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ABSTRACT
microRNAs (miRNAs) are no longer deemed small pieces of RNA “trash” in the 

human transcriptome but are considered to be master regulators of gene expression 
that are critical in maintaining cellular homeostasis post-transcriptionally. The 
concept triggers great interest in studying miRNA dysregulations in human diseases, 
especially in cancers. Glioblastoma (GBM) has long been the leading cause of the high 
mortality and morbidity of CNS tumors in adults, which is a consequence of the lack 
of strategies to reverse the hallmark features of GBM (e.g., borderless expansion and 
diffuse infiltration). In the past decade, dissecting the molecular architecture of GBM 
has led to a better understanding of the molecular basis of the hallmarks, generating 
many promising pharmacological protein targets. However, few clinical responses 
have been highlighted, suggesting the demand for new therapeutic strategies and 
targets. In this review, we systemically summarize the context-dependently validated 
miRNAs with one or more functional targets in the development of GBM hallmarks 
and review the current miRNA-targeting strategies. We note that only a few miRNA-
based therapeutics are trialed for clinical significance, and none of them is tailored 
to GBM, thereby urging us to bring miRNA therapeutics to the front line either alone 
or in combination.

INTRODUCTION

Glioblastoma (GBM), the WHO grade IV tumor 
of the CNS, is the most prevalent and aggressive glioma 
variant in adults [1]. Gross total surgical excision 
followed by involved-field radiotherapy up to a total dose 
of 60 Gy was the only accepted GBM management by 
physicians for decades, as no chemotherapeutic agents 
significantly improved the survival of GBM patients until 
the introduction of temozolomide, an oral alkylating agent. 
However, the median survival of 14 months, 27% of the 
2-year and 10% of the 5-year progression-free survival 
rates still remain dismal for both patients and physicians 
[2]. More efforts need to be made to change the poor 
prognosis of GBM patients. 

Over a decade, the interplay between the protein-
coding and non-protein-coding genome, especially 
the miRNAome (microRNA genome), has been the 
most exciting yet unexpected discoveries in oncology. 

microRNAs (miRNAs) are approximately 22 nt-long small 
non-coding RNA molecules (ncRNAs) that regulate gene 
expression at the post-transcriptional level. Most miRNAs 
can be transcribed from the intergenic or intronic regions 
by RNA polymerase II. Then the primary transcripts 
(pri-miRNAs) from intergenic regions undergo nuclear 
processing into a stem-loop precursor of approximately 
70 nt (pre-miRNA) by the Drosha-DGCR8 (DiGeorge 
syndrome chromosome region 8) complex, a nuclear 
RNase III complex, while the intronic transcripts bypass 
Drosha processing [3]. Subsequently, exportin-5 mediates 
the nuclear export of the correctly processed pre-miRNA 
in a Ran guanosine triphosphate (RanGTP)-dependent 
manner. Following the export of pre-miRNA from the 
nucleus, Dicer, a cytoplasmic RNase III that commonly 
forms a complex with TAR RNA binding protein (TRBP), 
binds to the pre-miRNA and further processes the hairpin 
miRNA precursors into approximately 22 nt miRNA 
duplexes [4]. The duplexes are unstable and soon cleaved 
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into single-stranded mature miRNAs. Mature miRNAs 
are then incorporated into the miRNA induced silencing 
complexes (miRISCs) to exert their post-transcriptional 
function by seed region (5’ region of the miRNA centered 
on nucleotides 2-7) complementarity [5]. The function of 
mature miRNAs has been widely studied and yet hotly 
debated, and is predominantly considered to mediate the 
silence of mRNA translation [6]. Due to great scientific 
interest worldwide, the amount of miRNAs in various 
species has grown exponentially and now includes 1881 
miRNA precursors and 2588 mature sequences that have 
been documented in humans by miRBase (Release 21, 
June 2014, http: //mirbase.org/cgi-bin/browse.pl?org=hsa). 
It is estimated that over 60% of human protein-coding 
genes are conserved targets of miRNAs, unveiling 
previously unnoticed, extensive RNA-RNA interacting 
networks in cellular homeostasis maintenance [7]. In 
the networks, miRNAs are commonly regarded as active 
regulators, whereas their target mRNAs are the passive 
receptors of repression, and thus how mRNAs affect 
miRNA functions is less well characterized. Recently a 
hypothesis confers a non-protein-coding function on those 
protein-coding mRNAs, given that mRNAs may influence 
each others’ levels by competing for a limited pool of 
shared miRNAs, thus acting as competing endogenous 
RNAs (ceRNAs) [8-10]. Moreover, as our knowledge 
of the transcriptome space has expanded, several other 
RNA species, including large intergenic non-coding 
RNAs (lincRNAs) [11-13], transcribed ultraconseverved 
regions (T-UCRs) [14], pseudogenes [15-17] and circular 
RNAs (circRNAs) [18, 19], may also serve as ceRNAs, 
functioning in trans to regulate levels of free miRNAs 
and consequently other RNAs. However, compared with 
the cis regulatory networks, ceRNA research is obviously 
in its infancy, and more compelling evidence is still 
required to ascertain whether ceRNA crosstalk represents 
a widespread network of RNA regulation. 

 As both the guide and passenger strand-derived 
miRNAs are biologically functional, in this review, 
we prefer to use the latest nomenclature proposed by 
the miRBase to substitute for the previously assigned 
names for miRNAs [20]. For example, with respect to 
miR-21, miR-21 and miR-21* were previously assigned 
to nominate the guide and passenger strand processed 
from the miR-21 stem-loop precursor, respectively. The 
new nomenclature is started to assign names of the form 
miR-21-5p and miR-21-3p for the individual sequences 
derived from the 5’ and 3’ arm of the miR-21 stem-loop 
precursor [21]. As a hallmark of the better understanding 
of the nature of miRNA species, the new nomenclature 
will be used in this review to denote the new miRNA 
annotations (see Supplementary Data for the previous IDs 
of the miRNAs mentioned in this review). 

In 2005, the first miRNA dysregulation was 
identified in GBM [22]. miR-21-5p detected by northern 
blot was overexpressed in GBM tissues when compared 

with non-neoplastic human control tissues. Moreover, 
the suppression of miR-21-5p function led to decreased 
cell number and increased apoptosis and caspases 
activation, suggesting that aberrantly expressed miR-21-
5p is an antiapoptotic factor in GBM [22]. Meanwhile, 
a systemic screen for miRNA aberrations by microarray 
of 245 miRNAs in GBM samples first identified a set of 
dysregulated miRNAs, including the upregulation of miR-
10b-5p, miR-21-5p and miR-25-3p, and downregulation 
of miR-128-3p and miR-181a-5p/181b-5p/181c-5p 
[23]. Since then, it has been documented that miRNA 
dysregulation could play important roles in GBM 
development and progression.

MIRNAS IN HALLMARKS OF GBM

Incurable GBM is characterized by uncontrolled 
cellular proliferation, robust angiogenesis, intense 
resistance to apoptosis, diffuse infiltration, a propensity 
for necrosis and rampant genomic instability [24]. The 
hallmark features are preserved, at least partially, by 
biological capabilities of sustaining proliferative signaling, 
inducing angiogenesis, evading growth suppressors 
and activating invasion and metastasis. The current 
understanding of these GBM hallmarks has already gone 
beyond the protein-coding genes and focused increasingly 
on the non-coding genome, especially the miRNAome. 
It is generally accepted that hallmark features of GBM 
are not only the reflection of chaos in protein function 
of certain pathways but also the consequence of the 
dysregulation of miRNA-mediated translation control 
(one of the typical examples is the initiation of The 
Cancer Genome Atlas (TCGA) Pan-Cancer analysis 
project) [9, 25-27]. The miRNA-mRNA interactions 
turn the short ‘nonsense’ sequences into endogenous 
oncogenes or tumor suppressors. Moreover, deregulation 
of miRNAs in cancers is unlikely to be a random event, 
but instead they have certain expression patterns. miRNA 
expression patterns could define a tumor type, implying 
that certain changes in miRNAs might drive the malignant 
transformation to a particular cancer [27-30]. Therefore, 
whether a miRNA acts as an oncogene (oncomiR) or 
tumor suppressor depends on the regulated genes and 
cellular context. In this section, we only discuss the 
miRNAs that have experimentally validated targets in 
GBM (Figure 1).

Sustaining proliferative signaling. Uncontrolled 
cell proliferation in GBM could be triggered by excessive 
proliferative signals caused by somatic alterations 
within the receptor tyrosine kinase (RTK) signaling 
circuits. The activation of intracellular kinase domains 
of RTKs results in the activation of a complex network 
of intracellular signaling cascades, the most studied of 
which are the phosphatidylinositide 3-kinase (PI3K)/
AKT and RAS/mitogen-activated protein kinase (MAPK) 
pathways (Figure 1A) [31]. Abnormally augmented 
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signals downstream from RTKs enable cancer cells to 
sustain proliferation that is under tight control in normal 
cells. Therefore, miRNAs, serving as the important post-
transcriptional regulators, would possibly account for 
attenuating or deteriorating the molecular dysregulation 
caused by the genomic alterations. The crosstalks between 
miRNAs and RTK signaling circuits enroll miRNAs in 
the modulation of proliferative features of GBM. At least 
90% of GBM cases harbor genetic alterations in RTK 

pathways. Epidermal growth factor receptor (EGFR), 
platelet-derived growth factor receptor alpha polypeptide 
(PDGFRA), MET proto-oncogene (MET) and fibroblast 
growth factor receptor (FGFR) are among the most 
commonly dysregulated RTKs in GBM [27, 32]. However, 
no miRNA dysregulations correlated with the deregulation 
of FGFR in GBM has been reported yet. EGFR and 
PDGFRA are well-established oncogenes in GBM [24], 
and thus the identification of their miRNA regulators 

Figure 1: A schematic illustration of how miRNAs involve in the genesis of GBM hallmarks. The figure shows the crosstalks 
of miRNAs and protein-coding genes identified in multiple nodes of the pathways on developing GBM hallmark features. (Top left, A.) 
Sustaining proliferation can be triggered by alterations within the receptor tyrosine kinase (RTK) signaling circuits. (Bottom left, B.) 
Inducing angiogenesis in GBM relies greatly on the expression of hypoxia-induced VEGF family proteins. (Top right, C.) Evading the 
prototypical tumor suppressors, RB1 and TP53, enables tumor cells to circumvent growth control. (Bottom right, D.) Activating invasion 
requires degradation of ECM components by metalloproteinases to overcome the dense matrix. The miRNA-mRNA crosstalks turn the 
short ‘nonsense’ sequences into endogenous oncogenes or tumor suppressors. Based on their distinct functions, oncomiRs are colored in 
red and tumor suppressive miRNAs are in green.
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following the discovery of functional implications of 
miRNAs in cancers is warranted. Moreover, the nature 
of miRNA target recognition defines the miRNA-
mRNA interactions as the many-to-many relationship. 
miR-7-5p [33], miR-128-3p [34], miR-491-5p [35] and 
miR-218-5p [36] coordinately regulate the expression 
of EGFR in human GBM. As the negative regulators 
of EGFR expression, these miRNAs were shown to be 
downregulated in GBM tissues and/or cell lines to drive 
gliomagenesis. The restoration of EGFR-targeting miRNA 
expression significantly decreased EGFR protein synthesis 
and as a result, impaired the proliferative capability of 
GBM cells [33-36]. Apart from direct repression of EGFR 
expression, miR-128-3p was shown to simultaneously 
target PDGFRA [34]. Additionally, PDGFRA is also a 
direct target of miR-34a-5p, a downregulated miRNA in 
the proneural subtype compared with the mesenchymal 
subtype of GBM [37]. It is of particular interest that 
the proneural subtype is characterized by PDGFRA 
genetic alterations in conjunction with exclusively high 
levels of PDGFRA expression and irresponsiveness to 
aggressive treatments [38]. Derepression of PDGFRA 
by the downregulation of miR-34a-5p in the proneural 
subtype that results in a more proliferative phenotype may 
be responsible for the difference in response to clinical 
treatment for GBM. Gene mutation or amplification 
in MET (1.6%), when compared to EGFR (57.4%) or 
PDGFRA (13.1%), is a relatively rare event in GBM 
[27]. But as a mesenchymal marker, MET is highly 
expressed in the mesenchymal subtype of GBM [38]. It 
is interesting that shared miRNA of MET and PDGFRA, 
miR-34a-5p, is also highly expressed in the mesenchymal 
subtype [37, 39]. The same tendency of miR-34a-5p and 
MET expression in the mesenchymal subtype suggests an 
underlying regulatory network that remains to be further 
elucidated. 

Downstream effectors of receptor tyrosine kinases, 
PI3K and RAS, are less studied targets of miRNAs 
involved in gliomagenesis. However, TCGA reported that 
PI3K and RAS activation might be the obligatory events in 
developing GBM [27, 32]. In GBM, no miRNAs has been 
validated yet to target the PI3K p110 and/or p85 subunits 
that are responsible for the activation of downstream AKT 
signaling proteins [40]. In contrast, the miRNA regulators 
of RAS are better characterized. The biological functions 
of the RAS family (Harvey rat sarcoma viral oncogene 
homolog (HRAS), Kirsten rat sarcoma viral oncogene 
homolog (KRAS) and neuroblastoma RAS viral oncogene 
homolog (NRAS)) have been extensively studied for 
decades. In response to activated growth factor receptors, 
RAS activation affects downstream effectors, including 
MAPK and PI3K [41]. Though only 1% of the GBM 
tumors have a RAS mutation or amplification, 10% of 
GBM tumors contain neurofibromin 1 (NF1) inactivating 
genetic alterations that lead to hyperactive RAS activity 
by enhancing the intrinsic GTPase activity [27, 42]. Three 

recent reports focused on miRNAs targeting RAS in GBM 
and showed that miR-143-3p directly targets NRAS [43], 
let-7a-5p directly targets KRAS [44], and both NRAS 
and RRAS (related RAS viral oncogene homolog, HRAS 
homolog) are direct targets of miR-124-3p [45]. Moreover, 
these miRNAs are all downregulated in GBM samples and 
cell lines, underlying the malignant transformation [43-
45]. 

Excessive proliferative signaling from another point 
of view is the consequence of a disruption of negative-
feedback mechanisms at multiple nodes within the 
proliferative circuitry. Phosphatase and tensin homolog 
(PTEN) and NF1, which counteract PI3K and RAS, 
respectively, are among the most important negative 
regulators of the proliferative pathways. The inactivated 
genetic mutations of NF1 and PTEN are found in 10% 
and 41% of GBM cases, respectively [27]. With respect to 
NF1, it is targeted by miR-9-5p, a miRNA upregulated in 
GBM that adds to the complexity of NF1 and downstream 
RAS signaling deregulation [46, 47]. Similarly, the 
negative regulation of PI3K signaling by PTEN is crucial 
for proper proliferative signal transduction [48]. Three 
upregulated miRNAs, miR-23a-3p, miR-26a-5p and 
miR-17-5p, directly target PTEN in GBM [47, 49-51]. 
As a consequence, the upregulation of PTEN-targeting 
miRNAs provides a bypass to activate PI3K pathways. In 
recent years, targeting RTK pathways has been one of the 
most exciting developments in cancer research, and some 
of the targets have been clinically validated. But in GBM, 
the utilization of such molecularly targeted drugs only 
received modest clinical benefits. By the understanding 
of the importance of miRNAs, miRNA-based treatments 
should also be taken into consideration either alone or in 
combination.

Inducing angiogenesis. Malignant tumors 
addictively rely on the formation of new blood vessels. 
It is of particular importance in brain tumors that 
glomeruloid microvascular proliferation is a hallmark 
of GBM and is one of the diagnostic criteria applied to 
distinguish the high-grade gliomas from the low-grades 
[52]. Therefore, inhibiting angiogenesis has long been 
regarded as a promising strategy in GBM. These tumors 
stimulate new blood vessel formation through processes 
driven primarily by vascular endothelial growth factor 
A (VEGFA), the most established proangiogenic protein 
in the VEGF family (Figure 1B). The overexpression of 
VEGFA and subsequent activation of its receptors is an 
important event during glioma progression [53]. miR-205-
5p, a miRNA significantly downregulated in GBM, was 
found to directly interact with the VEGFA 3’-UTR and 
decreased VEGFA expression in GBM cell lines [54]. The 
downregulation of miR-205-5p could be, at least partially, 
responsible for the overexpression of VEGFA in GBM. 
Additionally, VEGFA upregulation can be induced by 
hypoxia, a condition that commonly occurs in GBM due to 
the highly proliferative nature [55]. This adaptive change 



Oncotarget38632www.impactjournals.com/oncotarget

relies considerably on the increase in the stability of 
hypoxia inducible factor 1 alpha subunit (HIF1A), which 
is negatively regulated by the von Hippel-Lindau (VHL) 
tumor suppressor [56]. Of note, miR-21-5p and miR-23b-
3p are reported to target VHL and decrease the production 
of the VHL protein, upregulating VEGFA expression [57, 
58]. Moreover, miR-7-5p downregulates the expression of 
O-linked N-acetylglucosamine transferase (OGT), leading 
to decreased expression of vascular endothelial growth 
factor receptor 2 (VEGFR2) [59]. Attempts to target 
angiogenesis using the VEGF antibody was previously 
considered to be promising in GBM. However, recently, 
the disappointing results from the VEGF-targeting agents 
in treating GBMs diminishes the enthusiasm for such 
approaches [60], suggesting that new therapeutic targets or 
strategies need to be developed. To make progress, better 
understanding of the miRNAs contributing to angiogenesis 
in high-grade gliomas will lead to a better understanding 
of the highly vascularized nature of the tumors and more 
effective treatments can be developed.

Evading growth suppression. Apart from the 
ability of inducing and sustaining growth-stimulatory 
signals, GBM cells must also circumvent biologically 
programmed pathways that negatively regulate cell 
proliferation. Many tumor suppressive genes have 
been established through gain- or loss-of-function 
experiments in cell lines or animal models. Among those 
well-established suppressors, there are two prototypes, 
retinoblastoma 1 (RB1) and tumor protein p53 (TP53) 
(Figure 1C). Similarly, better understanding the 
dysfunction of the RB1 and TP53 pathway should also 
implicate the roles of dysregulated miRNAs. With regards 
to TP53, the guardian of the genome in response to various 
stress signals, it is frequently mutated or deleted in 28% of 
GBMs [27]. The loss-of-function mutation of TP53 results 
in the inability to stop further cell-cycle progression 
triggered by oncogenic signals [61]. miR-10b-5p , one of 
the most studied miRNAs in GBMs, is highly upregulated 
in human GBM and pleiotropically regulates invasion, 
angiogenicity and apoptosis of GBM cells resembling 
the mesenchymal subtype. The pleiotropic effects of 
miR-10b-5p is due to its suppression of multiple tumor 
suppressive genes, including TP53 [23, 62, 63]. miR-
10b-5p directly targets TP53 in GBM, giving the tumors 
a way to evade growth control and enable persistent 
cell proliferation by perturbing the miRNAs expression. 
Meanwhile, TP53 signaling is under the precise control of 
the negative regulator, mouse double minute 2 (MDM2). 
MDM2 regulates the ubiquitin-dependent degradation 
and transcriptional activity of TP53 [64]. MDM2 mRNA 
is upregulated in both GBM cell lines and samples [65], 
and the upregulation could be a consequence of the 
downregulation of miR-17-3p, miR-181b-5p, miR-25-
3p or miR-32-5p, which directly target MDM2 gene 
expression [50, 65, 66]. It is worth noting that miR-25-
3p and miR-32-5p are two miRNAs repressed by TP53, 

suggesting a feedback circuit between TP53 and MDM2 
mediated by miRNAs [65]. The feedback circuit can 
explain the overexpression of miR-25-3p in GBM reported 
by several separate studies, in which the miRNA is meant 
to be downregulated to increase MDM2 expression and 
thus inactivate TP53 [23, 47, 67]. In addition, miR-181b-
5p is downregulated in GBM samples, further indicating 
that miRNA compromises contribute to the complexity of 
the pathological progression of gliomas [66]. 

Another key tumor suppressive pathway is the RB1 
pathway. The p16INK4a-cyclin-dependent kinase (CDK) 
4/6-RB1 axis is responsible for the tight regulation 
of RB1 activity in both cycling and non-cycling cells 
[68]. Approximately 80% of GBMs have one or more 
alterations affecting the RB1 function, including direct 
RB1 mutation/deletion, CDK4/6 amplification and cyclin-
dependent kinase inhibitor 2A (CDKN2A) deletion 
(encoding both p16INK4a and p14ARF) [27, 32]. Due to 
the frequent alterations in GBM, the majority of our 
current functional investigations are focused on those 
mutated genes and the contribution to gliomagenesis. 
miRNA functional studies, which mostly rely on the 
established gene functions, are also performed. miR-
26a-5p, which has been discussed previously as targeting 
PTEN, also targets RB1 in GBM. Interestingly, in U87 
cell lines lacking the expression of PTEN, miR-26a-
5p was still capable of inhibiting tumor growth, and the 
overexpression of PTEN or RB1 could both antagonize 
the proliferative effects of miR-26a-5p [69]. Besides, 
CDK-cyclin complexes mediated phosphorylation is one 
of the main mechanisms of inactivation of RB1 protein 
[70]. The frequent gain-of-function mutations on CDK4/6-
cyclin D complexes underscore their importance and 
potential in the development and progression of GBM. 
Therefore, the regulation of key components of this RB1 
regulatory complex provides rationales for RB1 functional 
normalization. miR-124-3p is reported to radiosensitize 
human glioma cells by downregulating CDK4 [71], 
while CDK6 is a direct target of miR-138-5p and miR-
491-3p/5p [35, 72]. miR-195-5p is the miRNA regulator 
of cyclin D1, a cyclin partner of CDK4/6 [73]. Notably, 
those miRNAs that target CDK4/6-cyclin D1 complexes 
are all downregulated in GBM samples [35, 67]. CDKN2A 
deletion is one of the most frequent mutations in GBM, 
resulting in the loss of two tumor suppressors (p16INK4a 
and p14ARF). p16INK4a can bind specifically to CDK4/6 
and inhibit the catalytic activity of the CDK4/6-cyclin 
D complexes [74]. miR-10b-5p, in addition to targeting 
TP53 in GBM, also targets p16INK4a, and the inhibition of 
miR-10b-5p leads to cell cycle arrest [63]. Collectively, 
dysregulated miRNAs could be an underlying avenue for 
GBM to elude the tumor suppressor and play far more 
important roles in gliomagenesis than previously thought. 

Activating invasion and metastasis. The 
propensity of glioma cells to move and invade the 
brain, which enables the tumor to elude whole surgical 
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resection and chemoradiation therapy, remains the major 
obstacle to improve the poor outcomes of GBM patients. 
Though GBM is a type of highly infiltrative cancer, it is 
estimated that less than 2% of GBM cases metastasize 
outside the CNS, which distinctly differs from other solid 
tumors [75]. Due to the exclusive nature of metastasis, 
GBM cells may prefer to migrate through the tortuous 
extracellular spaces of the brain rather than the vascular 
or lymphatic duct system like many other solid tumors 
do. It is, thus, supposed that the interaction of invading 
glioma cells with the extracellular matrix (ECM) is crucial 
in the initiation of invasion and migration. Generally, cell 
attachment is mediated by interactions between cell-cell 
and cell-ECM receptors, including integrins, cadherins 
and neural cell adhersion molecules, and degradation 
of ECM components by metalloproteinases is essential 
for cell detachment [76]. With the understanding of 
the molecular basis of invasion, several miRNAs are 
associated with the invasiveness of GBM cells (Figure 
1D). The matrix metalloproteinases (MMPs) and a 
disintegrin and metalloproteinases (ADAMs) are two 
distinct types of secreted metalloproteinases expressed 
by migrating glioma cells to overcome the dense matrix 
that fills the extracellular space, and the proteolytic 
activity can be blocked by endogenous metalloproteinase 
inhibitors, such as tissue inhibitor of metalloproteinase 
(TIMPs) and reversion-inducing-cysteine-rich protein 
with kazal motifs (RECK) [77]. MMP9 (a gelatinase 
that binds and degrades gelatin) is a direct target of miR-
491-5p and miR-211-5p, which are both upregulated in 
tumor samples [35, 78, 79], and MMP3 (an archetypal 
metalloproteinase with stromelysin activity) is targeted by 
miR-152-3p [80]. Additionally, ADAM17, a non-MMP, 
is under the direct regulation of miR-145-5p [81]. It is 
obvious that if glioma cells lose the control of MMPs 
and ADAMs by miRNAs, the ECM homeostasis cracks 
and the combined activity of these proteases remodels the 
ECM to favor tumor invasion. miR-21-5p, in addition to 
regulating metalloproteinases directly, targets TIMP3 and 
RECK, two negative metalloproteinase regulators [82]. 
Notably, miR-21-5p is shown to be markedly elevated in 
GBM tissues by many separate studies [22, 23, 47, 67]. 
As the MMPs and ADAMs each comprise more than 20 
members, targeting a single target seems to be inessential 
in cancerous diseases, which provides miR-21-5p with an 
opportunity to broadly inhibit metalloproteinase function. 
Besides, interactions with the ECM are mostly mediated 
by integrins, which enable cells to sense the extracellular 
environment and adjust their behavior to environmental 
cues [83]. A previous study demonstrated that treating 
GBM cells with an anti-β1 integrin antibody significantly 
reversed the increased adhesion, invasion and MMP2 
activity induced by irradiation [84]. The overexpression 
of β1 integrin was observed in GBM patients and might 
be a result of the loss of its miRNA regulator. miR-124-
3p, frequently downregulated in GBM, targets β1 integrin 

and is shown to affect glioma cell migration and invasion 
in vitro [85]. In sum, the roles of miRNAs in glioma 
cell invasion or migration further our understanding 
on the genesis of the aggressive glioma phenotype. 
Some of them have been discovered, whereas more still 
remain to be found. The blockade of the excessive pro-
invasive miRNAs or restoration of the lessened anti-
invasive miRNAs will provide extra treatment options 
for advanced-stage gliomas that are marked with poor 
prognoses for decades. 

STRATEGIES IN MOLECULARLY 
TARGETING MIRNAS

As miRNAs are attracting more and more attention 
due to their functionalities in cancer, the normalization 
of miRNA expression is expected to shed light on 
their therapeutic potential. The molecular basis of 
targeting such small RNA molecules rests upon our 
understanding of both their biogenesis processes and 
functioning mechanisms. The purposes in the miRNA-
based therapeutics are to neutralize the oncomiRs and 
replenish the tumor suppressive miRNAs. To serve a 
therapeutic purpose, many specific targeting approaches 
have been invented and put into practice. The approaches 
are seemingly diversified and can be cataloged into three 
main categories: oligonucleotides, expression cassettes 
and small-molecule drugs.

Modified oligonucleotides. In the past decade, one 
of the most inspiring discoveries in oncology and oncology 
pharmacology has been to establish the functional roles of 
miRNAs, particularly their roles in human malignancies. 
miRNAs can act context-dependently as tumor suppressors 
or oncogenes, which provides the rationales for targeting 
the oncomiRs by antisense oligonucleotides (ASOs) and 
the tumor suppressive miRNAs by miRNA mimics (Figure 
2C). 

The inactivation of an upregulated or overexpressed 
miRNA is important for the loss-of-function study and 
should be a prime approach in future cancer management. 
However, at first, the enthusiasm was curbed by the lack 
of effective approaches to inhibit miRNA expression. 
Traditional genetic approaches are difficult as miRNAs 
are unexpectedly small in size, sporadically located 
within introns of protein-coding genes and frequently 
co-transcribed in clusters. It is the inhibitory use of 
unmodified antisense DNA oligonucleotides against 
miR-2a-3p and miR-13a-3p in Drosophila melanogaster 
that first overcame these [86]. Antisense oligonucleotides 
function through competitive base-pairing to mature 
miRNA and inducing the degradation or stoichiometric 
duplex formation. However, the susceptivity of the 
unmodified DNA oligonucleotides to endogenous nuclease 
mediated degradation and a high working concentration 
(µM) limited the in vivo utility, which, meanwhile, sparked 
interest in improving the stability and affinity of this type 



Oncotarget38634www.impactjournals.com/oncotarget

of antisense molecule [87]. Before long, two research 
groups demonstrated the ability to overcome the defects by 
replacing single-stranded DNAs (ssDNAs) with ssRNAs, 
as DNA has a lower affinity for the single-stranded 
RNA/miRNA than RNA does for itself, and the addition 
of the 2’-O-methyal (2’-OMe) modification increased 
ribonuclease resistance and maintained or improved 
affinity and specificity to the target RNA/miRNA [87, 
88]. The synthetic single-stranded antisense RNAs with 
2’-OMe modifications were capable of reducing the 
working concentration to a nanomolar scale and reaching 
satisfactory suppression on siRNA and miRNA induced 
silencing [87, 88]. Ever since, chemical modifications 
are considered vital for the design of miRNA-inhibitory 
oligonucleotides. In addition to 2’-OMe modification, 
several other modifications at the 2’-position of the 
sugar ring block target miRNAs effectively, including 
2’-O-methyoxyethyl (2’-MOE) [89], 2’-fluoro (2’-F) [90] 
and locked nucleic acid (LNA) modifications [22]. By 
comparison, 2’-MOE-modified antisense oligonucleotides 
displayed better miRNA-inhibitory efficacy than 
2’-OMe-modified oligonucleotides, while 2’-F-modified 
oligonucleotides outperformed both of them [89, 90]. 
LNA, which is defined as an oligonucleotide that contains 
one or more 2’-O,4’-C-methylene-β-D-ribofuranosyl 
monomer(s), is a novel class of nucleic acid analogues. 
By blocking the RNAs with a methylene bridge, LNA-
containing oligonucleotides offer a dramatic increase 
in binding affinity towards complementary ssRNA or 
ssDNA, and display excellent mismatch discrimination 
and nuclease resistance [91]. It is in the GBM that the 
first LNA-modified anti-miR-21-5p that contains eight 
central LNA nucleotides designed to target miR-21-5p 
seed showed a moderate increase in inhibitory efficacy 
when compared with entire 2’-OMe-modified counterparts 
[22]. Interestingly, due to the high affinity of LNA-
modified oligonucleotides, a seed-targeting 8-mer LNA, 
termed tiny LNA, was designed to target entire miRNA 
families. Tiny LNA showed negligible off-target effects 
in mice bearing breast tumors, providing an opportunity 
to explore the functions of entire miRNA families in vivo 
[92]. In contrast to various 2’-position modifications, 
phosphorothioate (PS)-containing backbone modification 
[93] and cholesterol conjugation [94] are two important 
ancillary tools for the design of antisense drugs. PS-
substituted ASOs are proposed even earlier than the 
discovery of the 2’-OMe-modified antisense RNAs. Due 
to the lack of successful strategies to improve miRNA-
binding affinity of ASOs, the first miRNA-targeting, 
PS-modified DNA antisense oligonucleotides failed. PS-
modification no doubt enhances the in vivo stability to 
nucleolytic hydrolysis but it also decreases the stability 
of duplexes with miRNAs, which results in the loss 
of miRNA-inhibitory function in vitro [87]. The first 
conjunction method reported to refine the performance 
of anti-miRs in vivo is 3’-conjuntion with cholesterol 

[94]. The efficient and selective uptake of these 
cholesterol- or other lipophilic-conjunctions depends on 
the interactions with lipoprotein particles, lipoprotein 
receptors and transmembrane proteins. The interactions 
will direct lipophilic oligonucleotide delivery into the 
liver, gut, kidney and steroidogenic organs [95]. To date, a 
combination of multiple chemical modification strategies 
further highlights the promise for improving the potency 
of antisense drugs. One of the most typical examples is 
the “antagomiR.” To silence endogenous miR-122-5p, 
the first antagomiR, antagomiR-122-5p, is designed with 
asymmetric PS-modifications on both the 5’- and 3’-ends, 
2’-OMe modifications and a 3’ cholesterol tail [94]. The 
antagomiRs are well tolerated, and function satisfactorily 
both in vitro and in vivo, indicating a more generally 
accepted complementarity-based method for miRNA 
silencing [96, 97]. Notably, almost all of the ASOs are 
now designed to target the mature miRNAs. An alternative 
approach is to target overexpressed miRNAs in diseases 
by disrupting their precursor. Such an approach will 
circumvent the difficulty in targeting a miRNA without 
off-target effects affecting other family members, and 
provide significant flexibility for the design and validation 
of ASOs. Moreover, this hypothesis can extend to using 
small interfering RNAs (siRNAs) to knockdown miRNA 
expression if the siRNAs are specifically designed for 
either pri-miRNAs or pre-miRNAs, as siRNAs also 
function within the nucleus [98]. It is interesting to find 
no literature available on such a strategy. However, 
there is one concern on therapeutic targeting of miRNA 
precursors. miRNA hairpins commonly produce two 
lopsidedly abundant miRNA species, and both of them 
are functionally correlated with RISC components. 
Intervention on miRNA precursors will disrupt the 
production of miRNAs from both arms and inevitably 
generate accessory miRNA disorders. To avoid this, 
knockdown or overexpression of a miRNA precursor 
should build on the understanding of the physiological 
relevance of the two mature miRNA products. In GBM, a 
typical example is pre-miR-17 that produces two mature 
miRNAs with dual roles in tumor growth: it suppresses 
tumor proliferation but protects cells from cytotoxic 
agent treatment [50]. Due to the complex functional roles, 
interference of pre-miR-17 may not be a wise choice.

 The restoration of miRNA expression, also 
termed miRNA replacement, relies on the fact that 
downregulation of particular miRNAs contributes to the 
genesis or progression of human diseases. To rescue the 
miRNA expression, miRNA mimics are synthesized and 
introduced into cells. According to the sequence identity, 
the mimics can be subgrouped into mature miRNA mimics 
and pre-miRNA mimics. Generally, the mature miRNA 
mimics are small, double-stranded RNA molecules that 
are optimized by chemical modification to force only the 
desired 5p- or 3p-miRNA into RISC, while single-stranded 
mimics can also be used with less biological stability [99]. 
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Currently, the methodologies of synthesis and delivery of a 
miRNA mimic benefit largely from the progress of siRNA 
developments as siRNAs receive unprecedented interest 
in post-transcriptional gene silencing. However, compared 
with siRNAs, miRNA mimics have an incomparable 
advantage over siRNAs. Synthetic mimics are expected to 
behave like the depleted, naturally occurring miRNA, and 
therefore, are manipulated to target multiple oncogenes 
and pathways. miR-34a-5p mimics, for example, 
simultaneously suppressed CDK4, MET and B-cell 
CLL/lymphoma 2 (BCL-2) in lung cancer xenografts by 
intravenous injection. Moreover, systematic evaluation 
of miR-34a-5p mimics-treating mice suggested that the 
treatment is well tolerated and does not induce an immune 
response [100]. Recently, the chemically synthesized pre-
miRNA mimics, RNA hairpins with sequences identical 
to natural pre-miRNAs, have been proposed due to the 
increasing evidence concerning the biologically functional 
5p- and 3p-miRNAs [101]. Delivered into cells, pre-
miRNA mimics undergo further processing by Dicer into 
functionally active 5p- and 3p-derived mature miRNAs. 
For example, pre-miR-34a mimics produce two active 
miRNAs to synergistically regulate tumor necrosis factor 
(TNF) activity. Reintroduction of pre-miR-34a, rather than 
either mature product, represents a more ideal therapeutic 
option [101].

Expression cassettes. The expression cassette-
mediated miRNA interventions utilize several 
commercially available vectors, such as plasmids and 
more commonly, viral vectors (lentiviruses, retroviruses 
and adenoviruses), to construct vehicles for the expressing 
cassettes containing miRNA or its complement (Figure 
2A). In one attempt, the insertion of pri- or pre-miRNAs 
sequence resupplies the tumor suppressive miRNAs, 
aiming at decreasing the oncogene expression and 
ablating the oncogenic activity. This technique has been 
conceptually accepted and almost all of the constructs are 
commercially available. However, the expressing vectors 
overexpress miRNAs from both arms similar with the 
introduction of the synthetic pre-miRNAs, and most of the 
time one of them is undesired. Therefore, minor mutations 
on the seed regions of the undesired miRNA can be made 
to avoid side effects. In another attempt, many research 
groups constructed their own vectors, usually viral vectors, 
to overexpress cassettes that contain multiple miRNA 
binding sites to saturate unbounded target miRNAs. To 
date, the methodology has been further meliorated by 
different groups with different names, such as sponge 
[102], decoy [103], eraser [104] and antagomir [105]. 
The use of viral vectors with strong promoter is to ensure 
supraphysiological levels of target sequences. Among 
those sponge-like constructs, the most well studied one is 
the “miRNA sponge”, which is constructed by inserting 
tandemly arrayed miRNA binding sites into the 3’-UTR 
of a reporter gene encoding destabilized green fluorescent 
protein (GFP) driven by the viral promoter [102]. It is 

noteworthy that the miRNA binding sequence with a 
bulge at positions 9-12 is recommended to avoid the RNA 
interference-type cleavage and degradation of the sponge 
RNAs. By comparison, sponges with 4-7 bulged binding 
sites displayed stronger repressive effects than sponges 
with two perfect binding sites. Further study demonstrated 
that lentiviral vectors containing four miR-142 bulged 
target sequences are more effective at interfering with 
the natural miRNA targets than those containing four 
perfectly complementary miRNA binding sequences 
[106]. In addition, it is worth noting that miRNA sponges 
showed cross-activity with the miRNA family members 
[102]. Several research groups adopted the vector-based 
miRNA-sponge strategy to bind and soak up miRNAs. 
For example, the miR-31 sponge vectors were introduced 
in noninvasive MCF-7-RAS cells, inhibiting miR-31 
function by > 4.5-fold [107], and a miR-10b-5p sponge 
vector containing 13 repeats of miR-10b-5p recognition 
motifs knocked down 75% of miR-10b-5p expression 
[62]. Such strategies seem to be enthusiastically promising 
for the functional studies of miRNAs. However, high 
vector copy number is usually correlated with high risk of 
immunogenicity or insertional mutagenicity, which limits 
the clinical usage of the sponge-like constructs. Moreover, 
complicating the dilemma, the complete set of miRNA 
targets is, thus far, difficult to determine, which results 
in the inability to precisely evaluate the vectors’ efficacy. 
In general, defects in the vectors or expression cassettes 
should be carefully remedied before the transition towards 
the clinic.

Small-molecule drugs. Apart from the modified 
oligonucleotide- or expressing vector-based strategies, 
few research groups studied small-molecule drugs, 
despite their importance in drugging both the proteome 
and RNAome (Figure 2B). The pharmaceutical utility of 
small-molecule compounds in treating human diseases, 
particularly malignancies, has already achieved great 
success in the past few years. It is not only the simple 
reflection of the refinements in small-molecular drug 
screening methodologies but also in pinpointing the 
minimal driver oncogenes in cancers, which significantly 
narrows down the scope of druggable targets [108]. By 
using the specific miRNA luciferase reporter constructs, 
azobenzene 2 (the first small-molecule inhibitor of specific 
miRNAs (SMIRs) that inhibits the pri-miR-21/miR-21-5p 
expression) [109] and three small-molecule compounds 
(one activator and two inhibitors that affect miR-122-
5p expression) [110] were both screened out from 
more than 1000 candidate compounds. In those studies, 
no specific miRNA-small molecule or protein-small 
molecule interacting mechanism was proposed along with 
the discoveries of these small molecules, though they 
were found to alter miRNA expression transcriptionally 
and specifically. The findings of such small-molecule 
compounds are no doubt exciting; however the evidence 
of the specificity supported by using a control reporter 
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of one of nearly two thousand miRNAs is seemingly 
inconvincible. To some extent, the combination of high-
throughput screening and miRNA profiling technologies 
would possibly solve this problem. In contrast, the small 
molecule enoxacin rescued globally downregulated 
miRNAs by binding to TRBP and promoting miRNA 
processing, representing a novel method to target 
miRNAs with an established mechanism but a lack of 
specificity [111]. Due to the defects in the traditional 
SMIRs screening method, we develop a structure-based 
virtual screening method to select candidates from The 
National Cancer Institute (NCI) diversity dataset. We use 
an MC-fold/MC-sym pipeline to model the 3D structure 
of pre-miR-21, and select for the potential Dicer binding 
sites. Then, we conduct the high-throughput docking-
based virtual screening using the AutoDock program 
to choose candidate SMIRs from 1990 NCI diversity 

compounds. One of the top 5 candidate compounds, 
AC1MMYR2, is experimentally found to specifically 
block Dicer processing of pre-miR-21 to mature miR-
21-5p. Unexpectedly, the expression of several unrelated 
miRNAs are also altered. It is of particular interest that 
AC1MMYR2 inhibits tumorigenesis and invasiveness in 
mouse orthotopic tumor models and displays tolerated 
cytotoxicity to host organs, including the liver and kidney 
[112]. Furthermore, two novel techniques seem very 
promising for future SMIRs screening. One technique 
is the design of multimodal small molecules as pre-
miRNA ligands (for example aminoglycoside-nucleobase 
conjugates) [113]. The other one is a lead identification 
strategy called “Inforna” that integrates advances in RNA 
structure determination and prediction, identification of 
RNA motif-small molecule interactions and the scoring of 
interactions by statistical analyses [114]. Both techniques 

Figure 2: Strategies of miRNA interventions. A. Expression cassettes-based strategy is the utilization of vectors that ectopically 
express miRNA or its complement to rectify abnormality in miRNA expression. B. Small molecules are less studied but promising drugs 
for molecularly targeting miRNAs. With distinct mechanisms, enoxacin rescued globally downregulated miRNAs by binding to TRBP 
to promote miRNAs processing and AC1MMYR2 specifically block Dicer processing of pre-miR-21 to mature miR-21-5p. C. Synthetic 
oligonucleotides are designed to chemically synthesize miRNA mimics or antisense oligonucleotides (ASOs). By using different chemical 
modifications, ASOs can now bind to miRNAs with high affinity and specificity. In this figure, the left and right panel illustrate the 
mechanisms of the application of the three strategies in miRNA normalization. The middle panel is the current understanding of miRNA 
biogenesis and functioning mechanism, which is the molecular basis of miRNA interventions.
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identify biologically validated SMIRs and show great 
potential to be refined in concert with the developments of 
the incorporated techniques. During the past 5 years, we 
have witnessed an unexpected increase in the development 
of methods and techniques in small-molecule screening 
for miRNAs manipulation. Therefore it can be anticipated 
that the small-molecule drugs for miRNAs can become 
effective regimens for cancer management in the not-
so-distant future. In GBM, AC1MMYR2 has already 
progressed through the initial step of animal model 
evaluation. But how far this SMIR goes will be in doubt 
until the benefits from this drug are proven to be greater 
than its undesired off-target effects, and it is also the 
common roadblock that lays ahead of all small molecules 
on the way to the clinic.

DELIVERY THROUGH THE BLOOD-
BRAIN BARRIER (BBB)

Considerable progress has been made for miRNA 
manipulation. However, a successful miRNA-based 
therapeutic must include an effective and safe delivery 
system, which has become the most challenging barrier for 
translation into clinical practice. In GBM, the challenge 
is even greater as the existence of the BBB, a tightly 
packed layer of endothelial cells surrounding the brain 
vessels that is a natural barrier designed to shield the brain 
from exposure to potentially harmful macromolecules 
in the blood. In the previous proof-of-principle studies, 
utilization of viral vehicles carrying the expressing 
cassettes or non-viral vehicles (the most frequently used 
one is the liposome) encapsulating oligonucleotides has 
demonstrated effectiveness and tolerated cytotoxicity in 
vitro, triggering great interest for clinical translation. But 
with respect to the viral delivery system, the enthusiasm 
is ebbing in treating brain tumors. Because without 
compromising the BBB integrity, viral carriers are not 
able to permeate the brain vessels to reach the tumor 
cells, and prior to their delivery efficiency, the potential 
for immunostimulation and mutagenesis in humans are 
more concerning in clinical applications. The demand 
for a localized intrathecal or intratumoral injection 
and the safety concerns are formidable for starting a 
miRNA-targeting trial especially when no precedent 
has been shown to work. On the contrary, non-viral 
delivery strategies are capturing the imagination with 
oligonucleotide and small molecule delivery, triggered by 
the cumulative interest in intravenous administration of 
siRNAs and cytotoxic drug formulations. Nanocarriers, 
which commonly refer to submicron-sized particles 
ranging from 1 to 1000 nm and carrying therapeutic 
cargos, are the most studied strategies of the non-viral drug 
delivery systems. Due to their advantageous properties, 
including a small size, customizable surface, and improved 
solubility, the nanoparticles have long been recognized 
as effective vehicles to penetrate the BBB [115]. In 

addition to liposomal nanoparticles, currently available 
nanocarriers can also be fabricated from a variety of 
synthetic materials, including polymers, amphiphilic star 
copolymers, dendrimers and inorganics. With advances 
in material science and chemical engineering, more nano 
delivery vehicles will be designed in the future to generate 
the ideal carriers that are expected to be biocompatible, 
biodegradable, low-toxic, low-immunogenic, and able 
to bypass rapid hepatic or renal clearance [116]. The 
flexibility in the conjugation of tumor-targeting and 
BBB-penetrating ligands has made the nanocarrier a 
more promising vehicle for drug delivery in the CNS. 
For example, the porous silica nanocarriers, coated with 
the cell surface antigen disialoganglioside GD2 antibody, 
demonstrated tumor-specific delivery of miR-34a-5p in 
neuroblastoma orthotopic mouse models [117]. More 
recently, a novel nanocarrier, constructed based on 
dendrigraft poly-L-lysines (DGL) and polyethyleneglycol 
(PEG) and conjugated with a cell-penetrating peptide, the 
nucleolar translocation signal (NoLS) sequence of the 
LIM Kinase 2 (LIMK2) protein (LIMK2 NoLS peptide, 
LNP), significantly enhanced in BBB-crossing efficiency 
and cellular uptake in GBM cells and orthotopic mouse 
models. Notably, the in vitro performance of the BBB-
penetrating ability of the DGL-PEG-LNP nanocarriers 
was better than some other BBB crossing formulations 
such as lactoferrin-modified nanocarriers and the 
synthesized compound 10-conjugated nanocarriers [118]. 
As miRNAs-targeting oligonucleotides and small 
molecules are becoming promising cargos and the BBB 
is no long a barrier for the nanocarriers, it is expected that 
more research will be performed on the development of 
nanocarrier-delivering miRNA therapeutics in GBM.

FUTURE PROSPECTS

GBM has become one of the most molecularly 
characterized malignancies in the past decade. More is 
understood about the molecular pathogenesis of GBM, 
boosting the research on targeted agents. However, GBM, 
thus far, remains a lethal disease with a poor prognosis. 
The identification of the complex network formed by 
miRNAs and mRNAs is among the most important 
discoveries in fundamental research over the past decades, 
contributing greatly to refine GBM research. Thereafter 
the understanding of initiation, progression, and 
dissemination of GBM is no long limited to the protein-
coding genome. The small non-coding RNA transcripts are 
not nonsense at all but instead ubiquitously participate in 
the hallmark features of cancer. Therefore, the utilization 
of miRNAs as therapeutic targets is conceptually accepted 
as an alternative approach in molecular oncology 
ranslational research. In some diseases, miRNA-targeting 
therapeutics have been used in clinical trials, such as 
Miravirsen in hepatitis C virus infection (LNA-antimiR-
122-5p, phase IIa, NCT01200420), MRX34 in primary 
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liver cancer or metastatic cancer (miR-34a-5p mimics, 
phase I, NCT01829971) and Targomir in malignant 
pleural mesothelioma (miR-15a-5p/16-5p mimics, phase 
I, NCT02369198) (https: //www.clinicaltrials.gov). In 
GBM, clinical translation is anticipated because many 
functional miRNAs have already been available as 
therapeutic targets. For example, the restoration of miR-
34a-5p, a tumor suppressive miRNA that simultaneously 
downregulates the expressions of MET, PDGFRA and 
CDK6, can possibly outperform any single targeted agents 
tailored to those targets [37, 39]. Likewise, the depletion 
of miR-10b-5p can replenish multiple tumor suppressors, 
including TP53 and p16INK4a, jointly repressing GBM 
growth [62, 63]. Moreover, the nature of miRNAs, by 
which they simultaneously occur at the regulation of 
multiple genes from the same or different pathways, 
theoretically reduces the possibility for drug resistance in 
GBM in response to monotherapies. Though, thus far, no 
clinical trial on miRNA intervention has been conducted 
in GBM, we can still enthusiastically envision a bright 
future for miRNA-targeting therapeutics as therapeutic 
cargos and BBB-penetrating delivery systems are already 
available. 
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