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Abstract

Recent years have seen an intense period of research on the functions of miRNAs, recently
discovered key regulators of gene expression that act through suppression of translation of target
mRNAs. Several hundred miRNAs have been identified in humans, and these show characteristic
expression patterns, depending on tissue type, cell type or environmental stimuli. Like other types
of cancer, the brain tumor glioblastoma shows a distinct miRNA expression signature, and a
number of recent studies have linked these miRNA alterations to key hallmarks of glioblastoma
including proliferation, survival, invasion, angiogenesis and stem cell-like behavior. These studies
have opened the door to the possibility of utilizing miRNAs or miRNA antagonists as therapeutic
agents for the treatment of brain tumors.
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Glioblastoma multiforme (GBM) represents the most common and aggressive intrinsic
primary brain tumor in adults. GBM presents unique challenges to therapy due to its
location, aggressive biological behavior and diffuse infiltrative growth. Despite the
development of new surgical and radiation techniques, and the use of multiple antineoplastic
drugs, a cure for malignant gliomas remains elusive [1]. The lack of efficacy of current
treatments reflects at least in part the resistance of GBM cells to cytotoxic agents /n vivo [2].
Moreover, the short interval for tumor recurrence in GBM patients suggests that tumor cells
are able to overcome treatment without major damage. There is a recognized need for new
approaches based on increased understanding of the biological and molecular nature of these
tumors. Numerous molecular events have been identified in high-grade gliomas, including
amplification of the EGF receptor (EGFR), deletion of PTEN, deletion of p16/INK4A/
PI4ARFand TP53mutation [3]. Recent important developments include the discovery of
miRNAs, which are being increasingly linked with cancer [4].
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MiRNAS

miRNAs belong to a family of small noncoding ssSRNA molecules (~21 nucleotides) that are
a crucial component of post-transcriptional gene regulation [5,6]. It is estimated that 1000 or
more miRNAs may exist in the human genome, with the majority of protein-coding genes
regulated by them [7]. It is now thought that the number of genes under regulation by
miRNAs is much higher than the widely quoted estimates of 30%, which may be rather
conservative [7]. Following transcription, processing occurs to yield a mature miRNA,
which then blocks expression of its target mMRNA upon binding the 3”-untranslated region
(3’-UTR). An outline of this process is shown in Ficure 1 . Complementarity to the ‘seed’
region of the miRNA over 7-8 base pairs at the 5" end is critical in determining active
miRNA target sites. Recent data demonstrate that miRNAS can target regions of the mRNA
transcript outside the 3’-UTR just as effectively [8]. Target suppression by miRNAs occurs
through both inhibition of translation and cleavage of mMRNA targets [9,10]. In this article we
will discuss the link between miRNAs and high-grade gliomas, and their emerging
therapeutic potential.

miRNAs in GBM

Microarray profiling techniques have identified dozens of miRNAs whose expression is
significantly altered in gliomas versus normal brain tissue [11]. Functional data indicate that
some of these miRNAs seem to act as oncogenes or ‘oncomirs’ and are expressed at high
levels in glioma cells. Other miRNAs are expressed comparatively weakly in glioma cells
and may have a tumor suppressor function. It should be noted that the effects of miRNAs are
likely the result of modulating effects on multiple different pathways. In fact, miRNA
alterations have been shown to have an impact on many key pathways in glioma, as shown in
Ficure 2. Functional studies of miRNAs in glioblastoma are described later and summarized
in TaBLE 1.

The experimental studies described in this section often follow a similar approach:
identification of candidate miRNAs, and identification of targets and cellular phenotypes
induced by altering the expression of that miRNA, using either miRNA restoration for
miRNAs that are weakly expressed, or miRNA antagonists - antagomirs - to block the
expression of highly expressed miRNAs. The most commonly used screening tools involve
microarray chips (e.g., [11]), of which many are commercially available, or quantitative
TagMan®-based RT-PCR (Roche, Basel, Switzerland). Several studies have used these
approaches in order to observe differential expression between tumors, and between tumors
and normal brain tissue. Another approach that has been employed is to identify miRNAs
present in commonly altered regions in tumors. A final approach to identify miRNAs for
further study is to start at a gene of interest and work backwards. This involves the use of
target prediction algorithms [101,102], which allow the rapid identification of potential
miRNA target sites in the 3’-UTRs of specific genes. This was carried out in the miR-7
study, in which the EGFR 3’-UTR was analyzed for potential miRNA binding sites [12].

101 TargetScanHuman www.targetscan.org
102 miRBase www.mirbase.org
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miR-7

Once a candidate miRNA has been identified, it is important to assess the phenotype that
arises when that miRNA is altered in an experimental model. The majority of studies have
examined common tumor-associated phenotypes such as proliferation, apoptosis and
migration in transfected cell lines. Some more specific studies have analyzed stem cell-like
behavior and angiogenesis. If a phenotype and a particular miRNA/target pair make
biological sense, then most studies have gone on to show that the predicted target site is
active using 3'-UTR reporter constructs, in which the miRNA is examined in cell culture for
its ability to alter luciferase expression using wild-type and mutant constructs where the
predicted target site is ablated. The main limitation of the studies carried out so far is that
they have focused on very specific target and miRNA pairs. It is clear that a single miRNA
can have effects on multiple (hundreds and perhaps thousands of) genes, so the phenotypes
are likely to be the result of combined effects on multiple pathways. This makes pathway-
specific markers such as phospho-specific antibodies useful tools to assess more general
effects. Many of the miRNA/target pairs identified to date may be valid, but there are
occasions when hundreds of more stable predicted interacting pairs score higher than those
reported, and there are some cases of ‘cherry picking’ in the literature. It is recommended
that all studies should include a detailed and rigorous assessment of the importance of any
miRNA/target pairs identified. This can be through rescue experiments, the use of multiple
downstream readouts, or correlation of expression in human patient samples. Ultimately
high-throughput proteomics and gene expression microarray studies could provide a more
comprehensive picture, although as yet these have been seldom reported.

miR-7 was shown to regulate expression of £EGFR and activity of the Akt pathway [12,13].
Three distinct miR-7 binding sites were detected in the 3’-UTR of £GFR, and subsequently
it was confirmed that EGFR is directly targeted by miR-7 through these binding sites, and
can be effectively knocked down by transfection of miR-7 [12]. An additional finding of this
study was that miR-7 caused downregulation of Akt-activating phosphorylation, but that a
specific SIRNA against EGFR did not. This suggests that in the cell lines studied, other
genes could be responsible for Akt activation rather than £GFR. Further investigation
detected multiple miR-7 binding sites in the 3’-UTR of /RS and /RS2, which are regulators
of the Akt pathway. miR-7 was shown to directly target /RSZ and /RS2 independent of its
ability to inhibit EGFR [11]. MiR-7 was also found to indirectly attenuate activation of Akt
and £ERK1/2[12]. This demonstrates that miRNAs have the ability to target multiple
components of similar pathways, which may make them powerful from a therapeutic
standpoint.

Expression of miR-7 is reduced in glioblastoma cell lines [13,14] and primary tissue
samples [12]. This may be due at least in part to processing effects at the pri-miRNA to pre-
miRNA processing step mediated by Drosha in the nucleus. Levels of the pri-miR-7
isoforms were similar in matched GBM and normal brain tissues, whereas levels of pre-
miR-7s were decreased in GBM samples. Transfection of established GBM cells lines with
pre-miR-7 leads to an increase in apoptosis. Furthermore, pre-miR-7 transfection decreased
in vitro invasion of the GBM cells [12].
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miR-15

miR-21

miR-26

Overexpression of miR-15b was identified in glioma tissue samples compared with normal
brain. Subsequent transfection studies showed that miR-15b was able to regulate cell cycle
progression in glioma cells, which could be explained by its direct targeting of the cell
cycle-related molecule CCNEI (encoding cyclin E1) [15]. More work is needed to further
evaluate the significance of these findings.

miR-21 overexpression was first described in GBM where all studied cell lines expressed
high levels [16]. Moreover, miR-21 is highly abundant in GBM in terms of differential
expression between tumor tissue and normal brain tissue [16,17]. Inhibition of miR-21 with
locked nucleic acid (LNA) or 2"-O-methyl-miR antisense oligonucleotides led to an increase
in caspase-3-dependent apoptosis, suggesting that miR-21 acts as an oncogene in GBM by
suppressing apoptosis [16]. Furthermore, LNA-anti-miR-21-transfected U87 GBM cell lines
showed significantly reduced intracranial tumor formation in nude mice [18]. The same
group also demonstrated that miR-21 inhibition sensitized GBM cell lines to the short
isoform of S-TRAIL. S-TRAIL selectively induces apoptosis in GBM by binding to death
domain-linked receptors [19].

Since its first description, multiple studies have been carried out with the aim of identifying
miR-21 target transcripts. One such study demonstrated that miR-21 targets multiple
important components of the p53, TGF-f and mitochondrial apoptosis tumor-suppressive
pathways [20]. These findings indicate that miR-21 negatively regulates multiple tumor-
suppressive networks in GBM, thereby promoting oncogenic transformation in glioma
precursor cells [20].

In addition to apoptosis- and cell cycle-related genes, a number of important extracellular
matrix remodeling factors that were predicted miR-21 targets were identified. RECK, a
major inhibitor of matrix metalloproteinases, was identified as a direct target of miR-21 [21].
PDCD4 has also been identified as a direct target of miR-21 in GBM cells [22]. Thus, high
miR-21 expression in glioma cells simultaneously suppresses the expression of multiple
tumor-suppressor genes, thereby promoting tumor growth, survival and invasion. It is of
interest that in other tumor types, miR-21 has also been shown to target the major tumor
suppressor PTEN, although this has yet to be confirmed in glioma cells.

It is apparent from the studies highlighted earlier that overexpression of miR-21 in high-
grade gliomas can result in the activation of multiple oncogenic pathways. This increasing
evidence supports targeting of miR-21 as a candidate approach for GBM treatment.

Recently, miR-26a was found to directly target the P7TEN tumor suppressor in GBM samples
[23]. It was also found that miR-26a is only overexpressed in a subset of GBMs, and further
analyses demonstrated that miR-26a overexpression is mediated by an increase in copy
number at the miR-26a-2 genomic region and is associated with monoallelic PTEN loss,
suggesting that amplification of miR-26a serves to silence residual PTEN transcripts.
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miR-34

miR-26a-mediated PTEN depression also precluded loss of heterozygosity at the PTEN
locus in a murine glioma model. The repression of PTEN by miR-26a provides an intriguing
link to the oncogenic Akt pathway, and strengthens the case for therapeutic inhibition of Akt
signaling in glioma treatment.

A second group was also able to provide evidence that miR-26a amplification provides a
significant growth advantage in gliomas [24]. They studied one of the most commonly
amplified genomic regions in GBM on chromosome 12q13.3-14.1. Remarkably, this
genomic region encodes for miR-26a as well as for the oncogenes CDK4and CENTGL.
They demonstrated that overexpression of miR-26a alone induces tumor growth. However,
more importantly, they were able to show that over-expression of the combination of
miR-26a with these genes collaboratively enhances cell growth. Taken together, these
observations strongly suggest the presence of a functionally integrated oncomir/oncogene
cluster that is frequently amplified in GBM.

Functional analysis of miR-26a demonstrated a coordinated antagonism of the JNK and RB1
pathways, and the activation of the PI3K/Akt pathway. These latter two pathways are among
the most frequently altered in GBM. Importantly, amplification of this oncomir/oncogene
cluster is associated with a particularly poor prognosis in GBM patients.

The miRNA-34 family has been shown to directly interact with 7253, which is one of the
most commonly mutated tumor-suppressor genes in cancers. p53 directly activates the
transcription of the miR-34 family, which themselves suppress cell proliferation by direct
interaction with the p53 pathway [25].

More recent studies showed that miR-34a is downregulated in high-grade gliomas [26]. The
same group screened multiple potential miR-34a targets and demonstrated that miR-34a
inhibits GBM cell proliferation, survival, migration and invasion /in vitroand in vivo. Their
research also suggests that miR-34a may directly target c-Met, Notch-1 and Notch-2,
making miR-34a a potential tumor suppressor in malignant gliomas. Further studies on
miR-34a effects on glioma stem cells showed that miR-34a induces glioma stem cell
differentiation [27]. All these findings make miR-34a an attractive candidate for glioma
treatment.

miR-124 & miR-137

miR-124 and miR-137 alterations were discovered through screening of glioma samples,
which showed that these miRNAs were downregulated in high-grade gliomas compared with
normal brain tissues. Further tissue screening revealed that the same miRNAs are
upregulated during adult neural stem cell neurogenesis induced by growth factor deprivation
in vitro, and that overexpression of miR-124 and miR-137 can induce neuron-like
differentiation of glioma stem cells /n vitro [28].

CDKG®6, which plays an important role in the G1/S-phase transition, was identified as one of
the targets for miR-137 and miR-124 [28,29]. Other genes involved in neurogenesis were
also found to be inhibited by miR-124, including P7BP1, which regulates pre-mRNA
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miR-125

miR-128

splicing, resulting in a neuronal-specific alternative splicing pattern [30]. miR-124 also
inhibits the expression of SCPZ, an antineural factor expressed in non-neuronal cells [31].
miR-124a expression itself is partially regulated by REST. REST inhibits miR-124a
expression in non-neuronal cells and neural progenitors, enabling their differentiation into
non-neuronal cells. However, as neuronal progenitors mature into neurons, REST leaves the
miR-124a promoter regions, and non-neuronal transcripts are degraded [32]. Further studies
are needed to evaluate the therapeutic potential of miR124/137. These studies highlight the
potential link between GBM and the suppression of differentiation programs that would
normally lead to the formation of fully differentiated nonproliferating and nontumorigenic
cells.

miR-125 was found at high levels in differentiated cells of the adult CNS, including neurons
and astrocytes [33]. miR-125 was also found to be upregulated during neuronal
differentiation of P19 embryonal carcinomas [34], and is highly expressed in
oligodendroglial tumors [35]. These findings prompted investigations of miR-125 function
in high-grade gliomas, which showed that overexpression of miR-125b promoted GBM cell-
line proliferation and inhibited apoptosis [36].

Recent data draws close parallels between GBM and the biology of stem and progenitor
cells, suggesting novel avenues for research and therapeutic targets [37]. A striking theme in
recent literature is the increasing number of reports showing that miRNAs play an important
role in the regulation of stem cell biology, differentiation and cell “identity’ (see discussion
of miR-124) [38]. Another study showed that miR-128 was significantly downregulated in
GBM samples compared with normal brain tissue [17]. Overexpression of miR-128 in GBM
cells resulted in reduced cell proliferation /n vitroand /n vivo. The TargetScan miRNA target
prediction algorithm for miR-128 [101] identified multiple potential direct targets including
Bmi-1, an oncogene that has been linked to various cancers including GBM [39].

Bmi-1 is well established as a stem cell-renewal factor [40]. Like other proteins involved in
stem cell renewal in embryonic and adult stem cells, Bmi-1 also plays a role in
carcinogenesis. This is probably due to its ability to confer self-renewal capacity to tumor
stem cells [41,42]. Bmi-1is a member of a family of genes involved in transcriptional
silencing known as polycomb genes. These have an essential role in embryogenesis,
regulation of the cell cycle, and lymphopoiesis by acting as transcriptional repressors that
are essential for the silencing of other families of genes. Bmi-1 acts as part of the polycomb
repressor complex (PRC1), which plays a role in epigenetic gene silencing by modifying
chromatin structure [42]. It has recently been shown that Bmi-1 plays an important
oncogenic role in glioma formation in a mouse model [39], and also that it has a key role in
stem cell renewal, including neuronal stem cells, through the repression of genes associated
with differentiation and senescence such as pZ6/NK4A and p21 WAF1 [40,43].

Analysis of miR-128-transduced GBM cells showed significant Bmi-1 knockdown, and
GBM-derived stem cell cultures demonstrated a marked reduction in neurosphere formation
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miR-146

miR-181

[17]. These findings were highly suggestive for a block in glioma stem cell self-renewal by
inhibition of the Bmi-1 pathway. These data also suggest that repressed miR-128 expression
may contribute to an increased expression of Bmi-1, promoting glioma cell proliferation.
However, the effects of miR-128 are likely the sum of effects on multiple genes such as
EGFR [44] and E2F3a, which has also been shown to be targeted by miR-128 in GBM [45].
In addition, there are further very high-scoring TargetScan targets that have not yet been
studied, and whose function in glioma is not yet known.

Recent findings show that miR-146b expression is downregulated in GBM samples. /17 vitro
studies using miR-146b overexpression or knockdown in glioma cell lines had no effect on
cell proliferation. However, overexpression demonstrated reduced cell migration,
knockdown of miR-146b promoted cell migration /n vitro and matrix metalloproteinase-16
was identified as a direct target of miR-146b [46]. Further studies are needed to evaluate the
significance of miR-146 on cell migration /n vivo.

Among the downregulated miRNAs in GBM samples is the group of miR-181a—c [11,47].
GBM cell lines transduced to overexpress miR-181a or miR-181b showed a reduction in cell
numbers, as well as reduced colony formation and /7 vitro migration. Furthermore, a recent
study found a significant correlation between downregulation of miR-181b/c and
temozolomide chemo therapy responders [47]. However, the molecular basis for these
findings are unknown. Interestingly, miR-181 was identified as a tumor suppressor in glioma
by bioinformatics, using PCR-based miRNA expression profiling along with gene-
expression profiling in 12 patient samples [48]. Correlation of miRNA and gene expression
led to the identification and validation of a tumor-suppressive function for miR-181c.

miR-221 & miR-222

miR-296

miR-221 and miR-222 belong to a group of upregulated miRNAs in GBM and target the
expression of the tumor suppressor p27Kipl [49]. The p27Kipl protein is a CDK inhibitor,
and is frequently inactivated in gliomas where expression is inversely correlated with patient
prognosis [50]. Inhibition of miR-221 and miR-222 induced a growth reduction of GBM
cells, and expression of miR-221/222 in U87 GBM cells was required to maintain cell
proliferation [49]. These findings were complemented by a study showing that miR-221 and
miR-222 not only target p27Kipl but also the related p57Kip2. Furthermore, functional
studies demonstrated that miR-221/222 overexpression is not sufficient for uncontrolled cell
proliferation [51].

A recently described group of miRNAs modulating angiogenesis known as angiomirs have
also shown a strong correlation with high-grade gliomas [52]; specifically, miR-296, which
seems to play a significant role in neovascularization, possibly by inducing overexpression
of growth factor receptors on endothelial cells. The same group also showed that inhibition
of miR-296 resulted in reduced tumor angiogenesis /n vitro and in vivo. Furthermore, it was
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miR-326

miR-451

shown that glioma cells and angiogenic growth factors (VEGF and EGF) induce miR-296
expression in human brain microvascular endothelial cells, as well as in glioma endo thelial
cells isolated from surgical specimens [52]. Finally, miR-296 knockdown resulted in
inhibition of angiogenesis and endothelial cell migration /in vitro and in vivo. The results of
this study, with observations that miR-296 is expressed at higher levels in blood vessels
derived from GBMs relative to blood vessels from normal brain tissue, indicate that
miR-296 is an important regulator of glioma angiogenesis.

miR-326 was first identified among a set of miRNAs with high expression in neurons [53].
However, miR-326 was found to be downregulated in GBM samples, and only recently it
was shown that miR-326 inhibits the Notch pathway and is in turn inhibited by Notch [54].
Notch is critical in stem cell maintenance and cell survival, and it is instrumental for cell fate
diversification during neural development [55]. The connection of miR-326 to Notch was
made after the observation that miR-326 decreased cell viability and invasion in glioma cell
lines. Furthermore, transfection of glioma cells with miR-326 reduced their tumorigenicity.
Functional target ana lysis demonstrated that miR-326 down-regulates both Nofch-1 and
Notch-2. Notchinhibition seems to be an essential component in the cytotoxic effects of
miR-326 on glioma cells, since restoration of Nofch expression partially but significantly
‘rescues’ the phenotypic effects of miR-326. Inhibition of NMofch by miR-326 may also help
explain its cytotoxicity to stem-like glioma cells.

Notch and miR-326 suppress each other, and in GBM this axis is shifted toward high Notch
and low miR-326 activity. Reversing this axis through miR-326 delivery provides a potential
new therapeutic rationale.

In order to identify miRNASs involved in glioma cell migration, a 3D glioma spheroid
migration model was used. Alterations of previously described miRNAs with cell migration
were observed, including upregulation of miR-21 [21] and downregulation of miR-126 [56].
However, the most striking change observed was the downregulation of miR-451 in
migrating cells. Statistical analysis looking at the correlation between miR-451 and patient
survival demonstrated a significant reduction in survival in patients expressing high levels of
miR-451 [57].

To further examine the effects of miR-451 on cell migration, glioma cells were stably
transfected with pre-miR-451. This reduced glioma cell migration significantly, and at the
same time a change in cell morphology was noted with extensive retraction of the long,
slender protrusions that characterize wild-type tumor cells. Remarkably, further examination
of miR-451-transfected glioma cells demonstrated an increase in cell proliferation [57].

The search for potential miR-451 targets revealed 14 potential candidates. The putative
target CAB39 was of particular interest owing to its known function in LKB1/AMPK
regulation. CAB39 mRNA and protein levels were reduced in cells overexpressing miR-451
and inhibition of miR-451 resulted in increased CAB39 levels. Functional assays also
demonstrated a direct interaction of miR-451 with the CAB393’-UTR site. Further
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investigations analyzing the effects of miR-451 on the LKB1/AMPK pathway showed that
miR-451 regulates LKB1 activity through direct targeting of CAB39, resulting in disruption
of LKB1 signaling, which leads to reduced AMPK phosphorylation and to impaired cell
survival in response to glucose withdrawal. Thus, when glucose is sufficient, miR-451 seems
to act as an oncogene by suppressing the LKB1/AMPK pathway. All these findings indicate
that miR-451 may act as a switch that would regulate the balance of migration and
proliferation in response to extracellular stimuli. However, it is not known how glucose acts
to reduce miR-451 levels.

Expert commentary

It is becoming increasingly clear that miRNASs are important regulators of many of the key
pathways implicated in tumor pathogenesis, and the increasing evidence that miRNA
expression is altered in high-grade gliomas and its involvement in tumorigenesis provides
the rationale for using miRNAs as potential therapeutic agents as well as diagnostic and
prognostic markers.

In order to utilize miRNA for therapeutic purposes, one needs to fully understand their
functional involvement in tumor pathology and whether they act in the manner of an
oncomir or a tumor suppressor. This approach not only requires detailed understanding of
the molecular pathways affected by miRNAs, but also the development of therapeutic agents
that specifically alter these genes and pathways.

At present, not all altered miRNAs in GBM have been studied from a functional perspective.
Moreover, studies performed thus far are selective in the kinds of assays performed. The
field would benefit from comprehensive comparative studies in which multiple miRNAs or
antagonists were examined in parallel for phenotypic effects in relevant assays. These would
include proliferation, tumorigenicity, cell cycle, cell survival/apoptosis, cell migration/
invasion, radio- and chemosensitization, angiogenesis, and effects under conditions of low
oxygen and low glucose. This would allow the most promising therapeutic candidates to be
taken forward for further screening in preclinical models.

Five-year view

miRNA-based gene therapy offers the theoretical appeal of targeting multiple gene networks
that are controlled by a single miRNA [58]. Inhibition of miRNA expression can be achieved
using antisense oligonucleotides (‘antagomirs’), or their chemically modified versions, such
as LNAs, which allow more stable and specific interactions with targets [59]. Restoring
miRNA expression can be achieved by introducing pre-miRs through various vectors, which
could be either viral or nanoparticle based. The issue of delivery of small RNA-based
oligonucleotides to humans remains a challenge, particularly in the CNS. There has been
much interest in this area, which is largely driven by an interest in RNAI as a therapeutic
tool. The kinds of approaches and challenges of RNAi delivery apply equally to miRNAs
due to their similar chemical nature. These challenges include the develop ment of tumor-
specific delivery systems, the selection of optimal miRNAs and combinations, as well as
optimization of treatment dose and administration schedules, and evaluation of the efficacy
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of combination treatment strategies. The safety of miRNA-based therapies and potential for
miRNA-specific resistance mechanisms (e.g., altered processing) has not yet been
addressed. However, the preclinical studies mentioned later show promise.

A recent study showed that a therapeutic miRNA delivered by adeno-associated virus could
have dramatic effects on tumor growth in an animal model [60]. In this case, the model was
hepato-cellular carcinoma, and the miRNA expressed by the virus was miR-26a. Therapeutic
miRNA delivery has also been shown to suppress prostate cancer metastasis to bone using
systemic injection of miR-16 in a nonviral delivery system [61]. Thus, proof of principle of
therapeutic miRNA delivery now exists. There is no reason similar studies cannot be
performed in glioblastoma models, using injection of a tumor-targeting viral vector carrying
a candidate therapeutic miRNA. A wide variety of approaches are in development for
glioblastoma [62], and a TGF-B2 antisense approach is being tested in a clinical trial using
convection-enhanced delivery [63]. For brain tumors, the most obvious candidates for
therapeutic miRNA delivery based on current data would include restoration of miR-124,
miR-7 and miR-128, all of which have potent effects on glioma tumorigenicity. These could
be administered both singly or in combination. The potential therapeutic applications are
shown in Ficure 3. A great advantage of miRNA-based therapies are that multiple genes and
pathways are targeted by a single molecule, and also that the small amount of sequence
required to express a miRNA (~100 bp) would allow multiple miRNAs to be expressed on
the same vector, or be coadministered with another type of gene or shRNA. Based on fold-
change of expression and effects on cell survival and migration, miR-21 would be an
excellent candidate for miRNA knockdown therapy using antagomirs.

There are also some examples in which specific miRNA binding sites have been
incorporated into gene therapy vectors, and oncolytic viruses, in order to improve tumor
targeting. For example, incorporating a miRNA binding site in the 3’-UTR of an essential
viral gene for a miRNA expressed in normal tissue surrounding the tumor, but not expressed
by the tumor, will increase the tumor tropism of the virus [64].

The completed research on miRNA in gliomas has offered some promising results. However,
the results need to prove safe and efficacious in clinical trials in order to live up to the
expectations created by experimental data. At present, no miRNA-based human trial for
brain tumors is on its way. However, the time of miRNA therapeutics is approaching, and we
are looking forward to clinical trials elucidating their potential and benefits in the clinic.
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Key issues

Characteristic miRNA alterations have been characterized in patient
glioblastomas. However, at present, knowledge regarding miRNA expression
profiles as they relate to survival and treatment response is lacking. In
addition, the functional effects of altered miRNAs have not yet been
comprehensively analyzed. This information would be useful in selecting
appropriate miRNA-based therapeutic approaches that may be tailored to
specific tumor genetic backgrounds.

miRNAs play key roles in glioblastoma biology. All the major hallmarks of
the disease can be alleviated - at least /n vitro - by modification of cellular
miRNA levels.

Their small size and important biological functions suggest that a new era of
miRNA-based therapeutics is on the way. These therapeutics may involve
miRNA re-expression, or the use of antagomir oligonucleotides, to prevent the
action of oncogenic miRNAs in cancer cells. In addition, the use of multiple
miRNAs, or antagomirs, miRNA/antagomir combinations, or combinations
with other therapeutic approaches may be the most effective.
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Translational
inhibition

Expert Rev. Anticancer Ther. © Future Science Group (2010)

Figure 1. miRNA processing.
(1) MiRNA s are synthesized in the nucleus by transcription to form the pri-miR transcript.

(2) This is processed within the nucleus by a complex containing Drosha to form the hairpin
pre-miR. (3) The pre-miR is exported to the cytoplasm by a mechanism involving exportin
and the Ran5 GTPase. (4) The pre-miR is further processed, by Dicer, to form the single-
stranded pre-miR. This is loaded into an argonaute protein complex known as the RNA-
induced silencing complex (RISC). (5) The RISC is guided to target mMRNASs due to
complementarity with the miRNA. This causes repression of transcription, probably by
multiple mechanisms. Pre-miR: miRNA precursor; Pri-miR: Primary miRNA.
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Translation

Figure 2. miRNA involvement in glioma signaling pathways.
Growth factor tyrosine kinase-mediated signaling is shown. The potential interactions of

miRNAs implicated in glioblastoma with these pathways are shown. Tumor suppressors are
in green, oncogenes in pink.
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Figure 3. miRNAs and the hallmarks of glioblastoma.
This figure shows which miRNAs have been shown to affect various biological processes

linked to glioblastoma. The potential therapeutic approach is shown in terms of whether
miRNA restoration or anti-miR treatment would be the appropriate approach to target each
process.

GBM: Glioblastoma multiforme.
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