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The Many Functions of MicroRNAs in Glioblastoma

E. Antonio Chiocca and Sean E. Lawler
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Recent years have seen an explosion in our kno
functions of a recently discovered class of cellular
gene expression called microRNAs, or miRs. These
stranded ribonucleic acid (RNA) molecules are pot
of cell behavior and show distinct patterns of expr
development, in different tissues, and in diseases i
cer. Characteristic miR alterations have been iden
blastoma, and these play key roles in the biology
This article will discuss the emerging roles of miR
toma, and their potential as therapeutic and diagn

MICRORNAS, SMALL REGULATORS WITH BIG FUNC

MiRs are approximately 23-nucleotide-long RNA m
typically act by suppressing the translation of me
into protein, through binding to complementary
their 3=-untranslated regions (4, 12). MiRs are tra
our DNA, and are found either singly or in clu
sometimes associated with the introns of protein-
The initial primary miR transcript forms a hairpin
gets processed into the final single-stranded matu
cytoplasm. The mature miR, in association with
teins, then binds to its target sequences to silence
sion. There are approximately 1000 known miRs
genome, and because their target binding is depen
few complementary base pairs they can be very
Although the precise number of targets for each
known, based on sequence data it is reasonable t
these could number in the hundreds. This means
miR can have profound effects on cell biology thro
multiple components of a single cellular pathwa
nents of multiple pathways. miR–target pairs ar
dated using an assay in which the target seque
downstream of a luciferase gene. Suppression of l
the corresponding miR is strongly suggestive of
tion. This is confirmed by mutating the predicted ta
and blocking the effect of the miR. At the present
majority of miR–target pairs within the cell have ye

terized.
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MICRORNA ALTERATIONS IN GLIOBLASTOMA

Glioblastoma is characterized by the hallmarks of r
tion, angiogenesis, hypoxia and necrosis, heterogen
sistance, infiltration of normal brain tissue, and ste
havior. Many of the major genetic aberrations in gl
known and result in the activation of characteristic s
ways underlying these biological hallmarks (5). Seve
lecular profiling studies have revealed distinct patte
pression in glioblastoma compared with lower-grade
adjacent tissue, or normal brain. These modification
tensive; a comparison of normal brain with gliob
shows about 100 significantly differentially express
other cancer-associated genetic changes, miR alterat
to genetic amplification or deletions, methylation ev
transcription. Recently, mutations in miR sequen
identified in some cancer types, and also mutations
sequences (2, 14). Such mutations may play key roles
esis but have not yet been identified in glioblastom
numbers of differentially expressed miRs identified i
by profiling methods are being functionally characte
studied of these are shown in Table 1. These are eme
date biomarkers and potential therapeutic agents. Spe
of these are discussed briefly below.

miR-21
miR-21 has emerged as one of the most consisten
pressed microRNAs in cancer. Inhibition of miR-21 b
tary antisense oligonucleotides in glioma cell lines led
in apoptosis, suggesting that miR-21 acts as an onc
blastoma by suppressing apoptosis (1). miR-21 an
represses glioma formation in vivo (3). miR-21 has
target other genes such as PTEN (phosphatase and te
(21), which may also contribute to its effects in gliobla
targets a network of p53, transforming growth fact
and mitochondrial apoptosis factors in glioblastom
also promote invasion by direct targeting and dow
anti-invasive proteins including TIMP3 (6). This i
supports targeting of miR-21 as a candidate approac

toma and cancer treatment in general.
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miR-124
miR-124 is the most downregulated miR in glioblasto
tumor and normal brain (7, 17). miR-124 expression in
neural stem cell differentiation, and glioblastoma-der
overexpressing miR-124 display a dramatic increase in
tiation markers accompanied by reduced self-renewal
nicity. In normal development, miR-124 engages a feedb
essential for neuronal differentiation (20). Moreover, m

Table 1. MicroRNAs (miRs) Involved in Glioblasto

microRNA ID Expression Fu

miR-21 High Proliferation (in v
Apoptosis
Invasion
Chemoresistance

miR-26a High (genetic
amplification)

Transforming
Proliferation (in v
Apoptosis

miR-7 Low Proliferation (in v
Invasion
Differentiation

miR-124 Low Proliferation (in v
Invasion
Differentiation

miR-34a Low (reduced by
loss of p53)

Proliferation (in v
Apoptosis
Invasion

miR-137 Low (methylation) Proliferation (in v
Neuronal differe

miR-128 Low Proliferation (in v
Stem cell self-re

miR-296 High (endothelial
cells)

Angiogenesis

miR-326 Low (reduced by
notch signaling)

Proliferation (in v
Apoptosis
Invasion

miR-451 High (glucose
regulated)

Switch regulatin
survival in respo
Chemoresistance

Note: The table shows the miRs for which extensive functional and target-
cells are shown in bold type. Targets that have been either validated
G1 cell cycle arrest in glioma cells, associated with decreased e
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of CDK6—which it targets directly (17). These results s
levels of miR-124 in glioblastoma increase tumorigenici
neuronal differentiation and allowing cell cycle progres

miR-128
Like miR-124, miR-128 is downregulated in glioblast
128 expression reduces glioma proliferation in vitro

ns Targets

nd in vivo) PTEN, RECK, PDCD4, TIMP3
TPM1, PELI1, MARCKS, CDC25A, TGFBR2, BMPR2,
LRRFIP1, BTG2, BCL2, SPRY1

nd in vivo)
PTEN
MAP3K2
IFNB

EGFR, IRS2, PAK1, SFRS1, SPATA2, SNCA, ABCC1

CDK6, SCP1
PTBP1, ITGB1, LAMC1, NR3C2, EFNB1, SOX9
SLC16A1

nd in vivo) MET, NOTCH1
NOTCH2, CDK6
MYC, SIRT1

n
CDK6, MITF, EZH2

nd in vivo) EGFR, BMI1
E2F3A, NTRK3, SNAP25, TXNIP, DB1, LDLR

HGS

nd in vivo) CBF1, NOTCH1
NOTCH2, ABCC1
ETS1, SMO

sion, growth, and
metabolic stress

CAB39, MIF
UBE2H, ARPP19
GATA2, ABCC1

information is available for glioblastoma. Targets that have been experimentally validated by lucifer
ested in other cell types are shown in normal type. Key references are also shown for the glioma
ma
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onstrated to be an important target of miR-128. In g
stem cells stably overexpressing miR-128, Bmi1 level
and self-renewal was severely impaired (7).

miR-451
miR-451 was identified in a microarray screen as
downregulation in migrating glioma cells (8). Subs
showed that its expression suppresses invasion, but
liferation. Ultimately, this study showed that in high
miR-451 is expressed at a higher level, when it suppre
monophosphate–activated protein kinase (AMPK) s
glucose levels reduce miR-451 levels and increases AM
which allows the cells to adapt to the low energy situ
teracting Akt signaling, and increasing migration.
acts as a switch that regulates glioma growth, invasio
under metabolic stress. Other studies suggest that mi
be involved in chemoresistance (22).

Several other miRs have recently emerged as func
tant in glioblastoma. Alterations of these miRs unde
conditions decreases growth, invasion, apoptosis, a
sis. miR-7 was one of the first described downregu
glioblastoma, where it plays a role by targeting the epi
factor receptor (EGFR) among other genes. miR-7
duced proliferation and invasion in glioma cell lines (
overexpressed in glioma and contributes to growt
PTEN expression (9). miR-34a is downregulated in g
a result of p53 dysfunction. Reexpression of miR-34a
nial tumor growth in vivo (15). miR-326 is also weakly
contributes to Notch signaling (10), and miR-296
pressed in glioma-associated endothelial cells, whe
angiogenesis (19). The impact of these changes on
pathways is shown in Figure 1.

THERAPEUTIC AND DIAGNOSTIC APPLICATIONS O
GLIOBLASTOMA

The profound effects of miRs on glioblastoma cell b
that they could be harnessed in a therapeutic setting
the examples cited in this article, miRs may find a
attacking each of the key hallmarks of malignancy in
through direct effects on growth, migration, differ
treatment resistance. Delivery of miRs remains a key
given their small size and high potential impact this o
overcome. Indeed, recently it was shown that system
by an adeno-associated virus reduced tumor growth

lular cancer model (13).
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A detailed understanding of miR mechanisms m
identification of novel targets and pathways that w
unrecognized. miRs are quite stable and readily dete
polymerase chain reaction– based methods; therefor
bility that they may be detectable in patient fluids an
nostic tools or markers of treatment response. Inde
reported that miRs can be detected in circulating ex
serum of glioblastoma patients (18).

The combined effects of miR alterations in gliobl
increased proliferation, angiogenesis, chemoresistan
well as promotion of self-renewal and blockade of dif
challenge will be to determine the appropriate miR
intervention and to deliver these effectively and speci
cells. However, with the current pace of developmen
it is possible that in the near future we may be able to
activities for improved treatment of brain tumors a
diseases of the central nervous system.
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Treatment of intracranial aneurysms has radically
past decades. Progresses in surgical treatment, inc
icant advances in microsurgical and anesthetic tec
warranted better surgical outcomes (Figure 1). Con
technique, endovascular coiling, has also been suc
for the past 15 years. Initially introduced in 1991 as
to surgical clipping, it was approved for clinical
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and efficacy in the management of intracranial an
ure 2). However, thus far few prospective, multice
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