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Abstract
It seems quite clear that microRNAs play important roles in neuro-oncology, as they do across
perhaps all areas in biology. With recent advances in detecting and quantifying microRNAs in
tissue and serum, it appears increasingly likely that microRNAs will be clinically useful as
biomarkers for brain tumors and other cancers. Applying microRNAs for treatment of brain
tumors poses greater hurdles by far, however, and despite promising in vitro results this may never
become a reality. This review fits recent advances into a framework for considering the potential
of microRNAs for brain tumor therapy, considering the power of individual microRNAs, delivery
issues, and indirect microRNA-based therapies.
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Introduction
The treatment of malignant brain tumors likely represents one of the greatest challenges
confronting modern medicine. Their sensitive and inaccessible location, invasiveness, and
relative resistance to standard therapies such as radiation and chemotherapy have forced an
urgent search for more sophisticated treatment modalities. This is especially true for
glioblastoma (GBM), the most aggressive brain tumor and the most common in adults. As
we have come to better understand the genetic lesions and pathways that drive GBMs, it has
become possible to consider targeted therapies that block specific genes and pathways. This
is frequently attempted through the use of small-molecule drugs, which can have major
advantages such as oral bioavailability and ability to penetrate the blood–brain barrier.
However, they typically act by blocking enzymatic activity, leaving the target protein intact.
An alternative approach under development, RNA interference, can circumvent this
limitation by dramatically reducing expression of target proteins. MicroRNA represents an
endogenous form of RNA interference that is generating considerable excitement, both for
its roles in GBM biology and also for its therapeutic potential. But is that therapeutic
potential realistic? In this review we will systematically address this question from different
angles.

RNA interference was first discovered when C. elegans worms were fed short double-
stranded RNAs mimicking regions of host mRNAs, which led to the surprising result that
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those mRNAs were then down-regulated [1]. This led to subsequent findings in many other
organisms, including humans, that delivery into cells of such short double-stranded RNAs,
termed siRNAs for small (or short) interfering RNAs, also caused degradation of the target
mRNAs containing the siRNA sequences [2-4]. Sometimes in parallel but usually lagging
behind, discoveries were made of endogenous analogs of siRNAs in eukaryotic cells from
plant to human [5-8]. These “microRNAs” are formed as hairpins in transcribed RNAs that
form via the annealing of adjacent partially complementary regions. These harpins are found
in loci not coding for proteins, either in introns or intergenic areas, and the human genome is
estimated to hold approximately 1,000 [9, 10]. After the transcription of the primary
microRNA (pri-miRNA), the hairpin (the pre-miRNA) is spliced out in the nucleus by the
Drosha/DGCR8 complex [11]. The pre-miRNA is then exported to the cytoplasm by the
exportin-5 protein, where it is processed to the final mature miRNA by the Dicer protein
[12, 13]. One strand of this mature miRNA is then utilized by RISC (RNA-induced silencing
complex) to target mRNAs whose 3′-untranslated regions (3′-UTRs) have one or more
regions of partial complementarity to the miRNA strand [14]. Typically this region of partial
complementarity needs to include a “seed match”—an area of perfect complementarity to
bases 2–8 or 1–7 of the miRNA [15]. MicroRNA/target interactions typically lead to
suppressed translation of target mRNAs [16, 17], though sometimes when there is higher
complementarity it leads to degradation of target mRNAs [18-20]. Importantly, each
miRNA has many targets, and genes are commonly targeted by multiple miRNAs. The
microRNA life cycle is shown in Fig. 1.

MicroRNAs have had a dramatic impact across biology, and major developments continue
to come at a rapid pace in reports on both the plant and animal kingdoms. Despite their
small size, microRNAs powerfully regulate the human proteome. MiRNAs appear to play
especially important roles in the nervous system and in oncology, so it is unsurprising that a
growing number of publications have linked miRNAs to brain tumors. Many of these reports
demonstrate biological roles for individual miRNAs in neuro-oncology, and some have even
suggested the clinical potential of delivering tumor-suppressive miRNAs or inhibitors of
oncogenic miRNAs. But is it realistic to think we might be able to treat brain tumors with
such miRNA-based therapies? This review will address the key questions subsumed within
this larger one: (1) Can individual microRNAs have a powerful enough role in GBM that
effective delivery of a single miRNA or an inhibitor could have therapeutic effect? (2) Can
adequate delivery of miRNAs or miRNA inhibitors for therapeutic effect be achieved? (3)
Regardless of whether direct delivery of miRNAs or miRNA inhibitors is feasible, are there
indirect miRNA-based therapies that might have a strong chance of success?

Can individual microRNAs have a major impact on brain tumors?
Several microRNAs, termed oncomiRs, have been shown to act in an oncogenic fashion in
diverse cancers, including GBM. miR-21 was the first oncomiR to be demonstrated in GBM
[21, 22], and is the most deeply investigated to date. In some settings its overexpression is
driven by the transcription factors STAT3 and AP-1 [23, 24], and its relevant targets appear
to include tumor-suppressive genes such as PDCD4, PTEN, TPM1, RECK, and TIMP3
[25-28]. Importantly, inhibiting miR-21 with a short complementary oligonucleotide
modified for stability decreases glioma cell viability [22, 29]. Delivery of an oncomiR
inhibitor such as this is one means to directly incorporate miRs into GBM therapy.

Other microRNAs have also shown oncogenic character in GBM. Like miR-21, the
analogous microRNAs miR-221 and miR-222 are over-expressed in numerous cancers,
including GBM, and appear to boost cell growth and survival [30-33]. The key downstream
targets are unclear, but the cell cycle inhibitors p27 and p57 have both been proposed [34,
35]. miR-10b is another that has been shown to be up-regulated in both GBM and other
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cancers [30, 36,37]. In breast cancer miR-10b has been found to migration invasion via
RhoC, and in GBM its expression has been found to up-regulate both uPAR (urokinase
plasminogen activator receptor) and RhoC [36, 38]. Recently an oncogene cluster was
discovered in GBM that includes a putative oncomiR, miR-26a, along with the genes CDK4
and CENTG1 [39].

A number of miRNAs with tumor-suppressive properties have also been identified, some of
which seem to be shared with other cancers and some which may be unique to glioblastoma.
The let-7 miRNAs are potently tumor-suppressive miRNAs and tend to be highly expressed
in normal tissues but not most cancers, and act to inhibit key oncogenes such as K-Ras and
Myc [40-43]. While not well-explored in GBM, forced expression of let-7 miRs has been
shown to reduce proliferation of GBM cells [44]. miR-34a is another well-established tumor
suppressor found to be an important downstream mediator of p53 [45-48], and recent reports
establish a role for it in GBM [49,50]. A number of important targets have been identified
for miR-34a, including Notch family members and the c-met oncogene [50]. An early report
on miRs in GBM identified miR-124 and miR-137 as potential tumor suppressor miRs [37].
miR-7 demonstrates characteristics of a tumor suppressor in GBM, and it inhibits expression
of the epidermal growth factor receptor (EGFR) and members of the Ras and Akt pathways
[51]. miR-128 inhibits the Bmi-1 oncogene and can act as a differentiating tumor suppressor
in GBM as well [52]. Recently, miR-326 was found to act in a feedback loop with the Notch
pathway and to have tumor-suppressive characteristics in GBM [53].

miRNAs have been linked specifically with a number of key features of GBMs. In the area
of metabolism, long known to be aberrant in cancer but increasingly seen as critical in
oncology, an exciting report recently showed miR-451 to be regulated in GBM by glucose
levels and to affect cell proliferation and migration [54]. Angiogenesis is critical in most
solid tumors, notably including GBM, and miR-296 has been demonstrated to be up-
regulated in GBM-associated endothelial cells [55]. This miRNA promotes angiogenesis by
down-regulating HGS (hepatocyte growth factor-regulated tyrosine kinase substrate), an
inhibitor of pro-angiogenic receptors VEGFR2 and PDGFRβ (vascular endothelial growth
factor and platelet-derived growth factor receptor beta, respectively). This study raised the
prospect of anti-angiogenic therapy of GBM by delivery of a miR-296 inhibitor.
Immunosuppression is another trait allowing GBMs to develop, and miRs have been shown
to play a role here as well; miR-222 and miR-339 were found to promote GBM immune
evasion by down-regulating the immunologic molecule ICAM-1 [56]. Treatment resistance
is one of the principal challenges in GBM therapy, and early results hint at miRNA
involvement in this phenomenon. A temozolomide-resistant GBM cell line was found to
have several up-regulated miRNAs versus the parental line, including miR-195,
miR-455-3p, and miR-10a* [57]. miR-181a, down-regulated in GBM, may influence its
sensitivity to radiation [58] (Table 1).

Some previous reports show effective in vitro suppression of GBM cell viability with
delivering the above-mentioned tumor-suppressive miRNAs or inhibitors of oncomiRs.
Restoring expression in glioma cells of tumor-suppressive microRNAs such as miR-34a or
miR-7 can strongly inhibit vital oncogenic pathways such as c-Met, Ras, and Akt. This can
selectively slow cell division or even kill glioma cells while sparing normal cells. Similar
effects in glioma cells can be achieved by delivering short oligonucleotide inhibitors of
oncomiRs such as miR-21 or miR-221. While it is already clear from these studies that
individual miRNAs may serve as potential therapeutic targets in GBM, no doubt many more
remain to be discovered.

One important question for the development of RNA interference as therapy is whether it
would be preferable to manipulate gene expression with delivery of miRNAs/miRNA
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inhibitors or siRNAs. siRNAs allow specific knockdown of individual gene targets, while
microRNAs result in a broad swath of gene expression being affected. However, the ability
of individual miRNAs to target multiple genes/pathways could be a major advantage,
especially given studies indicating the therapeutic necessity of simultaneously targeting
multiple pathways in GBM. siRNA advocates counter that a cocktail of a few siRNAs could
be combined, but a similar cocktail of miRNAs would again allow more pathways to be
targeted. The off-target effects of the miRNAs would likely be much higher, but on the other
hand miRNAs are all expressed endogenously and will likely tend to be safe for normal
cells. One issue to be considered with cocktails of either miRNAs or siRNAs is the ability to
overload the RNA interference system, a possibility that has already been demonstrated
[59].

Delivery—the principal problem
The thorniest hurdle in developing miRNA-based therapies for brain tumors is doubtless that
of effective delivery, as is the case for most prospective therapies that embody RNA
interference. However, brain tumors such as GBM present special issues relating to delivery.
Due to the blood-brain barrier (BBB), it is unlikely that a systemically-administered vector
could deliver adequate miRNA or miRNA inhibitor to a brain tumor. The BBB tends to be
disrupted at the core of most glioblastomas and this may allow some delivery of a
microRNA-based therapy via the circulation, but the BBB is intact in the surrounding brain
where GBM cells have infiltrated. In a few strategies this may not be relevant, as in a
vasculature-directed therapy such as delivery of miR-296 inhibitor. However, for most
miRNA-based brain tumor therapies, it will be necessary to use local delivery techniques.
Even with efficient local delivery the task might seem impossible, given that direct miRNA-
based therapies would appear to act only on the cells receiving the miRNAs/miRNA
inhibitors and to lack bystander effects. A few approaches may not require local delivery to
be near-perfect, such as those employing miRNAs or miRNA inhibitors to up-regulate the
anti-GBM immune response. But even for straightforward approaches in which miRNA or
inhibitor must reach nearly all the cancer cells, certain phenomena may work in favor of
such therapies for brain tumors.

Unlike most cancers, GBM rarely metastasizes outside the brain, giving local delivery at
least a chance to succeed. Furthermore, in the last decade advances in local delivery to the
brain have made exciting progress, particularly via the technique of convection-enhanced
delivery (CED) (recently reviewed in Passirani et al. [60]). This entails prolonged low-
pressure infusion via catheter, creating a pressure wave that drives the infusate to replace
brain interstitial fluid over what can become a large field around the catheter tip. Even
relatively large particles such as viruses can be delivered to large brain regions with some
success. However, there remain substantial challenges still being addressed with CED, such
as poorer delivery of infusate into the high-pressure environment of many brain tumors and
backflow of infusate around catheters [61]. Despite its current limitations, CED likely
represents the most promising modality for local delivery to the brain for most applications.

If local delivery with methods such as CED does not prove successful, other strategies may
increase the chances of successful systemic delivery via the circulation. A number of agents
have been proposed or tested that can disrupt the BBB [62, 63], which can be coupled with
intraarterial infusion to increase delivery to the brain. Peptides have also been identified that
can be conjugated to a payload and allow its transfer across the BBB [64], and such peptides
could be used for delivery of modified tumor-suppressive microRNAs or inhibitors of
oncomiRs.
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One recent discovery that may have dramatic implications for this field is that GBM cells
bud off microvesicles that deliver cytoplasmic contents to nearby cells [65]. Thus mRNAs,
microRNAs, proteins, and other cytoplasmic molecules may be “shared” by GBM cells with
surrounding GBM and normal cells (Fig. 2), and this should certainly apply to transfected
siRNAs/miRNAs/miRNA inhibitors that are present at high concentrations in the affected
cells. This phenomenon could markedly reduce the threshold efficiency for effective
delivery of a miRNA-based therapy to a fraction of what would otherwise be required. Some
recent evidence—mostly unpublished—supports this possibility [66-68]. If this is borne out
by further studies, it could radically improve the chances for miRNA therapies to succeed in
neuro-oncology.

The vector used for miRNA/inhibitor delivery will no doubt strongly influence the chances
for a viable therapy, and this is a field that is advancing rapidly. At the present time, the
most suitable vectors for miRNA delivery are viruses encoding miRNAs/inhibitors or
liposomal nanoparticles. Viruses may pose more worrisome safety issues, but offer the
potential for prolonged high expression, as opposed to the brief pulse that would occur with
nanoparticle delivery. However, new developments in nanoparticle technology are reported
frequently, and these modalities are promising as well. One of the most interesting
technologies involves nanoparticles with ferromagnetic cores, allowing MRI imaging or
magnetic manipulation of the infused particles [60]. Possible viral vectors include
adenovirus, lentivirus, and adeno-associated virus (AAV). Adenoviral delivery would yield
a relatively short period of high expression, while lentiviral or AAV-based delivery would
give incorporation into the genome with long-term lower expression. Thus adenovirus may
be better-suited to miRNA delivery for GBM treatment, if the aim is to achieve a brief
period with high expression of a lethal miRNA. There may also be particular issues with
certain viruses. A recent report indicated that lentiviral delivery of shRNAs resulted in good
knockdown of target with minimization of off-target effects [69]. However, siRNA/shRNA
off-target effects tend to occur via inadvertent seed matches and microRNA-like activities;
therefore the report hints that lentiviral delivery may be well-suited to siRNAs but might
somehow interfere with miRNA activity.

Indirect miRNA-based therapies
In addition to direct delivery of miRNAs and miRNA inhibitors to GBMs, there may also be
indirect ways to apply miRNAs to the challenge of GBM therapy. One intriguing approach
involves using differential miRNA expression in target and non-target tissues to regulate
expression of vector payloads. This was first established by the Naldini group in non-cancer
settings [70-72], but it is eminently applicable to cancer therapy. At its most basic, the
technique entails delivery of a suicide gene with an artificial 3′-UTR containing target sites
for one or more miRNAs with high expression in normal cells but minimal expression in
cancer cells. In normal cells, the miRNA(s) will suppress expression of the suicide gene, but
cancer cells will maintain transgene expression and therefore die. An obvious contender as
miRNA regulator is the let-7 family, which is highly expressed in most normal cells but
down-regulated in cancer cells. A let-7-regulated cancer-specific virus has already been
reported [73]. A similar virus designed to kill GBM cells has also been described,
incorporating sites for miRNAs-31, -127, and -143 that were found to be highly expressed in
astrocytes but not GBM cells [74]. An analogous strategy could be used to regulate a key
viral gene to create a conditionally-replicating cancer-targeted virus, and the feasibility of
this has been demonstrated for a hepatocyte-sparing adenovirus [75]. Such miRNA-
regulated transgene approaches can be combined with other targeting strategies such as
cancer-specific promoters, with the potential for elegantly multi-targeted therapies.
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miRNAs may also have therapeutic impact by guiding therapeutic choices. One of the
critical tasks now emerging in oncology is to match new targeted therapies to the cancer
subsets most sensitive to them. This requires extensive profiling of each cancer to identify
these distinct subsets, and evidence suggests that miRNA profiling may have advantages
over traditional gene expression micro-arrays [76]. In the future we may be customizing
cancer treatments not only by sequencing the genome of each patient’s cancer, but also by
determining its microRNA and gene expression patterns.

Conclusion
With the advent of each new approach to cancer treatment, it seems there are bursts of wild
optimism and disappointed pessimism before the emergence of a more realistic and
cautiously hopeful middle ground. One hopes that with miRNA-based cancer therapies we
may go directly to the final stage. While the challenges facing miRNA-based therapies in
neuro-oncology are daunting, there are some hopeful new developments. microRNA
“sharing” by microvesicles has the potential to reduce the efficiency required for delivery,
perhaps the most intimidating hurdle. Numerous technologies are progressing, such as CED
and nanoparticles. In the meantime, our knowledge of microRNAs in GBM and other brain
tumors is advancing quickly. Combining all these factors, miRNA-based therapy for brain
tumors does not appear to be such stuff as dreams are made on; the prognosis is one of
guarded optimism.
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Fig. 1.
MicroRNA synthesis and mechanism
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Fig. 2.
MicroRNA transfer between infected and uninfected cells
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Purow Page 12

Table 1

MicroRNAs implicated in glioblastoma

Category MicroRNAs Relevant targets References

Oncogenic miRs

miR-21 PDCD4, PTEN, TPM1,
 RECK, TIMP3

[21-28]

miRs-221/222 p27, p57 [30-35]

miR-10b Up-regulates uPAR, RhoC [30, 36-38]

miR-26a Unknown [39]

Tumor-suppressive miRs let-7 family K-Ras, Myc [40-44]

miR-34a c-met, Notch family [49, 50]

miR-124a Unknown [37]

miR-137 Unknown [37]

miR-7 EGFR; Akt pathway 51]

miR-128 Bmi-1 [52]

miR-326 Notch family [53]

Metabolism

miR-451 CAB39 [54]

Angiogenesis

miR-296 HGS [55]

Immune escape

miR-22, miR-339 ICAM-1 [56]

Treatment resistance

miR-195, miR-455-3p,
 miR-10a*

Unknown [57]

miR-181a Unknown [58]
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