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Glioma, also known as glioblastoma multiforme (GBM), is the
most prevalent and most lethal primary brain tumor in adults.
Gliomas are highly invasive tumors with the highest death rate
among all primary brain malignancies. Metastasis occurs as the
tumor cells spread from the site of origin to another site in the
brain. Metastasis is a multifactorial process, which depends on
alterations in metabolism, genetic mutations, and the cancer
microenvironment. During recent years, the scientific study
of non-coding RNAs (ncRNAs) has led to new insight into
the molecular mechanisms involved in glioma. Many studies
have reported that ncRNAs play major roles in many biological
procedures connected with the development and progression of
glioma. Long ncRNAs (IncRNAs), microRNAs (miRNAs), and
circular RNAs (circRNAs) are all types of ncRNAs, which are
commonly dysregulated in GBM. Dysregulation of ncRNAs
can facilitate the invasion and metastasis of glioma. The pre-
sent review highlights some ncRNAs that have been associated
with metastasis in GBM. miRNAs, circRNAs, and IncRNAs are
discussed in detail with respect to their relevant signaling path-
ways involved in metastasis.

INTRODUCTION

Glioma is one of the most common primary tumors in the central
nervous system (CNS) (~30%) and is the most aggressive and lethal.
Glioma is further histologically divided into five distinct subtypes: oli-
godendroglioma; astrocytoma; medulloblastoma; ependymoma; and
glioblastoma multiforme (GBM)." Despite recent development in
treatment options for glioma, including various chemotherapy regi-
mens, advanced radiotherapy, and surgical resection techniques,
patients with glioma often have a poor prognosis.” Accurate classifi-
cation of the tumor and categorization of patients require a compre-
hensive understanding of the tumor properties and biology. During
the last several decades, many studies have been carried out on gli-
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omas to discover novel molecular biomarkers through the identifica-
tion of abnormal gene expression, epigenetic alterations, and genetic
mutations.”

GBM or grade IV glioma is the most common type of brain cancer.
GBM is one of the deadliest malignant tumors, with a very short
life expectancy. The 5-year survival of patients with GBM is only
about 5%. Up to 60 Gy of radiotherapy delivered over 3 weeks accom-
panied by daily administration of temozolomide (TMZ), followed by
an additional six cycles of adjuvant TMZ, is the standard therapy for
patients with a sufficient performance status.” Recent clinical trials
have demonstrated improved survival with the administration of elec-
tric field therapy, called “tumor-treating fields.” The survival of glio-
blastoma patients could be prolonged by approximately 5 months by
the addition of electric field therapy to the standard therapy.®

Abnormal regulation of proliferation and inhibition of apoptosis are
vital processes in tumorigenesis that ultimately lead to the develop-
ment of tumors. Metastasis is accepted to be one of the hallmark
features of cancer.” A major obstacle for the treatment of metastatic
tumors is the biologic heterogeneity of the tumor cells. This biologic
heterogeneity also contributes to the late diagnosis of many cancers.
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Oncogenes are tumor-promoter genes, which often control cellular
proliferation and apoptosis. Scientists have recently focused on
discovering specific biomarkers that can be related to genes that
encode protein production in cancer.® The human genome can be
divided into two broad categories of sequences: (1) a minor group
of sequences that are protein-coding genes, accounting for perhaps
20,000 genes or 2% of the entire genome and (2) a major group of se-
quences that encode non-coding RNA molecules, which are not
translated into proteins. Non-coding RNAs (ncRNAs) regulate the
translation of other RNAs and control the production of functional
proteins from protein-coding transcripts.” Many studies have shown
the diagnostic or prognostic potential of ncRNAs."*"?

Long ncRNAs (IncRNAs) are about 200 nt in length and are mostly
polyadenylated transcripts. These transcripts are usually translated
by RNA polymerase II and can be regulated by many different tran-
scription factors. Among all the various ncRNAs, IncRNAs account
for the largest fraction (>80%) and have greater variability compared
with microRNAs (miRNAs)."* IncRNAs have been found to play a
crucial role in the conversion of mRNAs into small interfering
RNAs. miRNAs have been recently shown to control IncRNAs, and
conversely, IncRNAs are able to regulate the expression of miRNAs,
thus forming a two-way regulatory network with major roles in
many cellular pathophysiological processes.'” This cross-talk between
miRNAs and IncRNAs means that miRNA can induce destruction of
IncRNAs, while IncRNAs can alter the levels of miRNAs and regulate
their function, such as through sponging the miRNAs.'® Moreover,
IncRNAs can compete with miRNAs for binding to mRNAs, while
miRNAs can be produced from IncRNAs.'” This cross-regulatory
interaction between miRNAs and IncRNAs and its abnormal expres-
sion have potential diagnostic and therapeutic implications in many
cancers, including glioma.lg’zo ncRNAs, such as IncRNAs and miR-
NAs, may be used as prognostic and predictive biomarkers in glioma
patients, as their effects on gene expression can affect glioma progres-
sion and metastasis.

Circular RNAs (circRNAs) are a type of ncRNA that has only recently
been discovered and are highly conserved across different species.
circRNA expression patterns are tissue specific and tumor-stage
dependent.”’ > circRNAs may have different functions, including
sponging miRNAs, regulating gene transcription, and binding to pro-
teins, and some circRNAs can be translated to proteins. These en-
coded peptides may serve as a new class of drug targets.”>** circRNAs
are frequently found in neural tissue and are expressed differentially
in different parts of the brain. This finding may be due to the fact that
there are a variety of different protein-coding genes, which produce
different circRNAs, splicing factors, and RNA-binding proteins
(RBPs), which regulate the formation of circRNAs.*

Piwi-interacting RNAs (piRNAs) are another type of ncRNA that are
26-30 nt in length and bind to Piwi proteins. These short RNAs were
originally discovered in germline cells and are considered to be key
regulators for germline maintenance.”” A growing body of evidence
has now extended our knowledge of the biological significance of piR-

NAs, because they can also regulate gene expression in somatic cells
through transposon silencing, epigenetic programming, DNA rear-
rangement, mRNA turnover, and translational control. Accumu-
lating evidence has revealed that the dysregulation of piRNAs may
cause epigenetic changes and contribute to many diseases.*®

Herein, we highlight the role of some ncRNAs that have been associ-
ated with metastasis in GBM. miRNAs, circRNAs, and IncRNAs will
be discussed in detail. Due to the high importance of RNAs in gli-
omas, many studies have been conducted on ncRNAs; however, in
the present study, the effects of ncRNAs on metastasis-related genes
and pathways are discussed, which distinguishes this review from
others.

METASTASIS AND GLIOMA

Glioma stem cells (GSCs) with a low proliferation rate are found in
hypoxic areas of GBM tumors, such as periarteriolar pits.*>*° GSCs
express angiomotin, thrombospondin, and ephrin (EphAS5), which
inhibit the formation of new blood vessels.”* GSC niches and normal
hematopoietic stem cell (HSC) niches are similar in that both are
located in periarteriolar regions, are hypoxic, and consist of similar
functional proteins that attract biomolecules and receptors that
bind to the stem cells.’* It has been shown that the mesenchymal
stem cells (MSCs) present in GSC niches promote a proliferative
and regenerative environment, which can stimulate GSCs in vitro,
possibly through the interleukin-6 (IL-6)/STATS3 signaling pathway,
with the resultant induction of glioma-associated human MSCs
(GA-hMSCs) in vivo.”> CD105-positive MSCs are located in the peri-
arteriolar space and express abundant amounts of SDF-1a and OPN.
These two molecules are chemoattractant receptors that attract
CD44" and CXCR4™ GSCs to the periarteriolar niche; therefore,
GSCs are protected from chemotherapy and remain in an inactive
state.

GSCs in the quiescent state require the production of angiogenic fac-
tors to switch into a more proliferative and metastatic phenotype.
This switch to a more aggressive and proliferative state has been
demonstrated in many studies, particularly in patients with recurrent
GBM,”* possibly through the proneural-mesenchymal transition
(PMT). This shift was reported to be induced by microenvironmental
cues, including those arising from stromal cells.”*** Irradiation can
also cause the PMT, which is followed by increased expression of
CD44 and YKL-40 (chitinase-3-like protein 1), as well as nuclear fac-
tor kB (NF-kB), STAT3, and CEBPB, which are master transcription
factors in PMT.****"*® This shift was reported to be associated with
enhanced activity of the YAP/TAZ signaling axis and increased col-
ony formation and resistance in GSCs.”* This assumption was in
agreement with a study by Elena et al. indicating that the aggressive
mesenchymal phenotype in GBM was associated with over-expres-
sion of the YKL-40 marker, which led to extracranial metastasis. In
their study, extracranial metastasis appeared at a median 8.5 months
after GBM was initially diagnosed, with an estimated survival time of
12 months.” When Sullivan et al. compared primary GBM cells to
GBM circulating tumor cells (CTCs) isolated from both patients
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and mouse-patient-derived xenograft (PDX) models, they found that
MES markers were more abundant than N/PN markers in the meta-
static cells (CTCs).*°

The use of RNA in situ hybridization in primary GBM tumor cells re-
vealed a subgroup of mesenchymal cells with high migratory proper-
ties. Metastatic lesions predominantly showed a mesenchymal
phenotype, along with extra mutations in a small group of patients
with systemic spread of GBM. It seems that the niche of the metastatic
sites governs the progression of metastasis. After this initial spread, an
angiogenic transition would be able to activate the quiescent cells,”"*'
leading to their removal from the niche.”™** This leads to more rapid
proliferation and colonization of the GSCs in distant organs. In order
to achieve an extracranial metastasis, the degradome (expression pro-
file of proteases) of the metastatic GSCs has to adapt itself to the new
microenvironment in distant organs.

It can be concluded that, although still not completely identified, the
metastatic niche may be considered as a novel therapeutic target in
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Figure 1. Possible routes of spread of malignant
cells in GBM
The microenvironment of brain cancer involves various
subtypes of tumor cells in addition to different subtypes of
stromal cells, which are physiologically located in the
brain (neurons, astrocytes, and microglia) or invade the
brain during the progression of the tumor (fibroblasts,
ECM mesenchymal stem cells, lymphocytes, and macro-
phages). Dormant cancer stem cells (dCSCs) within a
number of tumors (colorectal, lung, breast, and mela-
noma) could initially transform into metastatic cancer
stem cells (MCSCs) to develop a niche by colonizing the
brain tissue. On the other hand, dormant glioblastoma
stem cells (dGSCs) are present in their conserved niche in
the brain; however, exogenous stimuli, such as chemo-
therapy, radiotherapy, hypoxia, or alterations in the
endogenous microenvironment, may enhance the prolif-
eration and invasion of these malignant cells. The PMT
with the resultant transformation of dGSCs into mGSCs is
triggered by cytokine production and signaling.
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GBM patients with distant metastasis (Figure 1).
Zhao et al. described some examples of niche-
targeting therapeutic methods against GSCs
that have been tested using complex in vivo
models and organoid cultures and might be
applicable This
approach could be used as an adjuvant therapy
in combination with radiotherapy or surgical
resection and could inhibit the development
of recurrence and metastasis.

in the clinical setting.*’

Extracranial metastasis is rare, occurring in up

to 0.5% of patients with GBM. Although GBM

tumors are locally invasive, they rarely spread
beyond the brain.** However, the rapidly progressive and destructive
nature of the tumor in the brain results in an unfavorable prognosis
and earlier death compared with systemic metastasis of other cancers.
Extracranial metastasis is usually not detected at autopsies, as the un-
derlying cause of death is already known.** Therefore, two important
questions arise: the first is whether spontaneous metastasis in GBM
patients is actually as rare as supposed, and the second is, if so, which
of the phases of metastasis prevents the development of spread to
other organs? Metastasis may occur in GBM patients undergoing
craniotomy and surgical resection as GBM and/or GSC cells may
be released into blood vessels during surgery. This notion was initially
suggested by the presence of GBM metastases in skin scars and soft
tissue in proximity to the original site of the craniotomy,**
as presence of extracranial metastases located within ventriculo-peri-
toneal shunts.*>*® However, the spreading of GBM cells beyond the
brain has not been clearly established by laboratory evidence.

as well

Possible barriers to metastasis in GBM patients are (1) presence of the
blood-brain barrier (BBB), providing protection; (2) lack of lymphatic
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vessels located in the CNS preventing lymphatic metastasis; (3) inhi-
bition of growth of GBM cells outside the brain caused by the immune
system; and (4) possible inability of GBM cells to invade or destroy
the extracellular matrix (ECM) in organs other than the brain.

Current experimental studies suggest that the BBB is unable to
effectively prevent penetration of cells through it to reach the extra-
cranial space.47 Moreover, intercellular interactions between differ-
entiated MSCs (pericytes), cancer associated fibroblasts (CAFs),
and even tumor cells themselves may disrupt the blood vessels in
GBM tissue.”” In the CNS of mice and humans, functioning
lymphatic vessels were found to be present, which are covered by
typical endothelial cells in dural venous sinuses with subsequent
involvement of deep cervical lymph nodes.*® The idea that lymph
node metastasis may occur in GBM patients prior to any surgical
resection has been confirmed by previous studies.*’” Lymphatic me-
tastases account for approximately 50% of GBM metastasis, fol-
lowed by pleural/lung (50%), bone (31%), liver (12%), and skin,
respectively.”* In addition to lymphatic vessels, GBM and GSC
metastasis can occur by invasion into the cerebrospinal fluid
(CSF). CSF acts physiologically as a “cushion” for the CNS as it
maintains the ionic balance of the extracellular space and contains
proteins with specific functions, including insulin-like growth factor
1 (IGF1) and 2 (IGF2) and Sonic hedgehog, which contribute to
maintenance of neural stem cell properties in their niches located
in the subventricular space.”® These factors are also up-regulated
in GSCs in some GBM patients.”’ They can also condition metasta-
tic GSCs (mGSCs), causing neural stem cell properties to be
preserved in their subventricular zone niche.”® Hematogenous
metastasis occurs when GSCs reach the systemic blood circulation
via the CSF and lymphatic vessels. In a study by Miiller et al.,
CTCs were found in the systemic blood circulation in approximately
21% of patients with GBM, as shown by a specific neural biomarker
glial fibrillary acidic protein (GFAP), in conjunction with mutations
or over-expression of the EGFR gene. This suggests that EGFR gene
mutation is important for GBM hematogenous metastasis.”* Levels
of CTCs were generally not elevated after surgical resection. Metas-
tases that do not lead to any clinical symptoms are often ignored,
despite the unfavorable overall survival of GBM patients. However,
evaluation of CTCs may be beneficial in GBM patients with a long
life expectancy (see sections below).

GSCs are able to protect themselves from the immune system within
the systemic blood circulation,” because they can stimulate the pro-
duction of myeloid-derived suppressor cells (MDSCs), contributing
to the ability of GSCs to evade natural killer (NK) cells.”*>> Appar-
ently, GSCs lack Toll-like receptors on their surface, which contrib-
utes to avoidance from attack by the immune system.’® In patients
with a normal immune system, the majority of circulating tumor cells
are identified and killed by NK cells.”” However, immuno-deficient
patients, including those undergoing chemotherapy or radiotherapy,
have a higher likelihood to suffer disseminated metastases. This sug-
gests a correlation between the competence of the immune response
and metastasis risk in GBM patients.

There are several studies that have examined survival and metastasis
in GBM patients, with different numbers of patients and ages at the
time of diagnosis. Lun et al. carried out a study on 88 patients and
found that the median overall survival of GBM patients was only
approximately 10 months after diagnosis and about 8.5 months
from the diagnosis of metastasis.”® Among different metastatic sites
examined, metastasis to the lung was associated with the worst prog-
nosis. Intensive therapy, including the application of shunts for the
CSF, increased the overall survival of patients with metastases. This
finding questioned the assumption that treatment of GBM patients
may enhance the chance of metastasis and result in a worse prognosis.
A meta-analysis by Pietschmann et al. on 150 patients found a median
survival of about 6 months from detection of metastasis.”” A cohort
study compared 84 patients with GBM metastasis with patients
without metastasis and found that younger patients with GBM metas-
tasis had a longer overall survival, presumably due to the presence of
an effective immune response. Notably, resection of the tumor
increased the time interval to occurrence of metastasis outside the
brain compared with biopsy alone. Surgical excision of the tumor
combined with chemotherapy or radiotherapy may be associated
with an even longer interval before occurrence of metastasis and bet-
ter overall survival. This notion was corroborated by a meta-analysis
on 115 younger GBM patients, which found that the time interval be-
tween detection of metastasis and death was longer when patients had
surgical excision of the mass or received chemotherapy or radio-
therapy.”’ In another study, metastasis to the liver was associated
with the worst outcome and shortest overall survival. However, treat-
ment with bevacizumab, an anti-vascular endothelial growth factor
(VEGF) monoclonal antibody, may paradoxically enhance progres-
sion of the disease through hypoxia induction, which may be associ-
ated with earlier metastasis.”"

In conclusion, these clinical studies suggest that GBM cells may
spread beyond the brain via CSF and lymphatic vessels, finally reach-
ing the bloodstream or other lymph nodes. Notably, hematogenous
metastases do not appear to be encouraged by surgical excision of
the tumor and may even be associated with a better prognosis because
they stimulate the immune response.

NON-CODING RNAs AND GLIOMA

The uncontrolled proliferation, invasion, and migration of cancer
cells are considered to be the hallmark features of tumors. The sur-
vival of cancer patients is affected by the migration of the malignant
cells and their ability to invade into other organs.®* Specific interac-
tions between tumor cells and other normal cells, as well as the
ECM, in combination with other physiological processes results in
the active movement of cells.”” The epithelial-mesenchymal transi-
tion (EMT) is initiated through alteration of transcription factors
(Snail, ZEB, and Twist) and secretion of various growth factors,
including fibroblast growth factor (FGF)-2, transforming growth
factor B (TGF-B), platelet-derived growth factor (PDGF), and
VEGF. Tumor cells also produce different types of proteases that
facilitate the invasion of malignant cells into healthy brain tissue by
degrading the ECM.®* Furthermore, glioblastomas are associated

Molecular Therapy: Oncolytics Vol. 24 March 2022 265


http://www.moleculartherapy.org

www.moleculartherapy.org

Review

I) miRNA

1I) IncRNA

mRNA {

o !

Degradation

3 mnmEmENIIE 5

miRNA/miRNA* SMS
duplex 3 5
Dicer @I D TRBP
. 3

V”g Exportin 5

,
Pre-miRNA _'|1|]]O|1|1||1|]1]D

Cleavage

Dorsha @ ﬁnacns

Paraspeckle
assembly

A
RNA Polymerase

Figure 2. Biogenesis and function of ncRNAs

Chromosome

looping

1
O———aa®
T Splicing \@@

{‘J/Q’\C:YC

1II) circRNA

miRNA sponging

‘Translation of %
circRNA \
= j

Protein interaction

mRNA with
exon-skipping

—A -

Ci%b@m I
W@ Pre-mRNA
o x 4

~____ < ’Back-splicing

Ll & scaffold

IncRNA

Transcription
inhibitor/activator

RNA Polymerase IT
v

miRNAs, INcRNAs, and circRNAs. (I) RNA polymerase II/1ll transcribes miRNAs initially as primary miRNAs (pri-miRNAs). pri-miRNAs are composed of a stem-loop structure.
DiGeorge syndrome critical region 8 (DGCR8) and Drosha cut the stem of pri-miRNA in the nucleoplasm, which results in production of precursor miRNA (premiRNA).
Exportin-5 contributes to the removal of pre-miRNAs from the nucleus. The pre-miRNA is further processed in the cytoplasm through the activity of transactivation response
element RNA-binding protein (TRBP) and Dicer. A duplex composed of two miRNAs (MIRNA/MIRNA*) is created after pre-miRNA loop is cleaved. The strand attaches to
Argonaute 2 (AGO2), which is the major protein of the RNA-induced silencing complex (RISC). miRNAs are included in the RISC. They can regulate gene expression in a
posttranscriptional manner through formation of mMiRNA response elements (MREs) by binding to specific sites located on the 3’ untranslated region (3" UTR) of mRNA. (1)
INcRNAs have a similar biogenesis to mRNAs, in that a number of INCRNA transcripts are polyadenylated at 3’ and 5' ends, coated, and spliced. (lll) circRNAs can be
transcribed from protein-coding genes that contain introns or exons. “Back-splicing” can be triggered by various mechanisms, including dimerization of proteins, pairing of

introns, or lariat intron formation.

with disturbances in apoptosis, including increased levels of anti-
apoptotic proteins, such as phosphatidylinositol-4,5-bisphosphate
3-kinase (PI3K) and the anti-apoptotic family protein B-cell lym-
phoma 2 (Bcl-2).”” The regulatory mechanisms that control the cell
cycle via retinoblastoma (RB) and p53 proteins are not active, leading

6

to uncontrolled proliferation and tumor progression.”” Loss of
cellular tissue integrity, dysregulated cell death, and uncontrolled pro-
liferation are all hallmarks of cancer development. ncRNAs play a
crucial role in regulating these cellular characteristics in cancer

patients.®”

There is an expanding number of IncRNAs that have been found to be
highly expressed in GBM patients, which highlights their important
role in proliferation and development of cancer (Figure 2). miRNAs
have been studied for a long time, and a substantial amount of data
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about their target genes and signaling pathways now exists. There still
remain some missing gaps about how miRNAs interact with
IncRNAs, even after IncRNAs were discovered. An association be-
tween miRNAs and IncRNAs has not been found in all cases. The cur-
rent knowledge about the interaction of miRNAs and their target
genes with IncRNAs and signaling pathways with relevance to glioma
is summarized in Figure 3. IncRNAs, miRNAs, and their target genes
particularly affect the signaling pathways, Wnt/f catenin, Notch, and
PI3K/Akt/mTOR. A number of IncRNAs and miRNAs have the abil-
ity to control multiple different signaling pathways. Although these
ncRNAs have a complex network, they may act as novel predictive
or prognostic biomarkers in patients with cancer (Figure 3).

Nevertheless, other types of ncRNAs that have been less well investi-
gated may function as biomarkers in glioma patients. These ncRNAs
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include circRNAs, small nucleolar RNAs (snoRNAs), small Cajal
body-specific RNAs (scaRNAs), and piRNAs. snoRNAs have many
biological functions, such as structural alteration of other RNAs,
miRNA precursors, assembly, and activation of telomerase en-
zymes.”® A genome-wide analysis study of small ncRNAs in pediatric
glioma patients found that 118 separate members were over-ex-
pressed (72 CD-Box, 26 HACA-Box, 3 scaRNAs, and 17 snoRNAs)
and 39 separate members were under-expressed (one snoRNA and
38 CD-Box).”” The snoRNA SNORD was found to control the
EMT and to affect the response to therapy with temozolomide.”
SNORD76 (C/D box snoRNA U76) was inversely associated with
HOTAIR expression and could affect the proliferation of cells in vivo
and in vitro. The up-regulated SNORD?76 level resulted in a decreased
expression of pl107, cyclin Al, and cyclin BI genes and an increased
expression of Rb gene.”' High expression of snoRNA SNHG18 may
lead to radiotherapy resistance of glioma cells by inhibiting Sema-
phorin 5A.7% There is no evidence yet regarding the expression
pattern of SNHG18 in glioma tissue. The snoRNA SNHG1 was found
to be up-regulated in glioma cells and was associated with enhanced
proliferation and decreased apoptosis of tumor cells. However, the
precise cellular mechanisms and biological targets remain to be eluci-
dated.”” scaRNAs play biological roles in glioma; however, their role
remains poorly understood. In addition, scaRNAs may play an
important role in the pathogenesis of other malignancies.”*””
NAs are a type of ncRNA that may function as specific sponges of
miRNAs.”*”” A group of circRNAs has been recently shown to
have a crucial role in the development of glioma. circ-TTBK2 is
over-expressed in glioma patients and in vitro in U87 and U251 cell
lines. The under-expression of circ-TTBK2 along with up-regulation
of miR-217 resulted in inhibition of cancer growth in vivo.”® More-
over, circFBXW?7 was under-expressed in glioma tissue in compari-
son to normal adjacent brain tissue. In addition, up-regulated levels
of circFBXW?7 correlated with a more favorable overall survival in gli-
oma patients.”” circZNF292 is another ncRNA that promotes the for-
mation of new blood vessels. Moreover, this circRNA can stimulate
cell cycle progression and proliferation acting via the Wnt/B-catenin
signaling pathway and was up-regulated in U251 and U87MG cell
% Unfortunately, the expression level of circZNF292 in glioma
patients has not been clearly identified.*' piRNAs are a group of small
ncRNAs that is produced from RNA precursors different from the
precursors of miRNAs.*” piRNAs contribute to regulation of gene
expression through inducing alterations at the epigenetic level,” lead-
ing to destruction of mRNAs.** PIWI protein and piRNAs form a
complex that controls differentiation, proliferation, and apoptosis
of cells.*”™ Furthermore, piRNAs can regulate other biological
processes through interaction with siRNAs and miRNAs.*>*” The PI-
WIL1/MEG3/miR-330/RUNX3 signaling axis controls the blood-tu-
mor barrier, demonstrating the significance of ncRNAs in cellular
processes.”’

circR-

lines.

BIOGENESIS OF NON-CODING RNAs

miRNAs are the group of ncRNAs that have been most well studied.
The initial phase of miRNA formation involves a structure composed
of two stem loops (known as pri-miRNA). This two-stem-loop pri-

mRNA is cleaved into a single-stem-loop structure (pre-miRNA) by
the activity of the complex between DGCRS8 and Drosha. This pre-
miRNA is further cleaved by Dicer to a double-stranded structure
(miRNA). This miRNA is added to a member of the protein family
called Argonaute, which leads to formation of the miRNA-induced
silencing complex (miRISC) (Figure 2). In addition to the miRISC,
miRNAs are able to modulate posttranscriptional expression of genes
via a mechanism mediated by another Argonaute family protein,
which results in fragmentation and suppression of mRNA sequences
(Figure 2).!

RNA polymerase II enzyme contributes to the production of IncRNAs
through transcription of genes located in exonic, intergenic, or distal
protein-producing sequences of the human genome. This pre-mature
IncRNA becomes polyadenylated at the 3’ end and attached to
methyl-guanosine at the 5’ end.”” This structure is often subjected
to alternative splicing to form different proteins.”” Alternative
splicing can be categorized into three pathways. Initially, IncRNAs
undergo interactions with different splicing factors, which leads to
the production of RNA-RNA complexes along with molecules of
pre-mRNA. They can finally regulate the remodeling of chromatin;
thereby, mixing of the target genes is achieved.”

Traditionally, the functions of IncRNAs have been classified either as
cis (when the target gene is located adjacent to the IncRNA sequence)
or trans (when the target gene is located far away from the IncRNA
sequence). cis IncRNAs typically stimulate or suppress transcription
of adjacent genes by mechanisms such as triggering various epigenetic
alterations in chromatin, modifying the DNA structure (looping of
chromosomes), and interacting with different transcription factors.
The trans function of IncRNAs mainly takes place in the nucleus,
such as assembling the paraspeckles or interacting with different pro-
teins in the nucleus. Various IncRNAs are able to leave the nucleus
and sequester miRNAs within the cytoplasm, which leads to miRNA
inhibition. Moreover, they can increase or decrease the half-life of
proteins in the cytoplasm by interacting with them or cause stimula-
tion or inhibition of mRNAs.

circRNAs are derived from pre-mRNA, and they are produced by the
activity of group I or II ribozyme catalysts or splicing of spliceo-
somes.” Spliceosomes may contribute to circRNA biogenesis,
because both circRNAs and linear transcripts were decreased after
suppression of canonical spliceosomes.”® circRNAs can arise from in-
tronic, 3 UTRs, 5" UTRs, and also intergenic regions; however, they
are predominantly transcribed from exons that encode proteins. Ca-
nonical and non-canonical cleavage processes contribute to the for-
mation of circRNAs. Different from the orthodox splicing of cognate
linear mRNAs, circRNAs can originate from a single gene locus
through selection of alternative back-splicing sites, which are avail-
able in the CIRCpedia database.””

Up to now, circRNAs have been classified into three different types:

intronic RNAs (ciRNAs); exonic circRNAs (ecircRNAs);”® and
exon-intron circRNAs (EIciRNAs). One study suggested that
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ecircRNAs comprise the majority of circRNAs in plants and animals,
and about 83% of them share sequences with genes encoding pro-
teins.”” A number of ecircRNAs interact with RBPs and/or miRNAs.
In addition, many ecircRNAs encircle another exon containing a ca-

. . 100
nonical translation start codon.

MicroRNAs AND METASTASIS IN GLIOMA

miR-376a-3p has been identified as an important miRNA involved in
several malignancies.'’'%* A high concentration of miR-376a-3p in
the nucleus or cytoplasm was associated with increased tumor aggres-
siveness and could be used as a prognostic marker for glioma pa-
tients. 01102 According to bioinformatics, KLF15 is the downstream
gene that binds to miR-376a-3p. Kriippel-like transcription factors
(KLFs) are a family of transcription factors with a structure contain-
ing a C2H2 zinc finger domain. They are widely distributed in eukary-
otes, comprising 9 unique proteins forming 18 KLF members.'**'**
The hematopoietic, respiratory, and immune systems are all
controlled by KLF15. Furthermore, KLF15 can influence tumor devel-
opment by modulating the expression of downstream genes.'*

Chen et al. identified the role of miR-376a-3p in modulating the inva-
siveness and migration of glioma cells and suggested potential mech-
anisms.' % Levels of miR-376a-3p were measured in glioma samples
from 39 patients. The clinical histories of the patients were collected,
and the relationship between the clinical presentation and the levels of
miR-376a-3p was investigated. Then, the effects of miR-376a-3p on
regulating the metastatic and proliferative properties of T98-G and
U251 cell lines were investigated. Bioinformatics analysis was used
to detect genes that could interact with miR-376a-3p. KLF15 was re-
ported to be involved in the growth of glioma, and this was controlled
by miR-376a-3p. miR-376a-3p was found to be down-regulated in gli-
oma cells, and low levels were associated with higher metastatic ca-
pacity and a poor survival in glioma patients. In addition, higher
levels of miR-376a-3p inhibited metastasis and proliferation in gli-
oma tissue. KLF15 is a gene that can bind to miR-376a-3p and was
inversely correlated with miR-376a-3p. KLF15 was up-regulated in
glioma patients. In vitro, exogenous KLF15 had the ability to block
miR-376a-3p effects on regulating glioma cell properties. Moreover,
miR-376a-3p was associated with hematogenous metastasis via
lymph nodes and distant metastasis, which was inversely correlated
with KLF15."%°

miR-623 expression has been shown to be down-regulated in many
malignancies, including lung and stomach cancer. This miRNA has
been shown to act as a tumor-suppressor gene.'?”'%®
showed that mimics of miR-623 could reduce proliferation, migra-
tion, invasion, and colony formation of glioma cells. The volume of
the tumor in an intracranial xenograft model in mice was significantly
reduced when a treatment was applied that could up-regulate miR-
940, suggesting that miR-940 may be proposed as glioma ther-
apy.'?”!"” In addition, there is an ever-expanding list of miRNAs
that have been associated with metastasis in GBM patients as summa-
rized in Table 1.

Earlier studies
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miR-382 inhibits the development and metastasis of GBM and
could be a novel therapeutic target to increase efficacy of GBM ther-
apy.'®” Tripartite pattern containing 44 (TRIM44) is a member of
the TRIM family of proteins and is involved in various disorders,
including viral infections, developmental abnormalities, and neuro-
degenerative diseases.'®'”'®> The presence of an E3 site in their
structure allows E3 ubiquitin ligase activity, which can be regulated
after translation. Earlier studies found that TRIM44 over-expression
was present in many cancers, which stimulated development, prolif-
eration, and progression of the cell cycle. Furthermore, over-expres-
sion of TRIM44 could promote invasion and migration of cancer
cells and increase the metastatic potential of the tumor.'**'*® In
conclusion, inhibiting the expression of TRIM44 could be useful
in the management of tumor metastasis and also inhibit tumor
growth.

In one study, RT-PCR was used to measure miR-623 expression levels
in GBM tissue. miR-623 up-regulation and its effects on proliferation,
invasion, and migration of malignant cells was evaluated using trans-
well, colony formation, and MTS assays.l 12 Moreover, a subcutaneous
mouse xenograft model was used to evaluate the effects in vivo. A
dual-luciferase reporter assay was used to confirm miR-623-
TRIM44 binding and western blotting to assess the effect of miR-
623 on markers of the EMT. miR-623 was down-regulated in cell lines
and samples from GBM patients. Over-expression of miR-623 or sup-
pression of TRIM44 inhibited GBM cell proliferation, invasion, and
migration. On the other hand, inhibition of miR-623 increased
TRIM44 expression, the EMT, and the consequent progression of
GBM. Expression of TRIM44 was suppressed by direct binding of
miR-623 to the 3’ UTR region. Furthermore, in nude mice with a
GBM xenograft, systemic administration of a miR-623 mimic in-
hibited tumor development and suppressed expression of TRIM44
protein. They also verified that high expression of miR-623 or low
expression of TRIM44 inhibited the proliferation and migration of
the glioma cell lines U251MG and LN229. They concluded that
miR-623 could decrease EMT triggered by TRIM44 by direct target-
ing of the TRIM44 3’ UTR and could be a new therapeutic target for
GBM treatment.'"?

Studies have found that miR-140 is often dysregulated in several
cancers. Down-regulation of miR-140 has been identified in adeno-
carcinoma of the pancreatic duct,'®” lung cancer, %5187
cancer,'” ovarian cancer,”! esophageal cancer,'”? and cancer of
the tongue.'” On the other hand, miR-140 has also been found to
be highly expressed in some other tumors, such as spinal chordoma'”*
and breast cancer.'”> Down-regulation of miR-140 enhanced
invasion and EMT in esophageal cancer cells.'”” Besides, up-regula-
tion of miR-140 was associated with growth inhibition in tumor
cells and less metastasis in hepatocellular carcinoma.'”® miR-140
was found to act as a tumor suppressor in previous studies,
indicating that restoration of the expression of miR-140 may
help in cancer therapy. A variety of miR-140 target genes have been
identified, such as iASPP,'"” ATP6AP2,'** ATP8A1,'”” VEGFA,"’
PDGFRA,"" Slug,'”” and IGF-1R."”’
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Table 1. Metastasis-related microRNAs in GBM

Expression status

Model (in vitro,

miRNA (up/down) Target in vivo, human) Cell line Ref
miR-376a-3p  down KLF15 in vitro, human U251, T98G Chen et al.'”®
miR-4530 down RTELI in vitro, human, U251, T98G Wang et al.'"!
miR-623 up TRIMA44 in vitro, in vivo LN229, U25IMG Cui et al.'"?
miR-450a-5p  down EGFR in vitro A172, SHG-44 Liuetal'"”
miR-32 down EZH2 in vitro, human U87, U251, A172, U118 Peng et al.'"*
miR-767-5p down SUZ12 in vitro, human 513182’22,1;22)5[1}%)1 18 Zhang et al.'"?
miRNA-320c ~ down gil::ﬂi ;n?ilt(:g’rll\ﬁl\gfz’ MMPS  human Lvetal.''®
miR-3653 down human Chen et al.'”
miR-93-5p down MMP2 in vitro, human U87-MG Wu et al.''®
miR-375 down RWDD3 in vitro, human U251, U87 Jietal'"
miR-140 down ADAM9 in vitro, human U87, U251, U373, U118, A172, LN18 Liu et al.'*
miR-187 down SMAD1 in vitro, human U87, U251 Gulinaer et al.'*!
miR-141 down TGE-f2 in vitro, human U251, U87, U118, LN18 Peng et al.'*
miR-200b down ZEB2 in vitro, human U251, U87 Lietal'”
miR-138 down IGF2BP2 in vitro, human Res186, Res259 Yang et al.'**
miR-22 down SNAIL1 in vitro U-87, U-118 MG, M059K, Hs 683 Zhou et al.'*®
miR-508-5p down in vitro, human Liu et al."*®
miR-132 down TTK in vitro, human U-87 Thunshelle et al.'*’
miR-101-3p down TRIMA44 in vitro US7MG, U251MG, U118MG, T98 Lietal.'”
miR-378 down IRG1 in vitro, human SHG44, A172, LN229, LN18 Shi et al.'”’
miR-758-5p down ZBTB20 in vitro, human U118, LN-299, H4, A172, U87-MG, U251 Liu et al."**
miR-27b up Spry2 in vitro, human U87, U251, SHG44 Liu et al."”’
miR-424 down KIF23 in vitro, human A172, SHG-44, T98, LN18, LN229 Zhao et al."*?
miR-154-5p down PIWIL1 in vitro, human U251, U87, A172, LN229, SNB19, LN308 Wang et al.'**
miRNA-132 down MMP16 in vitro, human A172, SHG44, U87 Wang et al."**
miR-200b down CREB1 in vitro, human U87, SF126, U251, SF767 Peng et al.'”
miR-374b down EGFR in vitro, human U251, U87 Pan et al."**
miR-622 down ATF2 in vitro, human U87, U251, A172, U118, LN229 Zhang et al."*’
miR-29a up PTEN in vitro, human U87, U251, LN229 Zhao et al."*®
miR-422a down IGF1, IGF1R in vitro, human U87, U251 Wang et al.'®?
miR-139-3p down NOBI in vitro, human U251, US7MG, TJ905, SHG44 Shi et al.'*"
miR-491 down ‘Wnt/B-catenin in vitro, human s LN18, LN229 Meng et al'!
miR-1290 up LHX6 Z’V‘;’t;‘;;gn LN-229, U87 Yan et al.'*?
miR-7 down EGFR ’V’:WV)";‘LK:M U-87MG, U-118MG Wang et al.'*?
miR-351 down NAIF1 in vitro U87, U251 Wu et al.'*
miR-150-3p down SP1 in vitro, human U251, US7MG, A172, SWO-38, SHG44 Tan et al.'*®
miR-133b down Sirtl in vitro, human uUs7 Li et al.'*®
miR-30b-3p up RECK in vitro, human SHG44, U251, U87 A172 Jian et al."*’
miR-144 down FGF7, CAV2 in vitro, human U251, LN229, LN18 Liu et al.'**
miR-30a down Wnt5a in vitro, human T98G, SHG44, U251, U87, U373 Zhang et al."*’

(Continued on next page)
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Table 1. Continued

Expression status

Model (in vitro,

miRNA (up/down) Target in vivo, human) Cell line Ref
miR-221/222  up TIMP2 in vitro, human U87, U251, SHG-44, BT325, A172 Yang et al.">’
hsa-mir-127 up REPIN1 in vitro U87, LN-229 Wang and Lin""'
miR-202 down MTDH in vitro, human A172, U87, U251, U373, LN229 Yang et al.">*
miR-219 down SALL4 in vitro, human A172, U87, U251, U373 Jiang et al.'>’
miR-204-5p down RAB22A in vitro, human LN-229, U87 Xia et al.'™*
miR-188 down IGF2BP2 in vitro, human U87, U251, U118, LN229, LN18 Ding et al.'>
miR-200c down MSN in vitro, in vivo, human  H4, U251 Qin et al."*®
miR-320 down E2F1 in vitro, human U251, SHG-44 Sun et al.””’
miR-139-3p down MDAY/syntenin in vitro, human US7MG, U251MG, U118, A172 Tian et al.”**
miR-637 down Aktl in vitro, human U251, U87 Queetal.'”
miR-376a down SP1 in vitro, human U138, U251, LN229, T98 Lietal.'®
miR-590-3p down ZEB1, ZEB2 in vitro, human US7MG, A172 Pang et al.'"’
miR-16 down SALL4 in vitro, human U251, U87 Han et al.'®
miR-98 down RKIP in vitro, human U251, U87, SHG44 Chen et al.'®?
miR-370 down B-catenin In vitro, human U251, U87 Lu et al.'®*
miR-139-5p down ZEB1, ZEB2 in vitro, human U87, A172 Yue et al.'®®
miR-217 up YWHAG in vitro, in vivo, human U87 MG, U118 MG, U251, U87 Wang et al.'®
miR-548b down MTA2 in vitro, in vivo, human U87, T98G, U373, LN229, SNB19, U251 Pan et al.'®”
miR-663 down TGF-B1 in vitro, human A172,U87 Zhang et al.'o®
miR-489 down SPIN1 in vitro, in vivo, human U87, T98, U251 Liet al.'®”
miR-10b up TGEF-B1 in vitro, in vivo, human U87, U251 Ma et al.'”?
miR-20a up TIMP-2 in vitro, in vivo, human Us7 Wang et al.!”!
miR-106a up TIMP-2 in vitro, in vivo, human uUs7 Wang et al.!'”!
miR-146b up MMP16 in vitro U87, U373, U138, U118, SW1783, SW1088  Xiaetal.'””
miR-203 down GAS41/miR10b in vitro U87, HNGC2 Paletal.'”’
miR-204 down ezrin in vitro, human gvéz;l’;;;’lz’c[ﬁgi’,r[ésf’ SW1088, Mao et al.'”*
miR-873 down IGF2BP1 in vitro, human A172, T98G, U87, U373, U251, U138 Wang et al.'”®
miR-144-3p down FZD7 in vitro, human Cheng et al.'”’®
miR-124 down PPP1R3L in vitro, human U251, U373 Zhao et al.'””
miR-351 down NAIF1 in vitro U87, U251 Wu et al.'”®
hsa-miR-9 down MAPKAP in vitro, human T98G, U251, SF295 Ben-Hamo et al.'”’

Nevertheless, miR-140 targets have not often been reported in glioma
patients. One study reported that miR-140 acted in glioma cells by
adversely modulating a newly discovered target, called ADAMY. A
disintegrin and metalloproteinases (ADAMs) belong to the metzincin
superfamily of matrix metalloproteinases.'”®> ADAMY belongs to the
ADAM family and contains an N-terminal pro-domain, which is
accompanied by a metalloprotease domain, a disintegrin domain, a
cysteine-rich region, a transmembrane domain, an epidermal growth
factor similar region, and a tail with a possible SH3 ligand domain
located in the cytoplasm.'”***° Accumulating evidence has shown
the over-expression of ADAMO in several human cancers, including
renal cell carcinoma,””! prostate cancer,”’? breast cancer,’”’ hepato-
cellular carcinoma,””* and pancreatic cancer.””> ADAMY was found
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to be highly expressed in glioma samples and promoted migration
and invasion in glioma cells.”***°” As a result, ADAMSY could be a po-
tential therapeutic target for treatment of human tumors.

In a study by Liu et al., the miR-140 expression level was evaluated in
glioma patients and the effects of miR-140 on proliferation, migra-
tion, and invasion of tumor cells in glioma tissue.'*’ They found sig-
nificant down-regulation of miR-140 in glioma patient samples,
which was associated with poor Karnofsky performance score
(KPS) and World Health Organization (WHO) grades. Restoration
of miR-140 expression significantly reduced the ability of glioma cells
to proliferate, invade, and migrate. The ADAM9 gene was identified
to be a new direct target gene of miR-140 in glioma patients.


http://www.moleculartherapy.org

www.moleculartherapy.org

Review

Moreover, silencing of ADAM9 mimicked the activity of miR-140 as
a tumor-suppressor gene in glioma. Meanwhile, over-expression of
ADAM9 abrogated the inhibitory effect of miR-140 in glioma cells.
They concluded that miR-140 deregulation played a major role in
the development of glioma and served as a tumor suppressor in gli-
oma pathogenesis. miR-140 could inhibit expression of ADAMY9
and thereby suppress proliferation, invasion, and migration of glioma
cells. As a result, miR-140 could be a new potential target to develop
promising treatment approaches for glioma patients.'*’

Deregulation of miR-133b has been found to play important roles in
many human cancers.””® *'* This process was mediated by direct tar-
geting of the receptor tyrosine kinase MET.*'' Previous studies have
reported that miR-133b may play a key role in glioma develop-
ment.”'” In a study by Wang et al., miR-133b was shown to be signif-
icantly down-regulated in vitro in GBM cell lines and could directly
target the human-Ether-a-Go-Go-related gene (hERG) channel,
which increased apoptosis in U251 glioma cells after treatment with

arsenic.”"”

In a study by Li et al., the ability of miR-133b to regulate glioma cell
proliferation and invasion was investigated.'** miR-133b was consid-
erably under-expressed in glioma samples in comparison with adja-
cent healthy tissue. Sirtl was verified as a new direct target of miR-
133b in U87 glioma cells. Up-regulation of miR-133b was associated
with lower expression of Sirtl and suppressed the invasion and pro-
liferation of U87 glioma cells. This phenomenon could be partially
rescued by induced over-expression of Sirtl. Furthermore, Sirtl
mRNA was found to be considerably up-regulated in glioma samples,
compared with adjacent healthy tissue, and had an inverse correlation
with the level of miR-133b in tumor cells. In conclusion, the role of
miR-133b in modulating the development and metastasis of gliomas
could be mediated by Sirtl expression and could be a therapeutic
target for glioma patients.'*°

Silent information regulator 1 (Sirtl) is a member of the family of the
mammalian sirtuin proteins. Sirtl serves as a histone deacetylase
enzyme that is dependent on nicotinamide adenine dinucleotide
(NAD") and plays a key role in regulating the cell cycle and gene tran-
scription.”'? Sirt1 has been implicated in many cell biology processes,
such as cell cycle progression, metabolism, proliferation, cell death
pathways, differentiation, and senescence.’ ¥ ?%° Sirt1 has been found
to have dual effects in human cancers. In one study by Kim et al., Sirt1
was found to serve as a tumor suppressor in breast cancer patients,
suggesting that down-regulation of Sirtl would reflect an unfavorable
prognosis and lead to more metastasis.””’ On the other hand, Sirtl
was over-expressed in colon cancer and was associated with muta-
tions of P53 and the tumor, node, and metastasis (TNM) stage.222 Ac-
cording to Lu et al,, Sirt1 reduced the development of gastric cancer by
inhibiting the activation of NF-kB and STAT3,”* and they concluded
that Sirtl plays a complex role in cancer development. Whether Sirt1
could function as an oncogene in the pathogenesis of glioma was a
major question in recent studies. Sirtl increased proliferation and
suppressed apoptosis in glioma tissue.”** In addition, Sirt1 silencing

was found to promote the sensitivity of the CD133" cells in glioma
tissue to radiotherapy, both in vivo and in vitro.”*> SIRT1 also facili-
tated p53 activity in the tumorigenesis of CNS stem cells.**

miR-27b is a ncRNA with a regulatory role in the development of
many tumors. Wan et al. reported that miR-27b expression was
significantly down-regulated in non-small cell lung cancer (NSCLC)
cell lines, and up-regulation of miR-27b expression was associated
with significant inhibition of the invasion and proliferation of tumor
cells.”*” This suggests that miR-27b acts as a tumor suppressor in the
pathogenesis of NSCLC. Several studies have reported that miR-27b
inhibited the progression and development of different cancers,
such as neuroblastoma, prostate, and colorectal cancer.”?**° How-
ever, some other studies have suggested that miR-27b could enhance
tumorigenesis. In one study by Jin et al., miR-27b was significantly
over-expressed in other malignancies, such as breast cancer. Silencing
of miR-27b expression significantly suppressed the development of
breast cancer.””’

miR-27b was significantly up-regulated in glioma samples in compar-
ison with adjacent healthy brain tissue.'”’ Moreover, miR-27b has
been reported to be highly expressed in samples from glioma patients
and in glioma cell lines (U251, SHG44, and U87) compared with
healthy astrocytes and adjacent brain tissue. Spry2 was verified as a
new miR-27b target in glioma cell lines (U251), and the level of
expression of Spry2 protein was inversely correlated with miR27b
in glioma cells. In addition, miR-27b suppression and Spry2 up-regu-
lation both inhibited glioma cell invasion. On the other hand, low
expression of Spry2 abolished the miR-27b inhibitory effect on glioma
cell invasion. The result of this study showed that miR-27b could
directly inhibit the expression of Spry2 and increase glioma invasion.
The results also suggest that miR-27b could be a molecular target to
inhibit glioma metastasis and invasion.'”’

Sprouty homolog 2 (Spry2) belongs to the Sprouty family (named for
Drosophila development) and contains a carboxy-terminal region
that is cysteine-rich, which plays a crucial role in the suppression of
receptor tyrosine kinase signaling.”>* Spry2 contributes to the modu-
lation of tumor cell invasion by regulating the mitogen-activated pro-
tein kinase (MAPK) signaling axis.”*>*** The Spry2 protein level was
recently shown to be notably down-regulated in glioma patients with
a more invasive tumor type, confirming the regulatory function of
Spry2 in glioma invasion.**

Table 1 lists various metastasis-related miRNAs reported to be
involved in GBM.

LONG NON-CODING RNAs AND METASTASIS IN
GLIOMA

The IncRNA called FOXD2-AS1 (NR_026878) is located on chromo-
some 1p33 and contains 2,527 nt. It was discovered to be highly ex-
pressed in gastric cancer.””® In other studies, it was shown that
FOXD2-AS1 could be a molecular marker for some cancers.
FOXD2-AS1 expression was correlated with invasion, migration,
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and low apoptosis of cancer cells and a poor outcome of patients with
these tumors.””*** FOXD2-AS1 could lead to glioma progression by
modulating the PI3K/AKT signaling pathway and also the miR-185-
5p/high-mobility group 2 (HMGA?2) axis.”*'

One study was carried out to measure the expression of CDK2, P21,
cyclinEl, matrix metalloproteinase 7 (MMP7), MMP9, neural and
epithelial cadherins, vimentin, miR-506-5p, and FOXD2-AS1.%*
mir-506-5p was found to be a direct target of FOXD2-AS1 by a lucif-
erase reporter assay. They found that FOXD2-AS1 expression was
significantly higher in glioma cells, particularly in the U251 cell
line. Moreover, low expression of FOXD2-ASI resulted in significant
reduction of tumor invasion, cell migration and proliferation, and
suppression of the EMT. In addition, FOXD2-ASI1 could regulate
the expression level of P21, cyclinEl, MMP7 and MMPY, and
CDK2. The possible underlying mechanism was suggested to be
that FOXD2-AS1 down-regulated the expression of miR-506-5p, an
anti-oncogene in several human cancer types. Over-expression of
mir-506-5p and transfection of FOXD2-AS1 had the opposite effects,
in that high expression of miR-506-5p inhibited proliferation, inva-
sion, and migration as well as EMT. In conclusion, FOXD2-AS1 could
facilitate the EMT and the subsequent metastasis of glioma cells
through inhibiting miR-506-5p. As a result, FOXD2-AS1 could be a
new target in glioma treatment.***

The IncRNA cancer susceptibility candidate 2 (CASC2) located on
chromosome 10q26 has been found to act as an anti-oncogene.**’
Over-expression of CASC2 could target mir-193a and mir-21 and
inhibit malignant behavior in glioma.”****> The down-regulation of
CASC2 was correlated with a shorter survival time in glioma pa-
tients.”*® Although researchers are investigating the function and
clinical implications of CASC2, its molecular mechanism remains
understudied and needs more research. miR-18a-5p has been identi-
fied as an oncogene in several tumor types®*” and is likely to play the
same role in glioma.”****

In a study by Wang et al., they showed that CASC2 could act as a tu-
mor suppressor.””’ CASC2 over-expression led to more apoptosis and
increased expression of E-cadherin (but not N-cadherin) and vimen-
tin in A172 and T98 glioma cell lines. Furthermore, over-expression
of CASC2 suppressed cell migration, viability, and colony-forming
ability in T98 and A172 cells. It was concluded that miR-18a was a
downstream target of CASC2, and CASC2 expression was inversely
correlated with mir-18a levels.”*

Another highly conserved IncRNA in mammals is metastasis-associ-
ated lung adenocarcinoma transcript-1 (MALAT1), which is
composed of about 8,000 nt.”>! Studies reported that MALAT1 was
highly expressed in different types of tumors, such as gastric adeno-
carcinoma, squamous cell carcinoma, and hepatocellular carcinoma,
and played a crucial role in the development of these cancers.”>**>*
Furthermore, MALAT1 was associated with hyperproliferation and
metastasis in lung cancer via regulating factors, such as p53 and c-
MYGC, and also played a role in the EMT.?>® Furthermore, MALAT1
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was associated with progression of glioma tumors,”® but the exact
mechanism of MALAT1 in glioma is still uncertain. Ras-related pro-
teinl (Rapl) is a globally expressed small guanosine triphosphatase
(GTPase) that transduces signals from different receptors. Cellular
functions, such as adhesion, polarity, and migration,257 can be modu-
lated by the two RAP1 isoforms, Rap1A and Rap1B. These molecules
have been reported to affect invasion, metastasis, and proliferation in
different cancer types, including ovarian and colorectal cancer.”* >*

Li et al. evaluated the role of MALAT1 and its mechanisms in glioma
cells.”" In this study, they measured the expression levels of miR-101,
RaplB mRNA, and MALAT1 in U87 and U251 glioma cells. They
found that both RaplB and MALAT1 were up-regulated, while
miR-101 expression was down-regulated in U87 and U251 cells.
Knockdown of either RaplB or MALATI reduced cell proliferation
and promoted apoptosis. There was a correlation between the expres-
sion of RaplB and MALAT]I, and it was suggested that MALAT1
increased the expression of RaplB through sponging miR-101 in
U87 and U251 cells. Silencing of MALAT1 in glioma cell lines
reduced proliferation and enhanced apoptosis, while suppression of
miR-101 or over-expression of Rap1B had the opposite effects on pro-
liferation and apoptosis. This finding showed a novel regulatory axis
consisting of MALAT1, Rap1B, and miR-101, which could serve as a
target in glioma treatment.”®'

mir-124 has also been found to be a potential target of MALATI.
miR-124 is widely distributed in brain tissue and also plays a major
262263 There is increasing evi-
dence that miR-124 could inhibit invasion and suppress tumor
growth in different cancer types, such as colorectal cancer, breast can-
cer, renal cancer, and cervical cancer.”****” Feng et al. suggested that
the expression of miR-124 in breast cancer was lowered by the bind-
ing of MALAT to miR-124 and thus MALAT1 could be a potential
endogenous regulator.”®® miR-124 was identified as a direct target
of MALATI. It was revealed that the higher expression of MALAT1
in glioma tumors correlated with lower miR-124 expression. Previous
research showed that ZEB2 was associated with pathologic and clin-
ical features of human tumors, such as tumor grade, patient overall
survival, patient prognosis, and neoplastic progression.”**’" In a
study by Qi et al,, it was found that the migration, invasion, and pro-
liferation of glioma cells may be suppressed by down-regulation of
ZEB2. In addition, down-regulation of ZEB2 resulted in G1/S cell-cy-
cle arrest and more apoptosis in glioma cells.””” In different human
tumors, ZEB2 was found to regulate various miRNAs, such as miR-
132, miR-101, miR-144, and miR-141."">"*"° In a recent study, MA-

LAT1 was found to affect ZEB2 expression via sponging miR-200 in
277

role in a number of human cancers.

clear-cell renal carcinoma.

In a study by Cheng et al., the expression of MALAT1 was found to be
increased in human glioma cells and tissues, and it was proposed to
act as a functional oncogene. Moreover, MALAT1 was associated
with poor outcomes in glioma patients, and silencing of MALAT] re-
sulted in reduced cell proliferation and caused cycle arrest and
apoptosis. In addition, MALAT1 expression was correlated with
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glioma tumor volume. MALATT1 silencing reduced the tumor volume,
while miR-24 had the opposite effect on tumor volume. miR-124
could reverse the silencing of MALAT1 and the subsequent tumor-
suppressor effect in different human cancer xenografts. It has been
shown that ZEB2 serves as a direct target of miR-124 and ZEB2
expression was down-regulated by miR-124 and also by MALAT1
over-expression-induced ZEB2 expression. In conclusion, this study
revealed a new MALAT1/mir-124/ZEB2 axis that was correlated
with glioma progression and could be a new therapeutic target in
glioma.””®

Long intergenic non-protein coding RNA689 (LINC00689) has been
found to be involved in various human cancers, A clinical study car-
ried out in Northern Han Chinese individuals showed that
LINC00689 was a gene related to obesity.””” The stress and tumor ne-
crosis factor alpha (TNF-a)-activated open reading frame (ORF) mi-
cropeptide (STORM) peptide is encoded by LINC00689 and can act in
a similar manner to signal recognition particle 19 (SRP19) in control-
ling gene expression in eukaryotic cells.”** miR-338-3p was found to
be a tumor suppressor in several cancer types.”*' **’ miR-338-3p in-
hibited migration and induced apoptosis in gastric cancer cells via
affecting its target, protein-tyrosine phosphatase 1B (PTP1B).**'
Furthermore, miR-338-3p suppressed the progression of hepatocellu-
lar carcinoma (HCC) cells and inhibited the Warburg effect via resto-
ration of the activity of pyruvate kinase L/R (PKLR).”** mir-338-3p
acts as an anti-oncogene by suppressing GBM invasion and prolifer-
ation and reducing ATP synthesis by targeting the pyruvate kinase
M2 (PKM2)-B-catenin axis.”*

The IncRNA SBF2-AS1 was found to sponge miR-338-3p in GBM
cells.”®* Afterward, PKM2 was reported to be a downstream target
of the LINC00689-miR-338-3p axis in glioma patients. PKM2 was
found to enhance proliferation, glycolysis, and metastasis of HCC tu-
mor cells. In addition, PKM2 expression was correlated with glucose
metabolism and malignant properties in glioma cells.”*>**°

In a study by Liu et al., the expression of LINC00689 was found to be
higher in glioma tissue in comparison with normal tissue, on the basis
of the GSE dataset (GEO: GSE4290). Then, they demonstrated exper-
imentally that LINC00689 was highly expressed in glioma tissue and
cell lines and LINC00689 expression was correlated with a larger tu-
mor size (particularly >3 cm), poor prognosis, and a low KPS score.**’
LINCO00689 knockdown led to suppression of glioma cell prolifera-
tion, migration, and glycolysis. Moreover, LINC00689 knockdown
was associated with significant inhibition of glioma tumor growth
in vivo. LINC00689 enhanced the expression of PKM2 through a
direct interaction with miR-338-3p, suggesting that LINC00689 plays
a competing endogenous RNA (ceRNA) role in glioma. The effects of
LINC00689 knockdown on proliferation, invasion, migration, and
glycolysis of glioma cells could be abrogated by PKM2 restoration.
In conclusion, the LINC00689/miR-338-3p/PKM2 axis plays a role
in glioma progression.”® Table 2 lists some metastasis-related
IncRNAs reported to be involved in GBM.

circRNAs AND METASTASIS IN GLIOMA

Previous studies have confirmed the regulatory role of circRNAs in
tumor malignancy and metastasis to adjacent tissues.” An
increasing number of studies suggest that circRNAs can cause tumor
drug resistance and increase metastasis and recurrence.”' Certain
specific circRNAs, such as circ_0067934,%>? circ_0014359,>>* and
circZNF264,”>* have been found to be involved in glioma progression.
One theory is that circRNAs may act as ceRNAs to sponge miRNAs
and thereby reduce the aggressive malignant properties of cancer cells
by regulation of mRNA expression.””> For example, circFOXO3
encouraged invasion and cell proliferation by sponging both miR-
182 and miR-433 in glioma.”® Xing et al. reported that circFOXO3
could promote esophageal squamous cell carcinoma (SCC) progres-
sion via the miR-23a-3p/PTEN axis.””’ Li et al. found that increased
expression of circU2AF1 promoted glioma progression and was
correlated with a poor clinical prognosis.”*® A study by Lei et al. re-
ported that circ_0076248 could encourage glioma progression by
increasing SIRT1 due to the sponging of miR-181a.”> Another study
suggested that circFBXW?7 could be a therapeutic target to inhibit gli-
oma progression.”® Yang and colleagues used RNA sequencing to
determine circRNA profiles in glioma samples compared with normal
adjacent tissue and found that circFBXW7 was expressed higher in
normal samples compared with glioma. Higher levels of circFBXW7
were correlated with longer patient survival and a better prognosis.”’

Gao et al. evaluated the function of circFBXW?7 in glioma and its under-
lying mechanism.”®" The expression of circFBXW7, miR-23a-3p, and
PTEN was measured by qRT-PCR in glioma tissue and cell lines. The
proliferation of glioma cells was measured by Cell Counting Kit 8
(CCK8) assay. The migration and invasion of glioma cells were
measured by transwell assays. Possible interactions between
circFBXW7, PTEN, and miR-23a-3p were evaluated using a dual-luci-
ferase reporter assay. Western blotting measured the expression of these
proteins. A mouse xenograft model of glioma was used to investigate
circFBXW7 function in vivo. They found that circFBXW7 expression
was significantly lower in glioma cell lines and tumor tissue compared
with normal tissue. High expression of circFBXW?7 had an inhibitory
effect on glioma cell migration, proliferation, and invasion. Further-
more, miR-23a-3p was shown to be a direct target of circFBXW?7 using
bioinformatics analysis and dual-luciferase reporter assay. The binding
of miR-23a-3p to the PTEN 3’ UTR might be inhibited by the activity of
circFBXW7. They concluded that circFBXW?7 reduced glioma metas-
tasis and proliferation by directly sponging miR-23a-3p, thus increasing
PTEN. circFBXW?7 up-regulation inhibited glioma growth and metas-
tasis in vivo. Over-expression of circFBXW7 resulted in decreased
expression of Ki67, miR-23a-3p, and N-cadherin but increased levels
of PTEN and E-cadherin, which was in agreement with the in vitro find-
ings. They suggested that circFBXW7 could be a new therapeutic and
diagnostic target in glioma patients.”®"

New studies have reported that the inhalational anesthetic sevoflur-

ane (Sev) could suppress the progression of tumors through modu-
lating miRNAs. Sun et al. found that Sev inhibited the invasion and
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Table 2. Metastasis-related IncRNAs in GBM

Expression Model (in vitro,
IncRNAs status Targets in vivo, human) Type of cell line Ref
FOXD2-AS1 up miR-506-5p in vitro U251, SHG44, LN229, T98G Zhao et al.**
NBAT1 down miR-21/SOX7 in vitro, human AM38, Gli-6, GSC11, A172 Guan et al.”*
HCGI11 down miR-4425/MTA3 in vitro, in vivo, human A172, U251, US7MG, U118 Zhang et al.”*’
MEG3 down miR-96-5p/MTSS1 in vitro, human GSC11, M059], D54 Zhang and Guo”*’
DANCR up miR-33a-5p in vitro, in vivo, human U87, U251, T98G, LN22 9 Yang et al.*"!
IncRNA001089 down in vitro, in vivo, human U251 Perez-Laguna et al.”*?
HOTTIP up miR-101/ZEB1 in vitro, human Us87, U251 Zhang et al.*”*
CASC19 miR-454-3p/RAB5A in vitro, human Wu et al.**
MALAT1 up miR-124/ZEB2 in vitro, in vivo, human U251 Cheng et al.””
GHET1 up miR-216a in vitro U251 Cao et al.”®
CASC2 down miR-18a in vitro, in vivo, human T98, A172 Wang et al. >
MALAT1 up Rap1B, miR-101 in vitro, human U87, U251 Xiang et al.>”’
H19 up miR-29a in vitro, in vivo, human U87MG Jia et al.?”®
MALAT1 up miR-101 in vitro U251, U87 Li et al.>®'
XIST up miR-429 in vitro, in vivo, human A172, U251 Cheng et al.?”
TSLNC8 down in vitro, human lél;éCs, %2352_;(5}1:15\/? 04’3 s Chen and Yu’"°
T;EII‘\IISIJIZ down miR-127/YWHAG in vitro, in vivo, human U87, U251 Zheng et al.*’
LINC00961 down in vitro, human U251, A172, U-118, U87 Abedi-Gaballu et al.*’”
UBE2R2-AS1 down miR-877-3p/TLR4 in vitro, human U251, A-172, U373, U87-MG Xu et al.?”?
FOXD2-AS1 up miR-185 in vitro, human U251,LN18, T98G, A172, LN22 Dong et al.”"*
SNHGI8 ENO1 in vitro MO059], MO59K, U87 Zheng et al.’"
TP73-AS1 up miR-124 in vitro, human U87, U118, U251, U373, SHG-44 Xiao et al.*°
SPRY4-IT1 up in vitro, human U251, SF295 Liu et al.”"’
GAS5 down miR-18a-5p in vitro, in vivo, human U251, U87 Liu et al.”*
ZEB1-ASI up miR-200¢/141-ZEB1 in vitro, in vivo, human U87, U251, LN18, U118, T98G Meng et al.’””
LINC01426 up PI3K/Akt in vitro, human PGl, A172, LN229, U251, LN118, H4 Wang et al.*”
LINC00689 up miR-338-3p/PKM2 in vitro, in vivo, human U87, U251 Liu et al.”*’
NEAT1 up miR-139-5p/CDK6 in vitro, in vivo, human U251, SHG-44, TJ905 Wu et al.’"!
MALAT1 up miR-199a/ZHX1 in vitro, in vivo, human U87-MG, U251, T98G, A172 Liao et al.’"*
LIFR-AS1 down miR-4262/NF-kB in vitro, human A172, U87, U251, LN229 Ding et al.*"*
MALAT1 up in vitro, human primary Ma et al.”*®
MALAT1 NF-kB, p53 in vitro, in vivo U87, A172, U251 Voce et al.”*
XIST up miR-1332/SOX4 in vitro U251 Luo et al.”"*
HOXA11-AS up miR-130a-5p-HMGB2 in vitro, in vivo, human U251, US7MG Xu et al.>'®
MALAT1 down ERK/MAPK in vitro, in vivo, human U87, U251
MALAT1 down miR-155 in vitro, human U87, SHG139 Cao et al.>"”
EGOT down in vitro, human A172, U251, U87, SHG44, Wu et al.*'®
HOXD-AS1 up miR-130a in vitro, human U87, U251 Chen et al.*"’
GAS5-AS1 down miR-106b-5p/TUSC2 in vitro, in vivo, human U251 Huang et al. >’
PVT1 up UpF1 in vitro, human U87, LN229 Lv et al.*!
NEF down TGF-B1 in vitro, human Hs 683, CCD-25Lu Wang et al.*??
SAMDI12-AS1 up P53 in vitro, human U251, U87, T98-G, A172 Jia et al.’*
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Table 2. Continued

Expression Model (in vitro,
IncRNAs status Targets in vivo, human) Type of cell line Ref
FOXD2-AS1 up miR-185-5p/HMGA2 in vitro, in vivo, human U87, A172, U251, T98G Ni et al.**!
MEG3 down miR-21-3p in vitro U87, U251 Qin et al.”**
ANCR up EZH2, PTEN in vitro, human U87, U251, SHG44, U118 Cheng et al.**
Linc01116 up miR-31 in vitro, in vivo, human SHG-44, U87, U25, U118 MG Zhang et al.**®
LSINCT5 up miR-451 in vitro, human GL15 Liu et al.**”
lincRNA-p21 miR-34c in vitro, in vivo U87, U251 Yang et al.’*®
AWPPH up HIFla in vitro, human Hs 683, CCD-25Lu Zhang et al.”*
MACCI1-ASI up MACCI in vitro, human U251, T98G, A172, SHG44 Zheng et al.”**
HI19 up Eiclz;::lliZIiWntSa/ in vitro, in vivo, human A172, LN229, U251 Zhou et al.**!
AC016405.3 down miR-19a-5p, TET2 in vitro, human US7MG Ren and Xu®*
MIR4697HG down miR-766-5p/PRR12 in vitro U343, Hs683, LN25, A172, LN18, U87, U251 Mao et al.”?
LINC00466 up miR-508/CHEK1 in vitro, human A172, T98G, LN299, U251, LN18 Lietal ™
SNHG16 up miR-490/PCBP2 in vitro, human T98G, U251 Kong et al.’*
MALAT1 up in vitro, human primary Argadal et al.”*®
LINCO01614 up miR-383/ADAM12 in vitro, human LN18, U251, T98G, LN229, A172 Wang et al.”>’
MALAT1 up miR-384/GOLM1 in vitro, in vivo, human SHG-44, LN229 Alcon-Giner et al.””’
GAPLINC up miR-331-3p in vitro, human T98G, U251, LN18, LN229, A172 Chen et al.**®
H19 up miR-140, {ASPP in vitro, human U373, A172, U251, T98G, USTMG Zhao et al.”™>
FTHIP3 up miR-224-5p/TPD52 in vitro, human U251 Zhang et al.”*
HOXA11-AS up miR-214-3p/EZH2 in vitro, in vivo, human U251, U87, LN229, SHG-44, A172 Xu et al.**!
SNHG7 up miR-5095, Wnt/B-catenin in vitro, in vivo, human A172, U87, T98G, SHG44 Ren et al.**
UCAL up miR-182, iASPP in vitro, human U373MG, T98MG, SWO38, U251, SHG44 He et al.”*
LINCO01260 down CARD11, NF-kB in vitro, in vivo, human U251 Wu et al.**
RP5-833A20.1 down microRNA-382-5p, NFIA in vitro, human U251 Kang et al.”*
UCAL miR-204-5p/ZEB1 in vitro, in vivo SHG44, US7MG Liang et al.**®
SNHG5 up miR-205-5p/ZEB2 in vitro, human Meng et al.”*’
MALAT1 up in vitro SHG139, SHG139S Han et al.”*
LINC-PINT down Wnt/B-catenin in vitro, in vivo U87, LN229, U373, A172, U251, T98, U118 Zhu et al.**’

migration of colorectal cancer cells by modulating the miRNA-34a/
ADAMI0 axis.”®* A study by Gao et al. reported that Sev could inhibit
metastasis and proliferation of glioma cells by targeting the miRNA-
124-3p/ROCK1 axis.’*® Recently, Xie et al. reported that miR-628-5p
could suppress cell proliferation in glioma.’** However, the exact
mechanism of how Sev affects miR-628-5p and the progression of gli-
oma are not yet clear.

Magnesium transporter 1 (MAGT1) has been shown to be associated
with several human cancers. Zheng et al. reported that high expres-
sion of MAGT1 was a poor prognostic indicator in colorectal can-
cer.”® Wang et al. showed that miRNA-199a-5p suppressed progres-
sion of glioma by inhibiting MAGT1.>*

Li et al. evaluated the effect of Sev on glioma progression using bioin-
formatics analysis and experimental studies.”” They used flow cy-

tometry for apoptosis; western blotting for protein levels of hexoki-
nase 2 (HK2), MAGT1, Bcl-2, and BCL2-associated X (Bax) in
glioma samples; and CCKS8 assay for cell viability. The transwell assay
measured cell migration and invasion. Colorimetric assay kits were
utilized to measure lactate synthesis and glucose metabolism. The
levels of circRNA1656 (also known as circ-0002755) and mir628-5p
were measured by qRT-PCR, and the interactions between miR-
628-5p, circ-0002755, and MAGT1 were confirmed by dual-luciferase
reporter assays. AA mouse xenograft tumor model was employed to
investigate the function of circ-0002755 in vivo. They found that Sev
suppressed viability, invasion, and migration and decreased lactate
production and glucose consumption, while increasing apoptosis.
Administration of Sev significantly reduced the expression of circ-
0002755, while circ-0002755 was notably over-expressed in glioma
tissues. They reported a three-way interaction between circ-
0002755, mir628-5p, and MAGT1 and suggested that Sev could
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Table 3. Metastasis-related circular RNAs involved in GBM

circRNA Expression status (up/down) Target Model (in vitro, in vivo, human) Cell line Ref

circCPA4 up let-7 in vitro, in vivo, human U25, U87 Peng et al.'"*
circ_SFMBT2 down miR-182-5p in vitro, human D54, A172, U251 Zhang et al.”'
circMMP9 up miR-124 in vitro, in vivo, human U87, U251, SHG44, A172, SNB19  Wang et al.’®
circFBXW7 down miR-23a-3p/PTEN in vitro, in vivo, human U251, U87, SHG44 Gao et al.”®?
circHIPK3 up miR-124-3p in vitro, human T98G Xia et al.”®*
circ_0002755 up miR-628-5p/MAGT1 in vitro, in vivo, human A-172, SHG-44 Li et al.*’
circMMP1 up miR-433/HMGB3 in vitro, in vivo, human U251, LN229 Yin and Liu*®
circTTBK2 up miR-145-5p/CPEB4 in vitro, in vivo, human T98G, LN229 Liu et al.**®
hsa_circ_0030018 up miR-1297/RAB21 in vitro, in vivo, human Song et al.>¥’
circHIPK3 up miR-524-5p/KIF2A in vitro, human Al172, U251 Yin and Cui*®
circ_101064 up miR-154-5p/PIWIL1 in vitro, human U251, U87 Zhou et al.'*®
circ-U2AF1 up hsa-miR-7-5p in vitro, in vivo, human U251, U87 Hamblin**®
hsa_circ_0088732 up miR-661/RAB3D in vitro, in vivo, human LN229, U251, A172 U87-MG Jin et al.*®
circPVT1 up miR-199a-5p in vitro, human U539, U251 Chi et al.””°
circSCAF11 up miR-145-5p/miR-145-5p  in vitro, in vivo, human T98G, LN229 Yin et al.*”"!
hsa_circ_0067934  up PI3K-AKT in vitro, human LN18, U251, LN229, T98G, A172  Xin et al.””
circ_0029426 up miR-197 in vitro, human Zhang et al.>”?

regulate the progression of glioma via the circ_0002755/miR-628-5p/
MAGT]1 axis. In addition, Sev suppressed the progression of glioma

. . 367
tumors in vivo.”’

Recent studies have shown that circRNA Scm-like with 4 Mbt domain
2 (circ_SFMBT?2) can act as a sponge of miR-182-5p, with a regulato-
ry function in gastric adenocarcinoma growth.’*® There is not much
data about the putative downstream molecules of circ_SFMBT2 and
the underlying mechanisms in glioma development, but the role of
miR-182-5p in the pathogenesis of bladder and gastric cancer has
298399 miR-182-5p can control the growth of various
kinds of tumors via metastasis suppressor 1 (MTSS1);*"%~7>
MTSSI has been correlated with tumor metastasis and progression
in different cancers by complex interactions with the actin cytoskel-
Y1372 cire_SFMBT2 was shown to affect the growth of gastric
cancer cells through targeting miR-182-5p.>*®

been shown.

eton.

Zhang and colleagues investigated circ_SFMBT2 expression in gli-
73 In their study, lower expression of circ_SFMBT2
compared with normal astrocyte cells, and
circ_ SFMBT?2 over-expression inhibited glioma cell growth in vitro
and reduced metastasis. mir182-5p could be a downstream molecule
of circ_SFMBT2, and they suggested that the circ_ SFMBT2/mir-182-

373

oma tissues.
was detected

5p/MTSSI axis could play a role in glioma treatment.

circRNA homeodomain interacting protein kinase 3 (circHIPK3) and
miR-124-3p were found to promote glioma development.””* In addi-
tion, miR-524-5p was found to regulate glioma cell proliferation.’”>
Kinesin family member 2A (KIF2A) plays an important role in cancer

progression. Zhang et al. found that KIF2A could affect the prognosis
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of patients with nasopharyngeal carcinoma.””® KIF2A down-regula-
tion inhibited gastric cancer invasion®”” and could suppress oral
SCC through inhibiting the PI3K/protein kinase B pathway.””® It
was shown that KIF2A silencing could suppress migration and metas-
tasis of glioma cells, while KIF2A knockdown could stimulate

P . 379
apoptosis in vitro.

In a study by Yin et al., the effects of miR-524-5p, KIF2A, and circH-
IPK3 regulatory network on the development of TMZ-resistant gli-
oma were investigated. This might shed light on the mechanisms
involved in TMZ resistance and could improve TMZ treatment effi-
cacy in glioma patients.’®® qRT-PCR was used to measure serum
levels of mRNAs, circRNAs, and miRNAs. The MTT assay was
used to measure cell proliferation, and the TMZ half inhibitory con-
centration (ICsy), western blotting, dual-luciferase reporter assay,
flow cytometry, and transwell assays were employed to measure the
level of protein expression, apoptosis, and metastasis, respectively.
The results showed that circHIPK3 knockdown increased TMZ sensi-
tivity in glioma and affected proliferation, apoptosis, and metastasis
via the miR-524-5p/KIF2A-mediated PI3K/AKT pathway. This could
be a new approach for diagnosis and therapy of TMZ-resistant gli-
oma.”® Table 3 lists some metastasis-related circRNAs reported to
be involved in GBM.

CONCLUSION

It is now known that ncRNAs are involved in all phases of metastasis
and can regulate invasion, migration, colony formation, and the
development of the metastatic mass. ncRNAs may form complex in-
teractions with other RNAs, DNA, and proteins to regulate the met-
astatic process. The exact signaling axes that are mediated by specific
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ncRNAs involved in the regulation of metastasis in individual cancer
types should be elucidated by functional genomics assays. The latest
advances in genome-editing techniques, such as CRISPR-Cas9,
have made it possible to rapidly modify the human genome and could
be used to study ncRNAs. Combining practical genetic screening with
single-cell-based assays and confirming the results in animal models
is the most attractive approach. These recent advances will shed more
light on a thorough understanding of ncRNA function and the
possible underlying molecular mechanisms involved in the regulation
of metastasis. Clinical studies should be undertaken to verify the crit-
ical functions of ncRNAs in glioma development and metastasis.
ncRNAs display a specific expression profile in many malignancies,
which suggests they can serve as promising diagnostic and prognostic
biomarkers in cancer as well as potential promising therapeutic tar-
gets for future cancer treatment.

ncRNAs could be a promising tool for targeted therapy combined
with other new promising therapies. The development of a complete
network of all ncRNAs involved in glioma formation and progression
could supplement other therapeutic approaches (such as immuno-
therapy and gene therapy) and could also be used as a stratification
tool for individualized treatment, resulting in an improved antitumor
effect. The successful application of ncRNA-based therapeutics re-
quires an unprecedented interdisciplinary approach, including tech-
nical advancements in molecular biology, immunology, pharma-
cology, chemistry, and nanotechnology. An optimal ncRNA
therapeutic agent must be extensively tested for immunogenicity,
chemically modified to improve its pharmacokinetics and pharmaco-
dynamics, and delivered with consideration of its biodistribution and
intracellular uptake mechanisms. It would need to specifically and
potently interact with its intended target and be dosed at an appro-
priate level to trigger the desired effect. Studies in each of these areas
should be carried out for each separate ncRNA therapeutic agent, but
their successful translation will depend on further interdisciplinary
collaboration to improve tolerance, specificity, and delivery.
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