning with a 
meticulous cleavage by the microprocessor complex within 
the nucleus, followed by a journey to the cytoplasm orches-
trated by the Exportin5/RanGTP complex (Ali Syeda et al. 
2020). The intermediate miRNA undergoes further process-
ing, where its 3′ end is trimmed after being incorporated 
into the catalytic component 2 of the argonaute RISC. This 
trimming takes place after the catalytic core of RISC cleaves 
the miRNA (Singh 2020) (Chen et al. 2017). This additional 
trimming step contributes to the generation of the mature 
miRNA form. Regulation of miRNA biogenesis is vital for 
cellular development, as illustrated in Fig. 3. However, if this 
miRNA pathway becomes dysregulated, it can potentially 
trigger tumorigenesis, providing opportunities for therapeu-
tic targets and biomarkers.

A miRISC is formed through canonical or noncanonical 
pathways, involving an AGO protein family member and a 
guide strand. This intricate system accurately recognizes its 
mRNA targets by attaching to the corresponding miRNA 
response elements (MREs) situated on the targeted mRNA. 
On average, each human miRNA family may target about 
300 conserved mRNAs. A single mammalian miRNA family 
has the potential to regulate approximately 300 conserved 
mRNAs on average. The “seed region” (nucleotides 2–8 
from the 5′ end) is crucial for miRNA-MRE interaction. 
Target prediction algorithms often generate numerous antici-
pated matches due to reliance on conserved sequences with 
six, seven, or eight nucleotides matching the miRNA’s seed 
region (Chen et al. 2017; McGeary et al. 2019; Singh 2020). 
For target mRNA cleavage, a high degree of sequence com-
plementarity is necessary to determine AGO2 endonuclease 
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Fig. 3   The intricate journey of miRNA biogenesis and its mode of 
action begins with the transcription of pri-miRNA, an elongated RNA 
molecule folded into a hairpin structure. This pri-miRNA is then 
cleaved by a nuclear complex called the microprocessor, composed 
of Drosha and DGCR8 enzymes, to form a shorter hairpin structure 
known as pre-miRNA. The pre-miRNA embarks on a journey to the 
cytoplasm, where it is further processed by Dicer, another enzyme, 
to generate a mature miRNA duplex. This duplex consists of two 
complementary miRNA strands, one of which is selected and loaded 
into Argonaute proteins, forming a miRNA-induced silencing com-
plex (miRISC). Noncanonical pathways deviate from this standard 

route. Some miRNAs, such as small hairpin RNAs (shRNAs), are 
cleaved and exported independently of the microprocessor complex 
and undergo AGO2-dependent processing. Others, like mirtrons and 
m7G-pre-miRNAs, rely on Dicer for their cytoplasmic maturation 
and exhibit unique export mechanisms. Regardless of the pathway, all 
roads lead to the formation of functional miRISC complexes. These 
complexes initiate translational inhibition, blocking the production 
of proteins from target mRNAs. In some cases, miRISC also triggers 
de-adenylation and degradation of the target mRNA, leading to its 
destruction. Created with biorender.com
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cleavage or miRISC prevention of mRNA translation and 
subsequent degradation. Cleavage is initiated with a fully 
complementary contact between the miRNA and MRE, 
inducing instability at the 3′ end of the guiding miRNA, 
leading to its eventual destruction. However, perfect com-
plementarity is uncommon in humans due to central mis-
matches in most MREs, making AGO2 endonuclease func-
tion and destabilization of the miRNA’s 3′ terminus highly 
improbable (Gu et al. 2018).

The miRISC complex, which includes the GW182 protein 
family, orchestrates the degradation of mRNA. This com-
plex recruits effector proteins that disassemble the mRNA 
molecule, making it susceptible to digestion by the enzyme 
5′-3′ exoribonuclease-1 (XRN1). While miRNAs are tradi-
tionally linked to gene silencing, emerging evidence sug-
gests that they also play a role in gene activation (Iwakawa 
and Tomari 2022). When serum is not present, AGO2 and 
FXR1 combine to form a complex that binds to particular 
mRNA sequences and starts translation. This phenomenon 
is seen in nondividing cells such as oocytes. miRNAs exert 
diverse effects within gene regulatory networks, influenced 
by both the abundance and properties of binding sites on 
their target RNA molecules. The strength of miRNA binding 
is affected by factors like mismatches, secondary structure 
of target RNA, and seed base pairing, potentially leading to 
a dosage dilution effect (Foster et al. 2021; de Souza et al. 
2012). ceRNAs, such as circRNAs or lncRNAs with com-
plementary MREs can impact miRNA binding and hinder 
transcriptional suppression by sequestering miRNAs. Sin-
gle mRNAs can have multiple MREs for distinct miRNAs, 
amplifying the collaborative effect of miRNAs on gene 
regulation (Komatsu et al. 2023). For instance, the tumor 
suppressor p21Cip1/Waf1 is targeted by at least 28 miRNAs, 
indicating the coordinated action of miRNAs in gene regula-
tion. The subcellular localization of the miRISC is crucial 
beyond MRE load, with various cellular compartments hous-
ing miRISC and influencing gene regulation by miRNAs, 
including the trans-Golgi network, nucleus, mitochondria, 
rough endoplasmic reticulum, lysosomes, stress granules, 
processing bodies, and endosomes (Wu et al. 2010).

When miRISC is found in the nucleus, it can interact with 
DNA to change chromatin structure and impact patterns of 
gene expression. It can also affect the alternative splicing 
of recently generated mRNA. The miRISC can encourage 
translational activation, prevent translation start, or promote 
the breakdown of mRNA throughout the cytoplasm, along 
with the mitochondria. Additionally, miRISC can hinder 
translation by binding to mRNA undergoing translation 
in the rough endoplasmic reticulum (ER) (Sadakierska-
Chudy 2020). Additionally, it can be sent to lysosomes for 
breakdown or retained in stress granules (Khattri et al. 2015; 
Saloura et al. 2019). Finally, the miRISC can be internal-
ized by endosomes via the Golgi and released to other cells 

via exosomes to promote cell–cell contact. MiRNAs have 
dynamic roles in gene regulation, impacting essential activi-
ties including transcription and translation in addition to the 
stability of mRNA. Consequently, miRNAs act as crucial 
regulatory molecules that govern the initiation and progres-
sion of human cancers (Nabariya et al. 2022). The process 
of miRNA biogenesis, previously discussed, is crucial for 
understanding the regulation of miRNAs in GBM. To fur-
ther elucidate the role of miRNAs in GBM research, it is 
essential to identify which miRNA oncogenes are upregu-
lated or downregulated. This knowledge is vital for deter-
mining the targets of ncRNAs that can significantly impact 
GBM research. Understanding the regulatory mechanisms of 
miRNAs can provide valuable insights into the development 
and progression of GBM, a highly aggressive and invasive 
brain cancer. By identifying the specific miRNAs involved in 
GBM, researchers can focus on the key molecular pathways 
and targets that contribute to the disease’s pathogenesis. 
This information can be used to develop novel therapeutic 
strategies, such as miRNA-based therapies, to effectively 
treat GBM.

miRNAs in GBM

MiRNAs have many functions in the initiation, progression, 
and treatment of GBM. They support several areas, includ-
ing improved patient prognosis, treatment development and 
improvement, and tumor diagnosis. In the context of GBM, 
miRNAs are essential for controlling treatment resistance, 
metabolism, metastasis, and tumor growth. The dysregulated 
miRNA oncogenes and tumor suppressor genes in GBM elu-
cidate the roles of specific miRNAs in processes such as 
angiogenesis or cell metastasis, paving the way for targeted 
therapy are detailed in Table 1. The expression levels of 
dysregulated miRNAs in GBM, ranging from low grade to 
high grade, are depicted in Fig. 4. To identify biomarkers 
essential for blocking cell migration and angiogenesis in 
GBM, these tables and figures are indispensable.

Because of their complexity, miRNAs can regulate other 
genes that code for proteins, making them either tumor sup-
pressors or oncogenes. In GBM, several miRNAs are dys-
regulated and linked to a low prognosis. A study by Moller 
et al. revealed a striking alteration in miRNA expression 
patterns within GBM tumors compared to normal brain tis-
sue (Møller et al. 2013). Ninety-five miRNAs, including 
miR (137, 128, 34a, and 7), displayed a marked decrease 
in expression, while 256 miRNAs, including miR (93, 17, 
21, and 221/222), exhibited a substantial increase in expres-
sion (Mafi et al. 2022). These discoveries suggest that miR-
NAs could play a role in the development and progression 
of GBM. These miRNAs exert a profound influence on the 
defining features of GBM, encompassing angiogenesis, 
self-renewal, cell proliferation, migration, invasion, and 
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resistance to treatment. Furthermore, these miRNAs can 
function as biomarkers because they may be released via 
vesicles. In this context, we explore some well-studied miR-
NAs that have been linked to the control of important GBM 
biology pathways.

Cell proliferation and apoptosis

MiR-21, identified early on as a key miRNA associated 
with glioma aggressiveness, shows elevated expression lev-
els in GBM and aligns with the World Health Organiza-
tion (WHO) tumor grade classification. It regulates tumor 
suppressor genes, such as programmed cell death protein 
4 (PDCD4); acidic leucine-rich nuclear phosphoprotein 32 
(ANP32A); phosphatase and tensin homolog deleted on 
chromosome 10 (PTEN); SWI/SNF-related, matrix-associ-
ated, actin-dependent regulator of chromatin, subfamily a, 
member 4 (SMARCA4); and Sprouty homolog 2 (SPRY2) 
(Aloizou et al. 2020). Silencing miR-21 markedly restricts 
tumor cell proliferation and growth in immunodeficient 
mice. Furthermore, miR-21’s antiapoptotic properties stem 
from its ability to suppress PDCD4, Tap63, and HNPRK, 

proteins that promote cell death. The interplay between p53 
and miR-221/222 in GBM suggests that p53 is crucial for 
mediating the tumor-suppressive functions of these miR-
NAs, consistent with the poor prognosis associated with p53 
mutations in GBM. This intricate interplay triggers the inter-
action of PUMA with Bcl-2 and Bcl-xL, initiating a cascade 
of events leading to cell death. However, elevated levels of 
miR-221/222 counteract PUMA’s effects, promoting cell 
survival (Rhim et al. 2022). Furthermore, reduced expres-
sion of miR-34a in GBM directly downregulates receptor 
tyrosine kinases and critical regulators, disrupting various 
cellular processes. MiR (58, 26a, 181, 15b, 153, 125b, 148a, 
363, 1218, and 184) are among the other miRNAs involved 
in these processes (Shahzad et al. 2021).

Migration and invasion

MiR-21 stands as a master regulator, orchestrating the 
growth and survival of GBM cells while simultaneously 
exerting a crucial influence on their migratory and inva-
sive potential. It inhibits the activity of proteins that break 
down the extracellular matrix, such as the tissue inhibitor of 

Table 1   miRNA roles in GBM and impact on target genes

MiRNAs Impact of modified expression Role in GBM Gene of interest References

miR‐342 Reduced resilience to chemotherapy Tumor suppressor — Veys et al. (2022)
miR‐138 Suppressed growth, heightened responsiveness to 

chemotherapy
Tumor suppressor Survivin Yoo et al. (2021)

miR‐424 Increased apoptosis, caused cell-cycle arrest, and inhib-
ited cell growth and motility

Tumor suppressor AKT1,
RAF1

Gheidari et al. (2021)

miR‐489‐3p Increased apoptosis, caused cell-cycle arrest, and inhib-
ited cell growth and motility

Tumor suppressor BDNF Zhang et al. (2021)

miR‐181a‐5p Suppressed growth Tumor suppressor ADAM8 Schäfer et al. (2022)
miR‐128‐3p Heightened responsiveness to chemotherapy Tumor suppressor RUNX1 Budi et al. (2022)
miR‐542‐3p Enhanced cell growth and glycolytic activity Oncogene HK2 Kim et al. (2021)
miR‐1258 Suppressed cell growth, resistance to therapy, and 

hindered migration and invasion
Tumor suppressor E2F1 Peng et al. (2020)

miR‐935 Suppressed growth Tumor suppressor FZD6 Zhang et al. (2021)
miR‐138 Increased apoptosis, caused cell-cycle arrest, and inhib-

ited cell growth and motility
Tumor suppressor CD44 Yeh et al. (2021)

miR‐370‐3p Elevated responsiveness to temozolomide Tumor suppressor FOXM1 Lulli et al. (2020)
miR‐448 Suppressed cell survival, movement, and infiltration Tumor suppressor ROCK1 Liu et al. (2022a, 2022b, 2022c)
miR‐3928 Suppressed cell proliferation and invasive activity Tumor suppressor MDM2, p53 Mulcahy et al. (2022)
miR‐3189 Suppressed cellular proliferation and facilitated apop-

tosis
Tumor suppressor GLUT3 Kwak et al. (2022)

miR‐21‐5p Impeded cell division, migration, and metastasis Tumor suppressor KANSL2 Gao et al. (2023)
miR‐21 Increased resistance to chemotherapy Oncogene — Feng and Tsao (2016) 
miR‐133a Impeded cell division, migration, and metastasis Oncogene TGFBR1 Yu et al. (2022)
miR‐27a‐3p Elevated cell multiplication and reduced temozolomide 

sensitivity
Oncogene BTG2 Chen et al. (2022)

miR‐4286 Prevented cell encroachment and conversion Tumor suppressor TGFB1, TGFBR2 Ling et al. (2019)
miR‐221/222 Heightened resistance to radiation treatment Oncogene — Di Martino et al. (2022)
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metalloproteinase 3 (TIMP3), which normally controls the 
levels of matrix-degrading enzymes. MiR-146b, an addi-
tional miRNA, has been observed to suppress matrix met-
alloproteinase 16 (MMP16), which encourages GBM cell 
entry. Analogously, miR-10b fosters cell invasiveness by 
upregulating matrix metalloproteinase 14 (MMP14) expres-
sion through HOXD10 suppression (Mazurek et al. 2020).

Angiogenesis

The intricate network of blood vessels that sustains GBM 
tumors is controlled by a group of miRNAs known as 
angiomiRs; these molecules play a pivotal role in govern-
ing the development and function of these vessels. MiR-
296, a prominent angiomiR, shows elevated expression 
in endothelial cells under the influence of pro-angiogenic 
factors and is associated with the formation of tumor 
blood vessels (Annese et al. 2020). Reduction of miR-296 
expression diminishes tumor angiogenesis, while increased 
miR-125b levels promote tumor vascularization through its 
effect on the transcription factor MAZ, highlighting the 
importance of miRNAs in regulating angiogenesis (Lou-
balova et al. (2023). Conversely, miR-218 inhibits GBM 
tumor neovascularization by targeting HIF-2α. In addition, 
miR-93, part of the miR-17 family, promotes cell viabil-
ity and blood vessel formation by silencing integrin-β8 

expression (Buruiană et al. 2020). Enhancing the expres-
sion of miR-93 in GBM cells induces the proliferation of 
endothelial cells and accelerates the formation of blood 
vessels in mouse xenografts.

Long noncoding RNAs

Long noncoding RNA production

In the realm of cancer research, lncRNAs have emerged as a 
subject of intense scrutiny. These RNA molecules, surpass-
ing 200 nucleotides in length, exhibit gene-like functions 
despite lacking protein-coding potential. LncRNAs have a 
5′ cap and a 3′ polyadenylated tail (Liu et al. 2016). The 
generation of these RNAs is guided by RNA polymerase II. 
Generally, lncRNAs have more than two exons, with more 
than 60% of them having poly(A) tails. lncRNAs can be cat-
egorized according to their genomic origin and distribution, 
including promoter, antisense, enhancer, bidirectional, inter-
genic, intron, sense, or bidirectional genes. Although current 
research has extensively examined the methods by which 
lncRNAs control GBM, given their complicated and diverse 
mechanisms, more research is necessary to understand their 
biogenesis and pathogenesis fully (Statello et al. 2021).

Fig. 4   Heatmap of the dif-
ferentially expressed miRNAs 
between low-grade GBM (n = 3) 
and high-grade GBM (n = 3). 
Each row represents the expres-
sion levels of a specific miRNA, 
and each column represents 
a single sample: Blue color 
denotes low miRNA expres-
sion, whereas red denotes high 
miRNA expression. H, high-
grade GBM; L, low-grade GBM
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Long noncoding RNAs’ functions

To elucidate the regulatory mechanisms of lncRNAs in 
GBM, an aggressive and invasive brain cancer, research-
ers aim to uncover how these long non-coding RNAs con-
tribute to disease progression and potential therapeutic tar-
gets. By identifying specific lncRNAs implicated in GBM, 
this study aims to pinpoint critical molecular pathways and 
therapeutic targets crucial to the disease’s progression. 
These insights will facilitate the development of innova-
tive therapeutic approaches, including lncRNA-targeted 
therapies, to advance GBM treatment strategies effectively. 
lncRNAs play diverse roles in gene regulation, encompass-
ing chromatin remodeling, transcriptional regulation, and 
post-transcriptional processes (Krysler et al. 2022). They 
influence gene expression by interacting with transcription 
factors, forming R-loops on gene promoters, and modu-
lating the translation of effector proteins. This functional 
versatility highlights the multifaceted nature of lncRNAs 
and their profound impact on cellular processes. Notably, 
lncRNAs MEG3 suppresses cellular-myelocytomatosis 
(c-Myc), inhibiting bladder cancer cell invasion by enhanc-
ing PHLPP2 gene translation. LncRNAs also participate in 
chromatin modification, impacting the structure and catalyz-
ing covalent modifications (Mattick et al. 2023). LINC01123 
has recently been identified as a miRNA sponge, capable 
of sequestering specific miRNA sites and competing with 
endogenous RNAs for binding. In nonsmall cell lung can-
cer, LINC01123 plays a central role in augmenting c-Myc 
expression by acting as a decoy for miR-199a-5p. This effec-
tively sequesters miR-199a-5p, preventing it from binding to 
and suppressing c-Myc activity. LncRNAs function at both 
the transcriptional and translational levels to regulate vari-
ous aspects of tumor cell growth, including differentiation, 
proliferation, epigenetic inheritance, and genomic imprint-
ing. This emphasizes how urgent it is to conduct additional 
studies to clarify their biological roles and regulatory mech-
anisms (Zhang et al. 2020a, 2020b).

Long noncoding RNAs in GBM

Recent findings highlight the ability of lncRNAs to influence 
both GBM cell behavior and patient outcomes, suggesting 
their potential as therapeutic targets or prognostic markers. 
It has been discovered that lncRNAs significantly influence 
the growth, invasion, apoptosis, metastasis, and GBM cells’ 
resilience to chemotherapeutic drugs. GBM cells’ resilience 
to chemotherapeutic drugs. Expanding our understanding 
of lncRNAs in GBM pathogenesis may lead to the develop-
ment of novel biomarkers for early detection, and improved 
patient outcomes are listed in Table 2. lncRNA expressions 
in low-grade to high-grade GBM are depicted in Fig. 5. 
The outcomes presented in these figures and tables provide 

insight into potential biomarkers in lncRNAs for predicting 
GBM.

Long noncoding RNAs revealing mysteries in GBM

LncRNAs are essential for controlling several important 
GBM activities, such as cellular invasion, migration, pro-
liferation, and GSC behavior. These pathways function 
as bridges, connecting the intricate network of signaling 
cascades that govern GBM progression, including PI3K/
Akt/mTOR, Wnt-β-catenin, MAPK, and Notch pathways 
(Chaudhary 2021). Studies by Zhang and Han, employing 
microarray mining and high-throughput screening, identified 
differentially expressed lncRNAs in GBM compared to nor-
mal brain regions (Zhang et al. 2020a, 2020b). Exploration 
of RNA-sequencing data from the Cancer Genome Atlas 
(TCGA) unveiled 1288 lncRNAs with altered expression 
levels in all GBM. Within this set, 282 were associated with 
enhanced survival rates, while 584 were correlated with an 
unfavorable prognosis specifically for GBM. Noteworthy 
lncRNAs like MEG3, HOTAIRM1, and CRNDE consist-
ently exhibited abnormal expression in GBM, indicating 
their potential significance in gliomagenesis (Ding et al. 
2020).

Cell proliferation and apoptosis

Colorectal neoplasia differentially expressed (CRNDE), 
initially recognized for its elevated expression in colorectal 
cancer, demonstrates increased levels in diverse malignan-
cies, particularly in GBM. Experimental suppression of 
CRNDE demonstrated its oncogenic function, resulting in 
diminished cell proliferation and migration in vitro. Further-
more, it hampered GBM tumor growth in vivo. The ability 
of CRNDE to sequester miR-384, a miRNA responsible for 
targeting and suppressing PIWIL4, contributes to GBM pro-
gression by hindering the silencing of PIWIL4 and its sub-
sequent effector, STAT3. Furthermore, CRNDE modulates 
the growth, migration, and invasion of GSCs by capturing 
miR-186 (Xie et al. 2020). Low expression of the lncRNA 
maternally expressed gene 3 (MEG3) in GBM is linked to a 
less favorable prognosis, characterized by decreased overall 
survival, increased risk of recurrence, higher tumor grades, 
and wild-type isocitrate dehydrogenase (IDH) gene status. 
Overexpression of MEG3 inhibits GBM, a cell growth, 
and increases apoptosis and autophagy in vitro, suggest-
ing a potential role as a ceRNAs due to its direct binding 
sites for several miRNAs (Huang et al. 2022). In GBM, the 
ncRNA PLAC2 plays a role in tumor suppression by ini-
tiating cell cycle arrest and hindering the proliferation of 
cancer cells. Increased PLAC2 levels control the expression 
of ribosomal protein L36 (RPL36), which results in G1/S 
arrest and successfully prevents the growth of GBM in vivo 
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Table 2   The list of long noncoding RNAs and the impact of altered expression patterns in GBM, along with the underlying molecular mecha-
nisms influencing the cancer phenotype and playing a pivotal role in GBM progression

SL.NO LncRNAs Effect of modified expression Role in GBM Molecular mechanism References

1 MIR210HG Enhanced cell growth and 
infiltration

Oncogene Interaction with OCT1 Ho et al. (2022)

2 NEAT1 Facilitated cell proliferation and 
glycolytic activity

Oncogene Deubiquitinate and stabilize 
PGK1

Liang et al. (2022)

3 LINC00998 Suppressed cell growth Tumor suppressor Akt/mTOR/c-Met axis control Cai et al. (2020)
4 SEMA3B Suppressed cell growth Tumor suppressor Downregulated cyclin D1 Liu et al. (2022a, 2022b, 2022c)
5 HOXD‐AS2 Stimulated migration, invasion, 

and multiplication of cells
Oncogene MiR-3681-5p/MALT1 axis 

switched
Zhong and Cai (2021) 

6 PVT1 Suppressed cell growth Oncogene Deubiquitinate and stabilize 
TRIM24

Lv et al. (2022)

7 NEAT1 Encouraged infiltration Oncogene — Gu et al. (2022)
8 HNF1A‐AS1 Encouraged the expansion, 

infiltration, and migration
Oncogene Asymmetric miR–22–3p/ENO1 

axis
Ma et al. (2021)

9 DGCR10 Restricted infiltration and move-
ment

Tumor suppressor Controlled NF-κB and STAT5 
signaling

Byron et al. (2012)

10 DANCR Enhanced resistance to etopo-
side

Oncogene Stimulated the ubiquitination of 
FOXO2 and interacted with 
FOXO1

Tabnak et al. (2023)

11 HOTAIR Increased temozolomide resist-
ance, invasion, and prolifera-
tion

Oncogene miR-526b-3p/EVA1 axis 
switched

Wang et al. (2022)

12 HRA1B Stopped migration and invasion Tumor suppressor Controlled NF-κB and STAT5 
signaling

Shi et al. (2023)

13 LINC00511 Enhanced resistance to temozo-
lomide

Oncogene MiR-126-5p and Wnt/β-catenin 
signals were modulated

Lu et al. (2021)

Fig. 5   Heatmap of the dif-
ferentially expressed lncRNAs 
between low-grade GBM 
(n = 3) and high-grade GBM 
(n = 3). Each row represents the 
expression levels of a specific 
lncRNA, and each column 
represents a single sample: 
Blue color denotes low lncRNA 
expression, whereas red denotes 
high lncRNA expression. H, 
high-grade GBM; L, low-grade 
GBM
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(Kovalchuk 2021). PLAC2’s regulatory actions are facili-
tated by its interactions with RPL36 and signal transducer 
and activator of transcription 1 (STAT1) (Momtazmanesh 
and Rezaei 2021).

Migration and invasion

It has been demonstrated that the recently discovered 
lncRNA-ATB (an RNA gene affiliated with the lncRNAs 
class) stimulates GBM cell invasion when transforming 
growth factor-beta (TGF-β) is present. Elevated ATB levels 
initiate the nuclear factor kappa B (NF-Κb) signaling cas-
cade, resulting in p65’s nuclear translocation. Stimulation 
of the NF-κB signaling pathway amplifies TGF-β-mediated 
invasion of GBM cells. The upregulation of lncRNA-ATB 
stimulates the activation of the NF-κB signaling pathway, 
which leads to the transport of p65 into the cell nucleus. 
This process facilitates the TGF-penetration β’s of GBM 
cells. Furthermore, lncRNA-ATB activates the p38/MAPK 
pathway in GBM cells to improve TGF-β-mediated inva-
sion. Epigenetically induced MYC interacting lncRNA-1 
(EPIC1), a lncRNAs, has emerged as a critical regulator of 
cellular processes and exhibits a striking increase in GBM, a 
malignant brain tumor. By focusing on Cdc20, its inhibition 
causes apoptosis, lowers cell viability, enhances sensitivity 
to temozolomide (TMZ), and considerably lessens cell inva-
sion (Tang et al. 2019).

Angiogenesis

One of the first lncRNAs to be found was H19, which is 
expressed by the mother and is also higher in GBM. A well-
known oncogene called c-Myc has been linked to the control 
of H19, a ncRNA, in GBM. H19, in turn, has been shown 
to interact with miR-138, a miRNA, acting as a competitive 
endogenous RNA (ceRNA) to modulate the expression of 
HIF-1α, a hypoxia-inducible factor. HIF-1α plays a crucial 
role in angiogenesis, the formation of new blood vessels. 
Therefore, the c-Myc-H19-miR-138-HIF-1α axis may con-
tribute to GBM angiogenesis. Furthermore, GBM exhibits 
an increased expression of CCAT-1, which also functions as 
a ceRNA (Liao et al. 2023). CCAT-1 plays a role in advanc-
ing GBM tumor progression by capturing miR-181b and 
reinstating the activity of its original targets, PDGFR-α and 
fibroblast growth factor receptor 3 (FGFR3). Furthermore, 
CCAT-1 knockdown impedes the proliferation, migration, 
and epithelial-mesenchymal transition (EMT) of GBM 
cells, while simultaneously inducing apoptosis (Wang and 
Li 2020). Notably, lncRNAs are increasingly recognized as 
crucial players in cancer progression and metastasis, modu-
lating various physiological and cellular regulatory path-
ways. Unlocking the diagnostic and therapeutic potential 
of lncRNAs in GBM and other cancers necessitates further 

research. The exploration of lncRNAs as potential molecular 
targets in GBM is still in its early stages (Yin et al. 2020).

Biogenesis of circular RNAs

This study seeks to investigate the regulatory mechanisms 
of circRNAs in GBM, a highly aggressive and invasive 
brain cancer. By identifying circRNAs specifically involved 
in GBM, the research aims to delineate pivotal molecular 
pathways and therapeutic targets essential for understanding 
disease progression. These findings are anticipated to drive 
the development of novel therapeutic strategies, including 
circRNA-targeted therapies, to enhance the efficacy of GBM 
treatment approaches. The discovery of circRNAs in RNA 
viruses was made by using electron microscopy. The struc-
ture of the circRNAs was confirmed in 1993. RNA polymer-
ase II-transcribed precursor RNA and RNA-binding protein 
are required to produce circRNAs. Intronic, exonic, and 
eciRNAs are the three different types of circRNAs (Patop 
et al. 2019).

Functions of circular RNAs

CircRNAs primarily act as miRNA sponges, hindering the 
interaction between miRNAs and their target genes. This 
mechanism safeguards target gene stability by protecting 
mRNA from miRNA-mediated degradation. CircENTPD7 
promotes the survival and proliferation of GBM cells by 
sequestering miR-101-3p, leading to increased expression 
of ROS1. Similarly, circFOXO3, discovered by Zhang et al. 
(2019a, 2019b) acts as competitive endogenous RNAs (ceR-
NAs), sequestering miR-138-5p and miR-432-5p, thereby 
promoting the overexpression of nuclear factor of activated 
T cells 5 (NFAT5) (Zhang et al. 2019a, 2019b). This mecha-
nism facilitates cancer cell spread and dissemination (Xiao 
et al. 2022). CircRNAs can directly modulate the expression 
of target genes by interacting with RNA-binding proteins. 
They can also disrupt the interactions between miRNAs and 
RNA-binding proteins, indirectly affecting the function of 
RNA-binding proteins. For example, circ-AMOTL1 inter-
acts with c-Myc, enhancing c-Myc expression and stabil-
ity in the nucleus. Furthermore, circ-AMOTL1 expression 
augments c-Myc’s affinity for various promoters. Moreover, 
circRNAs impact the pace of processes such as phosphoryla-
tion and ubiquitination by facilitating the binding of specific 
enzymes to substrates. Residing predominantly within the 
nucleus, circRNAs possess the remarkable ability to recruit 
proteins to specific locations, such as promoters, during 
transcription (Ali Syeda et al. 2020). This unique capabil-
ity empowers the modulation of gene expression and the 
amplification of ribonucleoprotein function. Some circRNAs 
are transported by exosomes, participating in intercellular 
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communication (Hanif et al. 2017). CircRNAs can be trans-
lated into proteins by utilizing m6A modifications and inter-
nal ribosome entry sites (IRES) to interact with ribosomes at 
the 5′ untranslated region (UTR) of mRNA. During transla-
tion initiation, m6A modifications interact with eukaryotic 
initiation factor 3 (EIF3), while IRES promotes circRNA 
translation by facilitating ribosome recruitment (Huang et al. 
2020). In summary, circRNAs serve diverse roles, with their 
well-studied function as a miRNA sponge, particularly in 
diseases like GBM. Future research endeavors are expected 
to uncover new avenues for identifying and managing GBM 
using circRNA (Han et al. 2022).

Circular RNA‑redefining the genetic landscape

CircRNAs are a distinct class of ncRNAs that form a closed 
loop due to the covalent linkage of their ends, lacking both 
3′ poly(A) tails and 5′ caps. Formed through a distinctive 
splicing process known as back-splicing, circRNAs display 
tissue-specific roles. Despite generally having low expres-
sion levels, their closed-loop structure imparts remarkable 
stability, making them resistant to degradation by ribonucle-
ases. Discovered in 1976 in association with potato spindle 
tuber disease, circRNAs were initially considered “splicing 
noise” but have since been recognized for their abundance 
and crucial roles, especially in cancer (Liu et al. 2022a, 
2022b, 2022c).

Three main types of circular RNAs comprise exon–intron 
circRNAs (EIciRNAs), exon circRNAs (ecircRNAs), and 
circular intron RNAs (ciRNAs). CircRNAs arise from vari-
ous mechanisms, including lariat-driven circularization, 
RNA-binding protein (RBP) mediated circularization, and 
intron-pairing-driven cyclization. EIciRNAs, defined by 
stable intron retention between exons, are considered inter-
mediates in circRNA biosynthesis. The canonical splicing 
machinery creates circular RNAs by excising lariat introns, 
and their resistance to debranching enzymes is attributed to 
specific motifs. CircRNAs serve diverse functions, such as 
acting as decoys for proteins, sponging miRNAs, and influ-
encing transcriptional control by competing with linear pre-
mRNA splicing to modulate gene expression. Some devel-
opmental models also propose the potential for circRNAs 
to undergo translation. Figure 6 illustrates the biogenesis or 
mechanism of circular RNA which becomes dysregulated, 
potentially triggering GBM-like miRNA sponges, prolifera-
tion, and metastasis (Zhao et al. 2019).

CircRNAs are crucial players in the development and 
growth of GBM. Analyzing RNA-seq data from GBM and 
normal brain tissues in this study revealed 476 circRNAs 
with unique expression patterns, highlighting their potential 
as diagnostic tools or therapeutic targets for GBM. One such 
circRNA is cir-ITCH, a downregulated circRNA serving as 
a predictive biomarker for GBM. Cir-ITCH enhances the 

activity of the tumor suppressor gene ITCH by suppress-
ing the Wnt/β-catenin signaling pathway. This suppression 
prevents cell division and enhances ITCH expression by 
sequestering miR-214. In contrast, circ-TTBK2, discov-
ered by Zheng et al., is elevated in GBM, promoting cell 
invasion, migration, proliferation, and suppressing apop-
tosis (Zheng et al. 2017). Its mechanism involves control 
of the HNF1β/Derlin-1 pathway and acting as a miR-217 
sponge. Another notable circRNA, cZNF292, is expressed 
under hypoxic conditions and modifies the Wnt/β-catenin 
pathway, leading to the inhibition of GBM cell growth, tube 
formation, and induction of S/G2/M phase cell cycle arrest 
(Zhang et al. 2017). This version of the sentence is more 
concise and emphasizes the multifaceted nature of circR-
NAs’ involvement in GBM biology. It also uses the word 
“roles” instead of “functions” to convey a more specific 
and active involvement. The prevalence of circRNAs in the 
human brain underscores their growing importance in GBM 
development and spread. Harnessing circRNAs for GBM 
diagnosis and therapy necessitates a thorough understanding 
of these biological entities and their involvement in GBM 
development (Tang et al. 2024).

Circular RNAs in GBM

Growing data points to circRNAs as a new focus for exam-
ining the relationship between different types of cancer and 
noncoding RNAs. It is currently unknown how circRNAs 
function in cancer, particularly in GBM. The prevailing 
focus of recent circRNA research in GBM has been on their 
miRNA sponge function. This entails circRNAs contributing 
to the advancement of GBM by attaching to miRNA’s down-
stream target genes and preventing miRNA from binding to 
target mRNA. As a result, mRNAs protected from miRNA 
degradation by this protective effect (Tang et al. 2021). Fur-
thermore, circRNAs have been linked in several studies to 
possible implications for GBM prognosis and diagnosis. 
This paper sheds light on the molecular mechanisms under-
lying circRNA function and synthesizes their oncogenic and 
tumor-suppressive roles, particularly their miRNA sponge 
activity in GBM is detailed in Table 3. CircRNA expression 
in low-grade and high-grade GBM is explained in the heat 
map of Fig. 7. The discovery of alterations in circRNA onco-
genes and tumor suppressor genes sheds light on potential 
therapeutic targets for GBM.

Circular RNAs as tumor promoters

New evidence suggests that H19 can interact with miR-
138 and function as ceRNA to modulate HIF-1α expres-
sion, thereby promoting angiogenesis in GBM. Interest-
ingly, it was found that GBM had elevated expression of 
circ-MELK and that this higher expression was linked to 
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Fig. 6   Illustration of circular RNA mechanism and biogenesis pre-
RNA formation via RNA polymerase transcripts into circRNAs by 
splicing into various circular RNA (miRNA sponging, protein com-

plex stabilization, RBP sponge, and other functions as proliferation 
promoter). Created with biorender.com
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enhanced viability and proliferation of GBM cells. In stark 
contrast, a substantial reduction in circ-MELK levels sig-
nificantly suppressed GBM proliferation in both in vitro 
and in vivo settings. A prior investigation demonstrated the 
function of circ-MELK in supporting GBM cells’ mesen-
chymal transformation and maintaining their tumor stem cell 
qualities. Sponging miR-593 was used to target EPH recep-
tor B2 (EphB2) to produce this result. The RNA-binding 
protein adenosine deaminase RNA-specific B2 (ADARB2) 
interacts with the flanking region of the circRNA’s intron, 
promoting the formation of CircNT5E, also known as cir-
cular 50-nucleotidase ecto (NT5E). In GBM, heightened 
CircNT5E expression is frequently linked to enhanced pro-
liferation and distant metastasis of GBM cells (Liu et al. 
2020). CircNT5E inhibits the proliferation, invasion, and 

migration of GBM cells by interacting with miR-422a, 
thereby counteracting the oncogenic effects of PIK3CA and 
NT5E (Zhang et al. 2020a, 2020b). Conversely, circ-LGMN 
promotes GBM development by modulating the miR127-
3p/Legumain LGMN axis, enhancing tumor cell growth 
and infiltration. EIF4A3-induced circASAP1 is elevated in 
temozolomide-resistant GBM, contributing to drug resist-
ance by upregulating NRAS through miR-502-5p seques-
tration. CircFOXO3 (Zhang et al. 2019a, 2019b), highly 
expressed in GBM tissues, promotes invasion and migration 
by sequestering miR (432-5p and 138-5p) and upregulat-
ing NFAT5. E-cadherin-RNA activates EGFR signaling in 
GBM, crucial for tumor initiation and progression (Chen 
et al. 2021). CircMMP9 increases CDK4 and AURKA pro-
duction, facilitating GBM cell proliferation, invasion, and 

Table 3   The list of circular RNAs and the impact of altered expression patterns in GBM, along with the underlying molecular mechanisms influ-
encing the cancer phenotype and playing a pivotal role in GBM progression

SL.NO CircRNAs Sponge miRNAs Cancer phenotype Role in GBM References

1 circ0001730 miR‐326 Stimulated cell growth, infiltration, and epithelial-
mesenchymal transition (EMT)

Oncogene Liu et al. (2017)

2 circENTPD7 miR‐101‐3p Enhanced cell growth and viability Oncogene Park et al. (2022)
3 circFOXO3 miR‐138‐5p/miR‐432‐5p Facilitated movement and infiltration Oncogene Yang et al. (2021)
4 circLGMN miR‐127‐3p Enhanced cell growth and movement Oncogene Lee et al. (2021)
5 circFOXM1 miR‐577 Stimulated cell growth, movement, and infiltration Oncogene Fan et al. (2022a, 2022b)
6 circABCC3 miR‐770‐5p Enhanced cell growth, movement, infiltration, 

angiogenesis, and apoptosis
Oncogene Wang (2020)

Fig. 7   Heatmap of the dif-
ferentially expressed circRNAs 
between low-grade GBM 
(n = 3) and high-grade GBM 
(n = 3). Each row represents the 
expression levels of a specific 
circRNA, and each column 
represents a single sample: Blue 
color denotes low circRNA 
expression, whereas red denotes 
high circRNA expression. H, 
high-grade GBM; L, low-grade 
GBM
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migration. By altering proteins involved in DNA damage 
repair, low-dose radiation causes the release of ldrEXOs and 
circ-METRN, which influences the course of GBM and the 
response to radiotherapy. Through its binding to GRB14/
PDGFRα and inhibition of its expression, miR-4709-3p 
facilitates the growth, invasion, migration, and resistance to 
radiation of GBM cells. Overall, these findings underscore 
the significance of circRNAs in GBM progression, invasion, 
metastasis, and therapeutic resistance (Gao et al. 2021).

Circular RNAs as tumor suppressors

circRNAs, a relatively new area of research, are showing 
promise as tumor suppressors. These unique RNA mole-
cules with a closed-loop structure act like sponges, soaking 
up miRNAs that would normally target and inhibit genes 
(Chen et al. 2021a, 2021b). By binding these miRNAs, 
circRNAs allow genes with tumor-suppressing functions 
to operate freely. This “miRNA sponge” effect is just one 
way circRNAs can suppress tumors. They can also directly 
interact with proteins involved in cell growth and division, 
or even produce functional proteins themselves. Research-
ers are finding that abnormal circRNA expression is linked 
to various cancers, suggesting their potential as biomarkers 
for early cancer detection. While some circRNAs promote 
cancer, the tumor-suppressive ones hold promise for future 
therapies. By manipulating circRNA activity, scientists hope 
to develop treatments that can boost the body’s natural anti-
tumor defenses. Understanding circRNAs is a growing field 
of cancer research with exciting possibilities. Despite their 
widespread involvement in gene regulation and their roles 
in the pathophysiological processes and carcinogenesis 
of tissues and cells within GBM, specific circRNAs have 
demonstrated tumor-suppressive properties in GBM. The 
finding that GBM patients have higher expression levels of 
these circRNAs lends additional credence to this. In healthy 
brain tissue, SNF2 histone linker PHD RING helicase (circ-
SHPRH) is robustly expressed, but its expression is mark-
edly diminished in GBM. The SHPRH-146AA variation 
protects SHPRH from ubiquitin–proteasome degradation, 
which improves SHPRH’s capacity to ubiquitinate PCNA. 
Consequently, there is a decrease in both tumorigenicity and 
tumor growth. A further illustration is the AKT transcrip-
tional variation circAKT3, which has significantly reduced 
expression levels in GBM tissues as compared to nearby 
typical safeguards (Ahmed et  al. 2022). The circAKT3 
gene interacts with phosphorylated pyruvate dehydroge-
nase kinase 1 to produce the AKT3-174aa protein, which is 
present in GBM and inhibits the PI3K/AKT signaling path-
way (PDK1). Radiation resistance, tumorigenic potential, 
and GBM cell proliferation are all inhibited as a result of 
this relationship. Patients’ long-term prognosis may benefit 
from such inhibitory effects (Khan et al. 2022). Cerebellar 

degeneration-related protein 1 (circCDR1) showed sig-
nificantly lower protein expression in GBM, suggesting its 
potential as a predictor for overall survival (OS) in GBM 
patients. By removing ubiquitin modifications from p53, 
CircCDR1 stabilizes the protein and prevents the p53/
MDM2 complex from forming. This disruption shields 
GBM cells from DNA damage, acting as a tumor suppressor 
(Dai et al. 2023). In GBM, Yang et al. investigation showed 
that circ-FBXW7 and its functional protein FBXW7-185aa 
were less expressed. Increasing their expression improved 
OS by reducing cell proliferation, accelerating the cell cycle, 
and highlighting their potential as prognostic markers. 
Moreover, circCD44 was demonstrated to act as a molecu-
lar sponge for miR-326 and miR-330-5p, thereby regulating 
SMAD6 expression and impeding the growth, invasion, and 
migration of GBM cells (Yang et al. 2018). Despite these 
findings, the exact mechanism by which circular RNAs sup-
press tumor growth in GBM remains unknown, emphasiz-
ing the need for further research into their unique roles and 
mechanisms.

Therapeutic targeting of noncoding RNAs

For decades, the focus of our understanding of RNA has 
been on mRNA, the molecule that carries genetic instruc-
tions from DNA to ribosomes for protein production. How-
ever, recent research has revealed a vast and exciting world 
of ncRNAs that play crucial roles in regulating gene expres-
sion and various cellular processes. This newfound knowl-
edge has opened a new frontier in therapeutic development: 
targeting ncRNAs for disease treatment. ncRNAs encompass 
a diverse group of RNA molecules that lack the protein-cod-
ing capacity of mRNA. These include miRNAs, lncRNAs, 
and circRNAs. Each type has its unique structure and func-
tion, influencing gene expression through various mecha-
nisms. miRNAs, for example, act as post-transcriptional reg-
ulators, binding to specific mRNA sequences and promoting 
their degradation or inhibiting translation. LncRNAs, on the 
other hand, can function as either activators or repressors of 
gene expression by interacting with DNA, RNA, or proteins. 
The exciting potential of ncRNAs as therapeutic targets lies 
in their involvement in various diseases. Many ncRNAs 
are dysregulated in diseases like cancer, neurological dis-
orders, and cardiovascular diseases. For instance, specific 
miRNAs might be overexpressed in cancer cells, promoting 
uncontrolled proliferation. Conversely, other miRNAs might 
be underexpressed, hindering tumor suppressor genes. By 
targeting these dysregulated ncRNAs, we can potentially 
restore a healthy balance in gene expression and influence 
disease progression. Several strategies are being explored to 
therapeutically target ncRNAs. Antisense oligonucleotides 
(ASOs) are short, single-stranded DNA or RNA molecules 
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designed to bind complementary sequences on target ncR-
NAs. This binding can either promote RNase H-mediated 
degradation of the target ncRNA or block its interaction with 
other molecules, altering its regulatory function. Another 
approach utilizes miRNA mimics or antagonists. Mimics are 
synthetic versions of miRNAs that can replace those defi-
cient in a disease state, while antagonists are molecules that 
block the activity of overexpressed miRNAs.

Furthermore, researchers are developing small interfer-
ing RNA (siRNA) therapies specifically designed to target 
disease-associated ncRNAs. siRNAs are double-stranded 
RNA molecules that induce the silencing of a specific target 
RNA through a cellular machinery called RNA interference 
(RNAi). This approach holds promise for targeting not only 
ncRNAs but also mRNAs associated with disease (Teplyuk 
et al. 2016). Despite the immense potential, therapeutic tar-
geting of ncRNAs faces several challenges. One major hur-
dle is ensuring the specificity of the therapeutic molecule. 
Off-target effects, where the molecule binds to unintended 
RNA sequences, can lead to unintended consequences. 
Additionally, delivering these therapies to the desired tissues 
within the body can be challenging (Nappi 2024). ncRNAs 
often reside within complex cellular environments, and effi-
cient delivery systems are crucial for maximizing therapeu-
tic efficacy. Another challenge lies in fully understanding the 
complex roles of ncRNAs. While we are rapidly unraveling 
their functions, many ncRNAs remain poorly character-
ized (Carrano et al. 2021). Continued research is essential 
to identify ncRNAs with therapeutic potential and elucidate 
their precise mechanisms of action (Yadav et al. 2024).

ncRNAs are found in large quantities in GBM and have 
been shown to have important functions in controlling how 
these tumors grow and behave. They may also be useful as 
biomarkers or targets for therapy. The use of morpholino oli-
gonucleotides (MOs), ASOs, locked nucleic acids (LNAs), 
and peptide nucleic acids (PNAs) are emerging methods 
for precisely addressing noncoding RNAs. Single-stranded 
oligonucleotides called ASOs are created with sequences 
that match target RNAs. They attach to the target directly 
and encourage RNase H to break them down (Desgraves 
et al. 2024). This is how they exert their inhibitory effect 
and can be utilized to target various RNA types, includ-
ing mRNAs, circRNAs, lncRNAs, miRNAs, and piRNAs. 
Amazingly, they can be transported without a carrier. Inter-
estingly, ASOs are successful in suppressing the expression 
of lncRNA MALAT1, which reduces tumor burden and 
cancer cell metastasis in mice models (Dhuri et al. 2020). 
Teplyuk et al. also employed ASOs to suppress miR-10b in 
murine GL261 allograft models and xenografts produced 
from human GBM progenitor cells. The administration of 
miR-10b ASO via three different routes intravenous injec-
tions, osmotic delivery pumps, and direct tumor injections 
successfully suppressed miR-10b activity with minimal 

adverse effects. Inhibiting the activity of miR-21 led to the 
liberation of target RNAs, causing a notable decrease in 
tumor growth and progression. LNAs, single-stranded oli-
gonucleotides with exceptional resistance to nuclease deg-
radation, effectively counteracted the anti-apoptotic effects 
of miR-21 in the GBM cell line (Teplyuk et al. 2016). LNCs 
linked to LNAs were created by Griveau et al. to success-
fully sensitize silencing miR-21 sensitized U87MG GBM 
cells to radiation-induced cell death (Griveau et al. 2013). 
In another study, Wang et al. demonstrated that silencing 
miR-381 using an LNA enhanced the sensitivity of U251 
GBM cells to TMZ (Wang et al. 2015).

Peptide nucleic acids (PNAs), modified with four lysine 
residues, effectively blocked the function of miR-155 in vivo 
in mice. Employing GDC-0084, a modified morpholino 
engineered for enhanced blood–brain barrier (BBB) per-
meability (Salphati et al. 2016), effectively inhibited the 
PI3K pathway, thereby impeding tumor growth in an ortho-
topic xenograft model of GBM (Salphati et al. 2016). Apart 
from MOs, miRNA-based therapies include miRNA mim-
ics and antagomirs. Antagomirs, 22–23 nucleotide RNA 
analogs, suppress miRNA expression and can be directly 
administered to cells without delivery vehicles. MiRNA 
mimics, unlike miRNA inhibitors, function by replicating 
the sequence of mature endogenous miRNAs, leading to an 
increase in target miRNA expression. Sun et al. study dem-
onstrated that miR-137 mimics inhibited the proliferation of 
brain stem cells (Sun et al. 2011). In addition to nucleotide-
based therapies, sncRNA molecules, such as siRNAs and 
shRNAs, have emerged as promising therapeutic agents. 
SiRNAs interact with target RNAs via complementary bind-
ing, effectively silencing them through the RISC. Similar 
to siRNAs, shRNAs find widespread use for targeting and 
silencing various noncoding RNAs, both in vivo and in vitro. 
The CRISPR-Cas9 system enables precise gene editing, 
offering a medicinal approach to noncoding RNAs. Peng 
et al. effectively knocked down linc-RoR in breast cancer 
cell lines using CRISPR-Cas9, attenuating ERK activation 
induced by estrogen deprivation (Peng et al. 2017). Over-
all, these diverse therapeutic approaches hold promise for 
targeting noncoding RNAs in various diseases. In addition 
to nucleotide- and RNAi-based methods, small compounds 
may potentially be used, depending on their structural char-
acteristics, to target noncoding RNAs therapeutically (Chen 
et al. 2018). Certain high-throughput screening methods 
have been utilized to identify small compounds capable of 
binding to various structural configurations of RNA, and this 
includes the use of small-molecule microarrays.

Bose et al. targeted screening of MCF-7 cells revealed 
streptomycin as a potent inhibitor of miR-21, with its inhibi-
tory efficacy matching that of a miR-21-specific antisense 
oligonucleotide (ASO) (Bose et al. 2012). Informa, a chemo-
informatics method created by Disney and associates, has 
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been applied more recently to find multiple lead drugs 
for RNA targeting. This approach involves utilizing two-
dimensional combinatorial screening (2DCS) to identify 
and validate interactions between small molecules and 
RNA motifs. Subsequently, sequencing structure–activity 
relationship through sequencing (StARTS) is employed to 
determine binding fitness scores based on structure–activ-
ity relationships. This strategy offers a promising avenue 
for the development of novel therapeutic agents by target-
ing specific RNA motifs with small molecules. As a result, 
Inforna can forecast the targetable structural patterns of any 
RNA, including ncRNA, as well as the fitness of their inter-
actions and the matching small molecule matches. Utiliz-
ing this approach unveiled G Neomycin B (G Neo B) as a 
prospective small-molecule therapeutics. G Neo B functions 
by directly binding to the Drosha binding site, effectively 
hindering the maturation process of miR-10b. This disrup-
tion of miR-10b maturation holds promise for therapeutic 
intervention in diseases associated with miR-10b dysregula-
tion (Grillone et al. 2020).

Emerging paradigms of miRNAs, lncRNAs, 
and circRNAs in angiogenesis

Emerging evidence states that miRNAs, lncRNAs, and cir-
cRNAs are important for controlling many aspects of tumor 
biology, such as invasion, metastasis, proliferation, migra-
tion, and changes in the local tumor microenvironment. 
Figure 8 depicts the role of ncRNAs in GBM development, 
progression, and metastasis. The main topic of this article is 
research on targeting the ncRNAs in GBM that explores their 
role in immune evasion, migration, intravasation, extrava-
sation, and the creation of pre-metastatic niches. Immune 
escape, a crucial stage in the genesis and spread of tumors, 
involves the recruitment of immune cells and the polariza-
tion of macrophages into M1 (classically activated) or M2 
(alternatively activated) states. lncRNAs are essential for 
controlling the activity of macrophages and innate immunity. 
For instance, studies have shown that lncRNA-MM2P and 
SNHG15 trigger M2 polarization, while CamK-A encour-
ages macrophage recruitment (Zhao et al. 2021). Tumor cells 
change from epithelial to mesenchymal through a biological 
process called epithelial-mesenchymal transition (EMT) (Lu 
et al. 2023b). This makes it easier for them to spread and get 
into nearby tissues. In mouse models, GATA6-AS ampli-
fies TGF-β2-induced EMT and encourages angiogenesis, 
while MALAT1 increases the expression of VEGFA, SLUG, 
and TWIST to support angiogenesis and EMT in colorec-
tal cancer (Duan et al. 2023). Similarly, circRNA-MYLK 
and circ-CSPP1 aid in EMT and cancer advancement by 
initiating relevant signaling pathways. Critical mechanisms 
called intravasation and extravasation allow cancer cells to 

enter and exit the bloodstream, which promotes metastasis 
(Singh et al. 2017). Researchers have found that lncRNA-
ATB controls TGF-β signaling to help tumor cells invade, 
intravasate, and colonize, while circ-CCAC1 damages the 
integrity of the endothelial barrier and encourages the 
growth of new blood vessels (Zepeda et al. 2023). The term 
“pre-metastatic niche” describes the altered microenviron-
ment of distant organs before the arrival of metastatic tumor 
cells (Gupta et al. 2024). These alterations include those in 
the extracellular matrix (ECM), blood supply, immunologi-
cal response, and cellular makeup (Thakur et al. 2021). H19 
and CDR1as play a role in angiogenesis and ECM remod-
eling, while XIST and MALAT1 affect fibroblast growth fac-
tor production and release (Xia et al. 2023). Recent studies 
demonstrate how circRNAs and lncRNAs alter the tumor 
microenvironment to influence several aspects of tumor 
development. Finding out how Angio-LncRNAs and Angio-
CircRNAs work in angiogenesis could help scientists make 
drugs that stop tumors from growing by blocking angiogenic 
processes.

Clinical applications of miRNAs, lncRNAs 
and circRNAs

Angiogenesis formation by miRNAs, lncRNAs, and circR-
NAs, as previously mentioned, have a major impact on a 
variety of phenotypes that include tumor angiogenesis, cell 
proliferation, EMT, apoptosis, and metastasis (Zhou et al. 
2024). As a result, these compounds have the potential to 
serve as useful indicators and potent targets and biomarkers 
for cancer treatment. Despite their potential, clinical settings 
have proven the usefulness of a small number of circRNAs 
and lncRNAs as therapeutic, prognostic, and diagnostic bio-
markers. A variety of cancer types have found tumor-asso-
ciated Angio-LncRs, such as H19, MALAT1, and HULC, 
to be plasma biomarkers. Similarly, angio-CircRs such as 
circHIPK3 serve as prognostic markers in various malignan-
cies (Badowski et al. 2022). However, further research is 
necessary to comprehensively assess their functional roles 
both in vivo and in vitro, intending to validate LncRNAs and 
circRNAs as innovative and effective therapeutic alternatives 
in clinical settings.

Targeting angiogenesis by miRNAs, lncRNA, and cir-
cRNA provides a viable method of preventing tumor growth 
and spread. Current RNA-based treatment strategies, such 
as RNA interference (RNAi) and antisense oligonucleotides 
(ASOs), target different RNAs and specific areas. The role 
of noncoding RNAs (ncRNAs) in angiogenesis is illustrated 
in Fig. 9, while RNA interaction-based therapies are also 
depicted. (Di Martino et al. 2022). Notably, the US FDA 
has approved patisiran, the first medication based on RNA 
interference, to treat inherited transthyretin amyloidosis. 



Naunyn-Schmiedeberg's Archives of Pharmacology	

Studies on people with Angelman syndrome have indicated 
that ASOs can target lncRNAs. Additionally, intravenous 
ASOs that target the lncRNAs TUG1 and PVT1 have been 

shown to stop tumor growth and differentiation when used 
with the right drug delivery systems (Urits et al. 2020). The 
successful suppression of tumor angiogenesis and metastasis 

Fig. 8   LncRNAs and circRNAs play pivotal roles in the multistep 
progression of tumors, including ECM remodeling, pre-metastasis 
events, angiogenesis, and macrophage recruitment. Abbreviations: 
CD31, cluster of differentiation 31; SNHG15, small nucleolar RNA 
host gene 15; MP, macrophage polarization; TGF-β2, transforming 
growth factor beta 2; CDK6, cyclin-dependent kinase 6; CD206, clus-
ter of differentiation 206 (also known as MRC1); lncRNA, long non-
coding RNA; M1, classically activated macrophage; M2, alternatively 
activated macrophage; EMT, epithelial-mesenchymal transition; FGF, 
fibroblast growth factor; VEGF, vascular endothelial growth factor; 

FB, fibroblast; MALAT1, metastasis-associated lung adenocarcinoma 
transcript 1; H19, long noncoding RNA H19; CDR1as, cerebellar 
degeneration-related protein 1 antisense; ECM, extracellular matrix; 
HMGA2, high mobility group AT-Hook 2; MED12, mediator com-
plex subunit 12; DC, dendritic cell; TAP, tumor antigen cross-pres-
entation; MDSC, myeloid-derived suppressor cell; T cell, T lympho-
cyte; NK cell, natural killer cell; ITL, inhibition of tumor cell lysis; 
CC, cancer cell; CCP, cancer cell proliferation; MT, metastatic tumor; 
circRNA MYLK, circular RNA myosin light chain kinase. Created 
with Biorender.com
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in cancer models has demonstrated the therapeutic promise 
of in vivo RNA interference (RNAi) and pharmaceutical 
therapies targeting FLANC (Tian et al. 2021). Furthermore, 
certain small interfering RNAs (siRNAs) have proven to 
be quite effective in inhibiting metastasis. Additionally, 
peptides encoded by Angio-CircRs may be useful in can-
cer treatment, according to recent research (Zhang et al. 

2023). In the future, combining traditional treatments with 
focused strategies against Angiogenesis by targeting MiR-
NAs, LncRNAs, and CircRNAs may synergistically improve 
anti-angiogenic cancer treatments, improving our knowledge 
of and ability to treat cancer.

Recent studies have found miRNA, lncRNAs, and circR-
NAs to be important regulators influencing immunotherapy 

Fig. 9   circRNAs, lncRNAs, and miRNAs play crucial roles in angio-
genesis development in GBM, facilitated by growth factors such as 
VEGF and FGF. Their dysregulation can be targeted through RNA 
interaction–based therapies, including antisense oligonucleotides 

(ASOs), morpholinos (MOs), locked nucleic acids (LNAs), and 
peptide nucleic acids (PNAs) which have been shown to halt tumor 
growth and differentiation when administered with appropriate drug 
delivery systems
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tolerance, radiation sensitivity, and chemotherapy resist-
ance in cancer treatment for GBM (Ma et al. 2024). For 
instance, various cancer types have linked resistance to 
temozolomide to LncRNAs like MALAT1, MEG3, and 
CRNDE. Similarly, circRNAs such as circ-SMARCA5 and 
hsa_circ_0023404 have been associated with chemotherapy 
resistance in cancers (Qin et al. 2023). Also, when GBM 
is treated with radiation, circRNAs like cZNF292 affect 
how sensitive hypoxic tumor cells are to radiation. has-cir-
cRNA-002178 can change the expression of immune check-
point molecules PD-1 and PD-L1, which can change how 
well immunotherapy works (Salami et al. 2022). Despite the 
approval of anti-angiogenic medicines like bevacizumab that 
targets angiogenesis in cancer therapy, there are still limited 
clinical applications that specifically target angiogenesis by 
miRNAs, lncRNAs, and circRNAs. Finding these patients’ 
levels of miRNAs, lncRNAs, and circRNAs may help pre-
dict the safety and effectiveness of medications, allowing for 
more individualized treatment plans with specific dosages 
or administration techniques. Overall, it looks like better 
clinical outcomes in cancer treatment are possible with the 
help of new biomarkers and treatment methods for targeting 
angiogenesis by miRNAs, lncRNAs, and circRNAs.

Conclusions and future directions

The successful outcomes achieved in recent years have 
spurred the scientific community to delve deeper into RNA 
research. Reflecting on the past, we now find ourselves at 
the threshold of the RNA therapeutics era, having achieved 
several milestones. This review highlights the potential for 
diagnostic and therapeutic uses of angiogenic miRNAs, 
lncRNAs, and circRNAs, while also highlighting their 
increasing roles and mechanisms in tumor progression. 
Angiogenic molecules, responsible for a variety of malig-
nancies, impact angiogenesis, cell proliferation, EMT, 
apoptosis, and metastasis through a variety of molecular 
processes. Frequently occurring dysregulations in miR-
NAs, lncRNAs, and circRNAs affect several signaling 
pathways that are critical to tumor development. Examin-
ing these functional overlaps shows that ncRNAs may have 
therapeutic value in tumor angiogenesis and shed light on 
their biological functions. The known roles of numerous 
lncRNAs and circRNAs in cancer biology are only a small 
portion of their potential activities, even though their exact 
methods of action are still unknown. Several LncRNAs, 
circRNAs, and angiogenic miRNAs play diverse roles in 
tumor angiogenesis. For example, PVT1 acts as a sponge 
for various miRNAs that control genes further down the 
line. It also manages chromatin remodeling, transcrip-
tional activation, and protein modification. In addition 
to angiogenesis, angio-lncRNAs and angio-circRNAss 

have an impact on a variety of functional characteristics. 
MALAT1, for example, controls EMT, invasion, migra-
tion, metastasis, and ECM remodeling. This review does 
not go into great detail on alternative functional pathways, 
instead concentrating on their roles in tumor angiogen-
esis. Despite encouraging developments, lncRNAs and 
circRNAs still have a lot of obstacles to overcome. To 
get around these problems and make preclinical research 
on anticancer therapies better, we need new technologies 
like genome-wide chromatin analysis and CRISPR-medi-
ated gene editing. Methods such as quantitative RT-PCR 
(qRT-PCR), global run-on sequencing (GRO-seq), and 
RNA sequencing (RNA-seq) have improved our under-
standing of gene transcription and ncRNA activity. Addi-
tionally, RNA interference techniques like ASOs, MOs, 
LNAs, PNAs, shRNA, and siRNA, along with RNA pull-
down experiments and immunoprecipitation (RIP), have 
simplified the study of ncRNA interactions with proteins. 
Despite these developments, problems, including low cel-
lular absorption and stability, make it difficult to translate 
ncRNA research into practical in vivo therapeutics. These 
days, liposomes, lentiviruses, adenoviruses, exosomes, and 
nanoparticles are used to deliver miRNAs, lncRNAs, and 
circRNAs inside living cells.

However, there is an urgent need to harness the diverse 
biological properties of noncoding RNAs to devise stra-
tegic alternatives for combating pathological processes. 
RNA-based therapies offer significant advantages, includ-
ing their specificity, low toxicity, and potential for syner-
gistic action in targeting complex pathways. Additionally, 
certain ncRNAs exhibit remarkable safety and stability, 
whether in their naked or encapsulated forms, enhancing 
their applicability and value in therapy. These attributes 
hold promise for more efficacious treatments and per-
sonalized medicine. Further exploration into the realm 
of ncRNAs is essential for elucidating their mechanisms 
of action, identifying novel ncRNA classes, and devising 
innovative therapeutic approaches. Future developments 
in RNA-based therapies must prioritize minimizing off-
target effects, optimizing immunogenicity, safety, stability, 
and tailoring treatments to individual patients. In essence, 
the key areas of focus revolve around conceiving novel 
delivery methods to enhance the efficiency, specificity, 
and clinical applicability of RNA molecules. To achieve 
these goals, interdisciplinary collaboration across molecu-
lar biology, cell biology, chemistry, nanotechnology, and 
immunology is imperative. Prospective research ought to 
concentrate on creating customized delivery strategies for 
particular tissues and cells. Despite persistent obstacles, 
notable advancements in ncRNA research continue to 
expand our knowledge of miRNAs, circRNAs, and lncR-
NAs, providing fresh perspectives on cancer detection and 
treatment.
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