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Abstract

micoRNAs (miRNAs) are small noncoding RNAs that regulate gene expression by targeting the
MRNAs of a large number of human genes. Gliomas are the most common and deadly primary
human brain tumors and are thought to originate from transformed stem-like cells (GSCs).
microRNAs are frequently deregulated in cancer and gliomas and their deregulation has been
associated with various aspects of glioma pathobiology. The present review summarizes the
published literature on the role of mMiRNAs in gliomas with a focus on their role in GSCs.
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2. INTRODUCTION

microRNAs (miRNAs) are short non-coding endogenous RNAs that post-transcriptionally
regulate the expression of a large number of genes. miRNAs play important roles in a wide
variety of physiological and pathological processes including cancer. They are aberrantly
expressed in many cancers and can exert tumor suppressive or oncogenic functions by
regulating the expressions of MRNAs. miRNAs have also been associated with glioma
formation and growth. Gliomas are the most common and deadly malignant primary brain
tumors. The origin of gliomas is largely unknown but there is increasing speculation that
they might arise from glioma stem cells (GSCs), which might consist of transformed neural
stem cells. Similar to other cancers, miRNAs have been shown to regulate various cancer-
associated genes and oncogenic functions in gliomas. Some evidence also suggests a role for
miRNAs in the regulation of GSC biology. The present review provides a succinct but
comprehensive summary of the literature on miRNAs in gliomas with a focus on their role
in GSCs.

3. MICRORNAS

miRNAs are 17-25 nucleotide noncoding regulatory RNA molecules, that have a wide
impact on the regulation of gene expression (1, 2). More than five hundred human miRNAs
have been identified to date and the existence of several hundred more has been predicted
(3-5). About two thirds of miRNA encoding genes are located in the intronic regions of
protein-coding or -noncoding transcription units (2, 6). One third of miRNAs are organized
into clusters, most of which are single transcriptional units (2, 7). miRNAs are first
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transcribed by RNA polymerase 11 to yield long transcripts known as pri-miRNAs. In the
nucleus, pri-miRNAs are processed to pre-miRNAs by the RNase |11 enzyme Drosha. The
pre-miRNAs are exported to the cytoplasm by exportin-5 and subsequently converted to
mature duplex miRNAs by another RNase |11 enzyme, Dicer (8-10). Mature miRNAs
regulate their targets by direct cleavage of the mRNA or by inhibition of protein synthesis,
according to the degree of complementarities with their targets’ 3" UTR regions. Perfect or
nearly perfect complementarity between miRNAs and their target 3" UTR lead RNA-
induced silencing complex (RISC) to cleave the target mMRNA, whereas imperfect base
matching induces mainly translational silencing of the target but can also reduce the amount
of the mRNA target (11). Computational predictions of miRNA targets suggest that up to
30% of human protein coding genes may be regulated by miRNAs (12).

Many malignant tumors and tumor cell lines have deregulated miRNA expression as
compared to normal cells and tissues (13, 14). Various mechanisms of miRNA deregulation
in cancer have been identified. These include deregulations at the genetic, epigenetic,
transcriptional, and processing levels. Many miRNA genes are located at fragile sites in the
genome or regions that are commonly amplified or deleted in human cancer (15). Some
miRNAs are repressed by CpG hypermethylation in cancers relative to normal tissue (16). A
number of miRNAs are also regulated by transcription factors including p53, c-Myc and
E2F (17-19). miRNA levels can also be deregulated via deregulation of Dicer or Drosha as
has been observed in many cancers (20). Most miRNAs are downregulated in cancer but a
number of miIRNAs are also upregulated (2). By targeting the mRNA of oncogenes or tumor
suppressors, miRNAS can act as tumor suppressors or oncogenes. Because miRNAs target a
large number of mMRNAs of genes associated with cancer, they regulate all aspects of cancer
biology. They have been shown to regulate the cell cycle and cell proliferation, cell death
and apoptosis, cell migration and invasion, metastasis, angiogenesis, tumor
microenvironment, tumor immunology as well as many aspects of cancer stem cell biology
(2). Clinically, miRNAs could serve as therapeutic targets and as diagnostic, prognostic and
therapeutic tools. Global miRNA expression profiles can distinguish between normal and
tumor tissue and help classify and grade various cancers (21, 22). Overexpression or
inhibition of miRNAs could be used to achieve anti-tumor effects. Synthetic miRNA mimics
used to overexpress miRNAs include siRNA-like oligoribonucleotide duplex or chemically
modified oligoribonucleotides (23). miRNASs can be inhibited by variously modified
antisense oligonucleotides such as 2’-O-methyl antisense oligonucleotide, antagomirs (24).
In summary, miRNAs are important and critical regulators of cancer. Their implication in
glioma stem cell biology and pathology is therefore predictable and will be discussed below.

4. GLIOMA STEM CELLS

Gliomas are the most common malignant primary brain tumors with an incidence of ~ 5
cases per 100,000 persons (25). Despite the most advanced treatment with combinations of
surgery, radiotherapy and chemotherapy, glioblastoma multiforme, the most malignant and
most common glioma, is associated with an average life expectancy of only 14 months (25).
Accumulating evidence suggests that a subset of cells initiate and maintain the growth of
gliomas and are responsible for their resistance to therapy (26). These cells are designated
glioma stem cells (GSC) and have been isolated from glioblastoma by several research
groups (27-29). Some studies suggest that GSCs form a small fraction of the total cell
population within glioblastomas with the bulk of other tumor cells consisting of a mix of
partially differentiated cancer progenitor-like cells with limited proliferative capacity and
terminally differentiated cancer cells (26). More recent studies have challenged this concept
for glioblastoma multiforme. One such study found that the majority of cells within the
tumour bulk can be considered as tumour-initiating cells with different degrees of stemness
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(30). Functionally heterogeneous tumour initiating cell subpopulations therefore probably
co-exist within the same tumour mass.

GSCs have similar characteristics to normal neural stem cells, including self-renewal,
tumorigenesis and multipotency. They can divide and give rise to daughter stem cells with
identical stem cell capabilities of the parent, have the proliferative ability to generate many
progeny that can be propagated serially in undifferentiated state, form tumors in animals
upon transplantation, and can differentiate into multiple cell types including astrocyte-
neuron- and oligodendrocyte-like cells. GSCs are isolated from dissociated tumors,
propagated as neurospheres in specific neurobasal medium. A subset of GSCs expresses
neural stem cell surface markers such as Nestin and CD133, though the specificity of these
as markers of stemness remains controversial (31).

The tumor stem cell concept could have profound implications on the basic understanding of
tumor biology as well as on the development of new therapeutic strategies (32). It implies
that effective targeting of glioma stem cells is critical for the success of anti-tumor therapies.
Glioma stem cells were found to be major contributors to the therapy resistance of gliomas.
It was shown that CD133-positive tumor cells, presumably GSCs, represent the cellular
population that confers glioma radioresistance and could be the source of tumor recurrence
after radiation (31). It was also shown that highly invasive gliomas with a stem-like
phenotype are more chemoresistant than angiogenic tumors derived from the same patients
(33). Additionally, CD133 positive glioma stem cells were found to be very resistant to
chemotherapy. This resistance was probably contributed by the high expression in the stem
cells of BCRP1 and MGMT, as well as the anti-apoptosis protein and inhibitors of apoptosis
protein families (34).

Several signaling pathways and molecules have been implicated in the regulation of glioma
stem cells. The expression of PDGFR on neural stem cells led to the speculation that their
dysregulation might link NSCs to GSCs (35). The BMP-BMPR signalling system, which
controls the activity of normal brain stem cells, was identified as a key inhibitory regulator
of tumour-initiating, stem-like cells from glioblastomas (36). STAT3 was shown to regulate
the growth and self-renewal of GSCs (37). OLIG2, a transcription factor that can promote
the proliferation of neural progenitors by repressing the p21 tumor suppressor, has similar
effects on glioblastoma stem cells (38). Blockage of the Sonic hedgehog (SHH) as well as
the NOTCH signaling pathways depletes GSC cell populations in glioblastoma (39, 40).
Myc was shown to be an important target for the cooperative actions of p53 and Pten in the
regulation of normal and malignant stem/progenitor cell differentiation, self-renewal and
tumorigenic potential of experimental glioblastomas (41). Many of the above stem cell
regulators have been identified as targets of several miRNAs which therefore could
theoretically regulate various aspects of GSC biology. A more detailed discussion of such
miRNAs, their targets and functions in GSCs is described below.

5. MICRORNAS IN GLIOMAS

More than one hundred studies on miRNASs in gliomas have been published to date. Most of
these studies examined the expressions, targets and functional effects of selected miRNAs in
glioma cells and tissues. A few studies also conducted miRNA profiling in gliomas. This
section reviews what has been reported to date on the role of miRNAs in gliomas (Table 1).
miRNAs that appear in more than one publication are discussed first in separate paragraphs.
The rest are discussed afterwards in this section. miRNAs that have been specifically
implicated in GSC malignancy are discussed in a subsequent section of the review.
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miR-21 was the first miRNA to be linked with glioma malignancy and is perhaps the most
investigated miRNA in these tumors to date. Most reports describe miR-21 as an oncogenic
miRNA. miR-21 levels are elevated in human glioma cells and tissues as compared to
normal glial cells and/or brain(42) (43, 44). Also, miR-21 levels in gliomas correlate with
tumor grade and low miR-21 levels in human tumors are associated with slightly better
survival according to the cancer genome atlas (TCGA) (45, 46). miR-21 regulates several
malignancy parameters. Inhibition of miR-21 induces glioma cell apoptosis, inhibits
invasion, represses growth, induces chemosensitization and inhibits /7 vivo xenograft
growth (43, 45, 47-53). miR-21 exerts its oncogenic effects by targeting the expression of
several genes. miR-21 induces glioma cell migration by inhibiting the matrix
metalloproteinase regulators RECK and TIMP3 (45). It affects apoptosis and cell cycle by
inhibiting heterogeneous nuclear ribonucleoprotein K (HNPRK), the tumor suppressor
homologue of p53 (Tap63), programmed cell death 4 (PDCD4) and possibly also EGFR,
cyclin D and Bcl2 (48, 50, 54). Downregulation of miR-21 contributes to the antitumor
effects of IFN-beta. miR-21 expression is negatively regulated by STAT3 activation in
human glioma cells and xenografts (55). miR-21 is therefore an important overexpressed
miRNA in gliomas that exerts potent oncogenic effects by downregulating multiple targets.

5.2. miR-221/222

5.3. miR-181

Several reports have implicated miR-221/222 in glioma malignancy. The genes for miR-221
and miR-222 occupy adjacent sites on the X chromosome. Their expression appears to be
coregulated and they largely have the same target specificity (56). A screening study
identified miR-221 as one of the most frequently upregulated miRNAs in human glioma
tumors and cell lines (57). miR-221 upregulation was confirmed in a subsequent study
which also found that miR-221 levels are higher in higher-grade tumors (58). However, one
report seemed to contradict previous findings and described a significant downregulation of
miR-221/222 in glioblastoma tumors as compared to normal brain (59). The TCGA data
show that miR-221/222 downregulation in human tumors is associated with a better patient
prognosis. It was subsequently shown that the tumor suppressor and negative regulator of
the cell cycle p27 was a direct target of miR-221/222 and that downregulation of p27
mediates the proliferative effects of miR-221/222 in glioma cells (56, 60). Other potential
targets of miR-221 are the survivin-1 homolog BIRC1 and the neuronal inhibitor of
apoptosis NIAP (61). miR-222 and miR-339 were also found to promote resistance of
glioma cells to cytotoxic T-lymphocytes by down-regulation of the cell adhesion molecule
ICAM-1 (62). Knock-down of miR-221/222 was found to indirectly lead to STAT1/2
upregulation (63).

miR-181a, miR-181b and miR-181c were originally identified as downregulated miRNAS in
glioblastoma cells and tumors by miRNA microarrays (57). miR-181a and to a greater
extent miR-181b were subsequently described as tumor suppressors that inhibit growth and
induce apoptosis of glioma cells (64). miR-181a overexpression sensitizes glioma cells to
radiation treatment concurrent with the down-regulation of Bcl-2 (65). Also, miR-181b and
miR-181c were significantly down-regulated in patients who responded to radiation therapy
and temozolomide in comparison to patients with progressive disease. It was therefore
proposed that expression levels of miR-181b and miR-181c could serve as a predictive
marker of response to radiation therapy and temozolomide in glioblastoma patients (59).
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Two high-profile publications identified miR-26a as a regulator of PTEN in gliomas (66,
67). PTEN is a major tumor suppressor that is frequently mutated and deleted in human
glioblastoma (68, 69). In the first publication, the authors showed that miR-26a is frequently
amplified at the DNA level in human gliomas and that this is associated with monoallelic
PTEN loss. They demonstrated that miR-26a-mediated PTEN repression in a mouse glioma
model enhances de novo tumor formation and precludes loss of heterozygosity at the PTEN
locus. These data therefore described a new epigenetic mechanism for PTEN regulation in
glioma via amplification of the miR-26a gene (66). In the second publication, the authors
used a multidimensional genomic data set of glioblastoma from TCGA to identify miR-26a
as a cooperating component of a frequently occurring amplicon that also contains CDK4 and
CENTG1, two oncogenes that regulate the RB1 and PI3K/AKT pathways, respectively. By
integrating DNA copy number, mRNA, miRNA, and DNA methylation data, they identified
several functionally relevant targets of miR-26a in glioblastoma, including PTEN, RB1, and
MAP3K2/MEKK?2. They demonstrated that miR-26a alone can transform cells and promote
glioblastoma cell growth /n vitro and in the mouse brain by decreasing PTEN, RB1, and
MAP3K2/MEKK?2 protein expression, thereby increasing AKT activation, promoting
proliferation, and decreasing c-JUN N-terminal kinase-dependent apoptosis. Overexpression
of miR-26a in PTEN-competent and PTEN-deficient glioblastoma cells promoted tumor
growth /in vivoand increased growth in cells overexpressing CDK4 or CENTG1.
Additionally, glioblastoma patients harboring this amplification displayed markedly
decreased survival. Therefore, this publication identified miR-26a, CDK4, and CENTGL1 as
a functionally integrated oncomir/oncogene DNA cluster that promotes aggressiveness in
human cancers by cooperatively targeting the RB1, PI3K/AKT, and JNK pathways (67)
(70).

5.5. Other miRNAs

Several other miRNAs have been implicated in glioma malignancy.

5.5.1. miR-296—A role for miR-296 in glioma angiogenesis was uncovered (71). miR-296
was induced in endothelial cells isolated from human brain tumors by growth factors
secreted by glioma cells. Growth factor-induced miR-296 significantly contributes to
angiogenesis by directly targeting the hepatocyte growth factor-regulated tyrosine kinase
substrate (HGS) mRNA, leading to decreased levels of HGS and thereby reducing HGS-
mediated degradation of the growth factor receptors VEGFR2 and PDGFR-beta.
Furthermore, inhibition of miR-296 with antagomirs reduced angiogenesis in tumor
xenografts in vivo (71).

5.5.2. miR-15b—miR-15b was implicated in the regulation of cell cycle progression in
glioma cells (72). Over-expression of miR-15b resulted in cell cycle arrest at GO/G1, while
suppression of miR-15b expression resulted in a decrease of the cell fraction in GO/G1 and a
corresponding increase of the cell fraction in S phase. CCNEL1, the gene encoding cyclin E1,
was found to be one of the downstream targets of miR-15b. However, a direct link between
CCNEZ1 downregulation by miR-15b and cell cycle regulation was not demonstrated (72).

5.5.3. miR-146b—miR-146b was shown to inhibit glioma cell migration and invasion
(70). Using microarrays, miR-146b was identified as one miRNAs that is significantly
deregulated in human glioblastoma tissue. miR-146b overexpression or knock-down did not
affect the growth of human glioblastoma cells but miR-146b significantly reduced the
migration and invasion of one glioblastoma cell line while miR-146b inhibition had the
opposite effect. The matrix metalloproteinase gene, MMP16, was identified as one of the
downstream targets of miR-146b. The authors therefore concluded that MMP16
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downregulation mediates the effects of miR-146b on glioma invasion but this was not
experimentally proven (70).

5.5.4. miR-125b—miR-125b was shown to induce glioma cell proliferation and inhibit all-
trans-retinoic acid-induced apoptosis. Bcl-2 modifying factor (BMF) was identified as direct
inhibition target for miR-15b and suggested as a mediator of the effects of miR-125b on
apoptosis (73). In apparent contradiction with the above mentioned study, another study
found that miR-125b induces cell cycle arrest and inhibit CDK6 and CDC25A expressions
in one glioma cell line (U251) (74).

5.5.5. miR-10b—Several lines of evidence suggest that miR-10b plays a role in glioma
invasion (75). miR-10b expression was found upregulated in glioma samples as compared to
non-neoplastic brain tissues and expression levels of miR-10b were associated with higher
grade glioma. mRNA expressions of RhoC and urokinase-type plasminogen activator
receptor (UPAR), which were thought to be regulated by miR-10b via HOXD10, statistically
significantly correlated with the expression of miR-10b. Also, protein expression levels of
RhoC and uPAR were associated with expression levels of miR-10b. Multifocal lesions on
enhanced MRI of 7 malignant gliomas were associated with higher expression levels of
miR-10b.

5.5.6. miR-153—miR-153 decreased cell proliferation and increased apoptosis in one
glioma cell line (DBTRG-05MG). It also directly inhibited Bcl-2 and Mcl-1 (myeloid cell
leukemia sequence 1) expressions by directly targeting the 3'UTR regions of their
respective mRNAs. It was therefore speculated that miR-153 exerted its pro-apoptotic
effects in gliomas by targeting Bcl-2 and Mcl-1 (76).

5.5.7. miR-17 and miR-184—miR-17 and miR-184 were identified as two miRNAs with
reduced expression in grade 1V secondary glioblastoma tumors as compared to
corresponding grade 11 astrocytomas from which they had progressed (46). Both miRNAs
inhibited cell viability, proliferation and invasion and decreases the mRNA expression of
several genes including AKT2 (46).

5.5.8. miR-196a—miR-196a was found upregulated in glioblastoma as compared with
grade I11 gliomas and its expression levels correlated with poor prognosis. Multivariate
analysis showed that miR-196 expression levels were an independent predictor of overall
survival in glioblastoma patients (77).

5.5.9. miR-195, miR-455-3p and miR-10a—miR-195, miR-455-3p and miR-10a* were
implicated in temozolomide resistance as they were upregulated in a temozolomide resistant
variant of the U251 glioblastoma cell line (78).

5.5.10. Let-7—Although not differentially expressed in gliomas, Let-7 overexpression and
its effects were investigated in glioma cells and xenografts (79). Transfection of let-7
reduced expression of pan-RAS, N-RAS, and K-RAS in glioblastoma cells. Let-7 also
reduced in-vitro proliferation and migration of the cells, and reduced the sizes of tumors
generated by transplantation into nude mice. However, let-7 miRNA exerted no effect on the
proliferation of normal human astrocytes. The authors therefore suggested the possible use
of let-7 for the therapy of glioblastoma (79).

5.5.11. miR-182—A recent study identified miR-182 as a prognostic marker for glioma

progression and patient survival (80). The authors of this study found that miR-182 was up-
regulated in glioma cell lines and primary glioma specimens as compared to normal brain.
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miR-182 expression levels in the tumors statistically significantly correlated with tumor
grade and clinical features. The 5-year survival rates of patients with low miR-182 levels
were significantly better than the survival rates of patients with high miR-182 levels. The
study therefore suggests that miR-182 could serve as a marker of glioma progression and
predictor of patient survival (80).

5.6. miRNA profiling

A recent study used genome-wide miRNA profiling to compare miRNA expressions in
human glioblastoma (grade 1V) with anaplastic astrocytoma (grade 111) and normal brain
(81). The study found several differentially expressed miRNAs that can differentiate
between glioblastoma, astrocytoma and normal brain. Using Prediction Analysis of
Microarrays (PAM) software, the authors identified a 23-miRNA expression signature that
could distinguish glioblastoma from anaplastic astrocytoma with 95% accuracy. The
signature contained miRNAs that had been previously known to be deregulated in
glioblastoma cells and stem cells including miR-21, miR-34a, miR-128 and miR-451 as well
as miRNAs not previously associated with gliomas such as miR-886-3p, miR-886-5p,
miR-16, miR-24 and other. The study also showed that inhibition of two glioblastoma-
upregulated miRNAs (miR-21 and miR-23a) and exogenous overexpression of two
glioblastoma-downregulated miRNAs (miR-218 and miR-219-5p) resulted in inhibition of
soft agar colony formation but did not affect cell proliferation and chemosensitivity (81).

6. MICRORNAS IN GLIOMA STEM CELLS

6.1. miR-7

Of more than one hundred published articles on miRNAs in gliomas, only few addressed
their roles in glioma stem cells. The findings from these publications are summarized in this
section (Figure 1).

A report implicated miR-7 in the regulation of gene expression and function of glioblastoma
stem cells (82). While this report did not specifically investigate the effects of miR-7 on
characteristics of stemness, it used a well characterized glioblastoma stem cell line (0308) to
examine the targets, functional effects and regulation of miR-7. miR-7 inhibited the
expression of EGFR and the activation of Akt in the stem cell line. miR-7 also inhibited
glioblastoma stem cell proliferation and invasion. miR-7 was downregulated in human
glioblastoma tissue. This report therefore implicated, for the first time, a miRNA in the
regulation of critical genes and malignant parameters in glioblastoma stem cells.

6.2. miR-124 and miR-137

miR-124 was originally found to promote neuronal differentiation by targeting PTBP1,
which encodes a global repressor of alternative pre-mRNA splicing, and triggering brain-
specific alternative pre-mRNA splicing (83). A subsequent study assessed the effects of
miR-124 and miR-137 on the differentiation of mouse neural stem cells, mouse
oligodendroglioma-derived stem cells and human glioblastoma stem cells, defined based on
their CD133 positivity (44). Transfection of miR-124 or miR-137 induced morphological
changes and marker expressions consistent with neuronal differentiation in mouse neural
stem cells, mouse oligodendroglioma-derived stem cells derived from S100B-v-erbB tumors
and cluster of differentiation CD133+ human glioblastoma multiforme-derived stem cells.
This study therefore implicated miR-124 and miR-137 in the differentiation of neural and
glioma stem cells.
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6.3. miR-451 and miR-425

A subsequent report examined the miRNA profiles of glioblastoma stem cell (defined as
CD133+ cells) and non-stem cell (defined as CD133- cells) populations and found that
several miRNAs including miR-451, miR-486, and miR-425 were upregulated in the
CD133- cells (84). Transfection of these miRNAS inhibited glioblastoma neurosphere
formation and growth. miR-451 transfection also induced dispersal of glioblastoma
neurospheres. Interestingly, the study also found that SMADs, which have been previously
associated with glioma stem cell regulation, could upregulate miR-451 by binding to its
promoter region (36). The report therefore established a link between miRNAs and well
known stem cell regulating proteins. Another recent interesting study found that miR-451
promotes glioma cell growth and that its levels are repressed by low glucose and induced by
high glucose concentrations. The effects of miR-451 were mediated by LKB1, which it
represses through targeting its binding partner, CAB39 (MO25a). Overexpression of
miR-451 sensitized cells to glucose deprivation, suggesting that its downregulation is
necessary for robust activation of LKBL1 in response to metabolic stress. Thus, miR-451 was
proposed as a regulator of the LKB1/AMPK pathway, and as a component of a fundamental
mechanism that contributes to cellular adaptation in response to altered energy availability
(85).

6.4. miR-128

One study described a link between a stem cell self-renewal factor (Bmi-1) and miR-128
(86). The study first identified miR-128 as downregulated in glioblastoma tissue as
compared to normal brain. It found that the polycomb transcriptional repressor Bmi-1 is
directly inhibited by miR-128 via binding to its 3"UTR. Bmi-1 had been previously shown
to promote normal and cancer stem cell self- renewal and was later also implicated in glioma
stem cell regulation (87). Consistent with Bmi-1 downregulation, miR-128 inhibited glioma
stem cells self-renewal. This study therefore described the regulation by a miRNA of an
important stem cell renewal factor. miR-128 was also found by another study to inhibit the
proliferation of established glioma cells by targeting the transcription factor E2F3a (88).

6.5. miR-34a

Two recent studies uncovered critical roles for miRNA-34a in glioblastoma stem cells (89,
90). It was first shown that mir-34a is downregulated in human gliomas and directly inhibits
the expressions of c-Met, Notch-1 and Notch-2 by binding to their mMRNA 3’-UTR regions
in glioma cells and stem cells. Notch is a critical regulator of cell-fate during development
and of normal and cancer stem cell maintenance (40, 91, 92). Notch pathway activation
enhances the stemness, proliferation and radioresistance of glioma stem cells (40, 92-94).
Functionally, miR-34a exerted potent tumor suppressive effects in glioma cells and stem
cells. Its expression led to the inhibition of cell proliferation, survival and migration. More
importantly, miR-34a induced glioblastoma stem cell differentiation as evidenced by the
decrease in stem cell markers and the increase of neuronal, astrocytic and oligodendrocytic
markers after miR-34a expression (90). Notch-1 and Notch-2 inhibitions by miR-34a
partially mediated the functional effects of this miRNA on glioblastoma stem cells (89).
These studies therefore implicated miR-34a in the regulation of glioblastoma stem cells
partly via regulation of Notch expression.

6.6. miR-326

miR-326 was identified as a direct regulator of Notch expression in glioblastoma stem cells
(95). Interestingly, miR-326 suppressed Notch and was suppressed by Notch. miR-326 was
downregulated in gliomas via decreased expression of its host gene. Transfection of
miRNA-326 into stem cell-like glioma lines was cytotoxic, and was rescued by Notch
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restoration. Furthermore, miR-326 transfection reduced glioma cell tumorigenicity /n vivo.
miR-326 also partially mediated the toxic effects of Notch knockdown. miR-326 was
therefore identified as another miRNA that regulates glioblastoma stem cells via regulation
of Notch.

6.7. miR-17-92 cluster

The miR-17-92 cluster was also implicated in the regulation of glioblastoma neurosphere
(presumably stem cells) differentiation, apoptosis and proliferation (96). It was first shown
that expression of several members of miR-17-92 was significantly higher in primary
astrocytic tumors than in normal brain and significantly increased with tumor grade. A high-
level amplification of the miR-17-92 locus was also detected in one glioblastoma specimen.
Inhibition of miR-17-92 induced apoptosis and decreased cell proliferation in glioblastoma
neurospheres. miR-17-92 inhibition was also associated with increased mRNA and/or
protein expression of CDKN1A, E2F1, PTEN and CTGF. The CTGF gene was shown to be
a direct target of miR-17-92 in glioblastoma neurospheres by luciferase reporter assays. The
study therefore proposed that miR-17-92 and its target CTGF mediate the effects of
differentiation-promoting treatment on glioblastoma cells.

6.8. Glioma vs. neural precursor cell miRNA expression profiles

Glioma vs. neural precursor cell miRNA expression profiles. It has been hypothesized that
glioma stem cells originate from transformed neural stem cells. This hypothesis was recently
supported by an interesting study that found that gliomas display a miRNA expression
profile reminiscent of neural precursor cells (97). The authors compared the miRNA
expression profiles of glial tumors, embryonic stem cells (ESCs), neuronal precursor cells
(NPCs), and normal adult brains from both human and mouse tissues. They found that
human and mouse gliomas shared a miRNA expression profile that is reminiscent of NPCs.
About half of the miRNASs expressed in the shared profile clustered in seven genomic
regions susceptible to genetic/epigenetic alterations in various cancers. These clusters
comprised the miR-17 family, miR-183-182, and the stem cell-specific clusters
miR-367-302 and miR-371-373, which are upregulated in gliomas, ESCs, and NPCs. The
bipartite cluster of 7 + 46 miRNAs on chromosome 14¢32.31, which might represent the
largest tumor suppressor miRNA cluster, was downregulated in the shared expression
profile. This study therefore provided the first evidence for an association between these
clusters and gliomas. Despite the broad similarity in the miRNA expression profiles, 15
miRNAs showed disparate expression between stem cells and gliomas. Ten miRNAs
belonged to the two stem cell-specific clusters and the remaining (miR-135b, miR-141,
miR-205, miR-200c, and miR-301a) have been previously shown to associate with
malignancy. These findings therefore showed that all gliomas displayed NPC-like miRNA
signatures, suggesting that transformed NPCs might be the cells of origin of gliomas.

7. CONCLUSIONS

miRNAs are thought to regulate the expression of one third of the human genome. It is
therefore not unexpected that they are implicated in many (perhaps all) aspects of glioma
malignancy and glioma stem cell biology. The expression of several miRNAs is deregulated
in human gliomas, glioma cells and glioma stem cells. Deregulation can be an early event
and a result of miRNA gene deregulation or secondary to deregulation of transcription
factors that regulate miRNA expression. Deregulation of some miRNAs correlates with
patient prognosis. miRNAs positively or negatively regulate tumor cell proliferation, death,
migration, invasion, angiogenesis and other by affecting the expressions of numerous target
mRNAs. miRNAs have also been implicated in the regulation of glioma stem cell
malignancy, differentiation and fate determination, but information on this subject remains
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incomplete and more research is needed for a better understanding of the role of miRNAs in
glioma stem cells and glioma initiation. Nonetheless, the broad and profound involvement of
miRNAs in the regulation of gene expression presents an opportunity for a better
understanding of the mechanisms of glioma initiation and progression and perhaps also for
the use of miRNAs as future agents or targets for glioma therapy.
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Figure 1.
Schematic of miRNAs that have been shown to regulate stem cell targets and functions.
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