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MicroRNAs and glioblastoma; the stem cell connection

J Godlewski1, HB Newton1, EA Chiocca1 and SE Lawler*,1

Recent data draw close parallels between cancer, including glial brain tumors, and the biology of stem and progenitor cells. At
the same time, it has become clear that one of the major roles that microRNAs play is in the regulation of stem cell biology,
differentiation, and cell ‘identity’. For example, microRNAs have been increasingly implicated in the regulation of neural
differentiation. Interestingly, initial studies in the incurable brain tumor glioblastoma multiforme strongly suggest that
microRNAs involved in neural development play a role in this disease. This encourages the idea that certain miRs allow
continued tumor growth through the suppression of differentiation and the maintenance of the stem cell-like properties of tumor
cells. These concepts will be explored in this article.
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Glioblastoma multiforme is the most common and aggressive
primary brain tumor, with approximately 10 000 new cases per
year in the US.1 Median survival is 14 months, even with the
most up-to-date regimen combining aggressive surgery
followed by concomitant radiation and temozolomide che-
motherapy.2 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
EGF receptor amplification and deletion of the tumor suppres-
sors PTEN and p16INK4A/p14ARF.3 These alterations facilitate
cell survival, proliferation, and migration through activation of
specific intracellular pathways including PI3K and MAPK, as
well as suppression of Retinoblastoma activity allowing cell
cycle progression. In addition to these well-known alterations
it is increasingly appreciated that pathways involved in the
regulation of development and stem cell behavior such as
Notch and Hedgehog are important in glioma biology.4 In fact,
stem cell biology has found increasing overlap with oncology,
in part because of the high profile of the cancer stem cell
hypothesis, and also because of the realization that genes
important in stem cell self-renewal also play a role in cancer.
Other recent important developments include the discovery

of microRNAs, which have a central role in the regulation of
gene expression, and are now clearly linked with cancer.5,6

MicroRNAs are approximately 23 nucleotide noncoding RNAs
that act as important regulators of gene expression by
downregulating expression of target genes through regions
of partial complementarity in their 30-UTRs.7 At present
approximately 1000 microRNAs are thought to exist in the
human genome, although the exact number is not yet clear.

Each microRNA may have hundreds of targets, and many
genes are targeted by multiple microRNAs, thus leading to
potentially highly complex regulatory networks. Details of
microRNA processing and regulation have been described in
detail elsewhere.5–7 Distinct patterns of microRNA expression
have been observed in many cancers including glioblasto-
mas, and the functional significance of some of these
microRNAs alterations is beginning to emerge.8–11 These
data indicate that microRNAs play roles in multiple hallmark
biological characteristics of glioblastoma, including cell pro-
liferation, invasion, angiogenesis, and also in glioma stem-like
cell behavior, which will be the main focus of this article.

Stem Cells and Glioblastoma

It was initially hypothesized in leukemia and breast cancer that
malignancies might include a relatively small percentage of
cells that retain stem cell properties and that these cells are
the truly tumorigenic subset.12,13 Similar subpopulations of
cells have subsequently been isolated from additional cancer
types, including glioblastoma.14 In these studies, patient
tumor cells were separated based on the expression of the
putative stem cell marker CD133. The CD133þ cell popula-
tion is highly tumorigenic in vivowhereas CD133� cells do not
form tumors even at high numbers. CD133þ cells also show
increased resistance to radiation and chemotherapy,15 and
increased angiogenic potential.16 These data have led to the
hypothesis that glioblastomas are maintained by a relatively
small population of cancer stem cells, and that effective
therapies must target this treatment resistant subpopulation.
However, this hypothesis remains a work in progress. For
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example, more recent data have identified a novel putative
CD133� tumor stem cell population that is tumorigenic.17 In
addition, assays for cancer stem cells in nude mouse models
maybe selecting not for cancer stem cells, but for cancer cells
that can thrive in an immunocompromised host.18 Recent data
show that CD133 is a hypoxia-induced protein, bringing into
question its function in stem cell biology.19 A stem or
progenitor cell-like subpopulation may soon be fully char-
acterized in glioblastoma, but more work is needed to clarify
this difficult question.
Nonetheless, it is abundantly clear that glioblastoma has

many similarities with neural stem cells. Glioblastoma cells
can be grown readily under conditions originally designed for
the isolation of normal neural stem cells, proliferate indefi-
nitely, self-renew, and can be induced to differentiate along
neural, astrocytic, and oligodendroglial lineages, similar to
normal neural stem cells.14 Glioblastoma cells grown in this
manner are also much more genetically stable and similar to
their parental tumors than cells grown as monolayers in
traditional cell culture,20 and tumors established from these
cells are more representative of human gliomas in terms of
their pathological characteristics. This suggests that main-
taining a stem-like cell population in culture allows the more
faithful maintenance of in vivo tumorigenicity. Proteins
associated with stem and progenitor cells such as Nestin,
Bmi-1, Olig2, and Sox2 are also highly expressed in
glioblastoma.21 Although glioma cells may exploit mechan-
isms of self-renewal to carryout unlimited proliferation, it is
also clear that the mechanisms that allow normal neural stem
cells and progenitor cells to fully differentiate are likely to not
operate normally in glioblastoma. Understanding how glio-
blastoma remains in this stem-like, undifferentiated state will
allow the development of novel therapies that may promote
differentiation or target the stem cell-like properties of
glioblastoma. As described in this article, several of the
microRNAs so far associated with glioblastoma may normally
function to regulate neural stem cell self-renewal and
differentiation during development and their dysfunction may
contribute to the maintenance of an undifferentiated prolif-
erative phenotype by preventing the expression of targets
involved in differentiation and conversely by allowing the
expression of targets involved in stem cell renewal.

MicroRNAs in Neural Development

Although microRNAs have been implicated in an increasing
number of biological processes, it is now well recognized that
one of the major functions of this class of molecules is in the
regulation of development.22 Many microRNAs are regulated
during development and have tissue-specific expression.
Indeed, the first microRNA discovered, lin-4, was identified
based on its involvement in the temporal control of post-
embryonic development.23,24 Another microRNA, let-7, was
then discovered that is also involved in developmental timing in
Caenorhabditis elegans.25 Ablation of these microRNAs leads
to disruption of development at different larval stages. Lin-4
functions in early development through targeting lin-14 and lin-
28 genes, whereas let-7 regulates later development through
the regulation of lin-41 among others (reviewed in Ref.22).
Increasing examples of microRNA effects in mammalian

development are emerging. For example, miR-196 acts up-
stream of HOXB8 and Sonic hedgehog in limb development.26

miR-1 and miR-133 are important in muscle development,27

andmiR-181 is necessary to establishB-lymphoid cell identity in
mice.28 An important theme is the emerging role of microRNAs
in the regulation of stem cell self-renewal and differentiation.29

Ablation of Dicer leads to defects in embryonic stem (ES) cell
division and proliferation,30 causing death in mice and a
complete loss of pluripotent stem cells.31 Dicer ablated ES
cells also fail to differentiate; thus microRNAs can affect stem
cell behavior at the levels of both proliferation and differentiation.
Several stem cell-specific microRNAs have been identified,
whose expression is reduced on ES cell differentiation.32 The
specific roles of these microRNAs are beginning to be
elucidated. A recent study showed that microRNAs could
influence differentiation of ES cells through target sites in the
coding sequences of various genes associated with stem
cells.33 It has been reported that the degree of cellular
differentiation correlates with a more complex microRNA
signature,34 and that microRNA profiles in stem cells resemble
those seen in cancer cells.35

Increasing evidence strongly supports a key role for micro-
RNAs in neural development (reviewed in Ref.35–37). The
exquisite regulation of neural stem cells gives rise to the glial
and neural progenitor cells that ultimately form the fully
differentiated repertoire of glia and neurons that constitute the
bulk of the central nervous system.Neural stem cells in the adult
brain reside largely in the subventricular zone and in the dentate
gyrus. They have the capacity to self-renew and differentiate
into both neural and glial lineages. Seventy percent of known
microRNAs are expressed in the brain, many of which seem to
be exclusively expressed in the CNS.38,39 The most highly
expressed microRNAs in brain are miR-124 and miR-128, both
of which are preferentially expressed in neurons. Other
microRNAs with a high degree of brain specificity include
miR-101, -127, -131, and -132.39 The importance of microRNA
in neural development has been highlighted by the effects of
ablation of the microRNA processing machinery. This revealed
altered brain morphogenesis in zebrafish,40 and the absence of
Dicer from dopaminergic neurons in mice leads to their
progressive loss.41 Loss of Purkinje cells of the cerebellum,42

and neo-cortical neurons has also been described43 indicating
the importance of proper microRNA processing in brain
development.
The relationship of microRNAs and stem cells makes it

tempting to speculate that microRNAs may function in cancer
by subverting normal stem cell functions. For example, it has
been suggested that microRNAs are necessary for proper
stem cell division allowing stem cells to override the G1/S
checkpoint to sustain continual division over a long period of
time.44 Cancer cells may exploit these mechanisms to bypass
the G1/S checkpoint, as described for miR-124 and miR-137,
which are very weakly expressed in glioma cells allowing high
expression of CDK6.11 Recent research indicates that
microRNAs have an important role in regulating stem cell
self-renewal and differentiation by repressing the translation
of target mRNAs in stem cells and their differentiating
daughter cells.45,46 The expression of microRNA after
differentiation of neural stem cells corresponds with cell
lineage. MiR-124 and miR-128 are specific to the neural
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lineage, whereas miR-26, miR-29, and miR-23 are expressed
preferentially in astrocytic lineages.39,47 The most commonly
identified microRNAs in neural precursor cells identified by
sequencing are let-7 family members followed bymiR-181a/b,
miR-17-20, miR-130/301, miR-21, miR15/16, miR-9, and
miR-26.48 Thus, microRNAs play important roles in develop-
ment, and may also strongly influence the behavior of neural
stem and progenitor cells – these are the normal cell types
thought to be most similar biologically to glial tumor cells.21,49

MicroRNAs in Glioblastoma

Similar to other cancers, a characteristic microRNA expres-
sion pattern is seen in glioblastoma.8–11 These Studies reveal
a characteristic pattern of microRNAs whose expression
differs from surrounding normal brain tissue. These studies
consistently show that miR-21 has the highest expression
levels in glioblastoma and several microRNAs are weakly
expressed compared with normal brain, including miR-124,
miR-7, and miR-128. Interestingly, these microRNAs are also
implicated in neuronal differentiation as described in this
article. For the most part, little is yet known about the
mechanisms by whichmicroRNAs are altered in glioblastoma,
but all the usual genomic regulatory systems are likely to
operate (methylation, mutations, gene deletion, and amplifi-
cation) as well as transcriptional and microRNA-specific
mechanisms, such as altered processing, editing, and
mutation of sequences in complementary target-binding sites.
The use of profiling to identify microRNA alterations

presents some technical issues – this is particularly pertinent
in brain when comparing tumor cells, which seem to resemble
glial progenitor cells, with normal tissue, particularly if that
tissue is largely neuronal in composition. For example, the
identification of miR-124 and miR-128 as ‘downregulated’ in
gliomas may be in part because of their high expression in
neurons. However, because functional studies have shown
that overexpression of each of these microRNAs in glioma
slowed proliferation and targeted relevant genes, these
alterations are clearly of biological importance. Silber et al.,
(Ref.11) used a Taqman-based RT-PCR approach to identify
altered microRNAs, and compared grade III anaplastic
astrocytomas, glioblastoma, and glioses from epilepsy pa-
tients. The use of RT-PCR gives a highly sensitive, specific,
and quantitative readout, and requires very low sample
amounts, but is limited in the detection of microRNAs with 30

alterations. The other studies carried out so far used
microarray chips with glioblastoma samples, and adjacent
normal tissue,8–10 as well as cell lines,9,10 low passage
glioblastoma cells, and non-neoplastic fetal brain.9 Chips offer
the advantage of high microRNA coverage (474 human
microRNAs10), and potentially very high sample throughput.
More RNA is required (low micrograms) than PCR, and
certain probes may suffer from lack of specificity because of
the similarity of some microRNAs. Despite these differences
in methodology, the conclusions drawn in each study reveal a
group of consistently altered microRNAs. In order to identify
further relevant microRNAs in glioblastoma, comparisons of
glioma stem cell lines with normal adult human neural stem
cell lines will be highly relevant. The recently published
Cancer Genome Atlas dataset contains information on

microRNA expression and prognosis, as well as deletions,
amplifications, and methylation events that will become an
important resource for establishing the importance of specific
microRNAs in glioblastoma. The emergence of high-through-
put sequencing technology will also assist in the identification
of microRNA alterations, and has the ability to identify editing
events and novel microRNAs. MicroRNA profiling studies on
other CNS tumors are still at an early stage. A recent report
described microRNA alterations in medulloblastoma deter-
mined by RT-PCR of 248 microRNAs in 14 medulloblastomas
compared with 7 adult and fetal normal cerebellar controls.50

This showed some similarities with gliomas, with miR-21
upregulated, and downregulation of miR-124, miR-128, and
miR-7 among many others. Interestingly, miR-137, which is
downregulated in glioblastoma is upregulated in meduloblas-
toma samples, for unknown reasons. Another study showed
miR-199b-5p downregulation which was associated with
metastatic spread in medulloblastomas, and affects stem cell
signaling through inhibition of the Notch target Hes1.51

MicroRNAs have now been shown to affect the expression
of numerous genes involved in cancer pathways. Figure 1
shows a diagram of the PI3 kinase pathway, one of the key
regulators of tumorigenesis in glioblastoma and in other
cancers. This is overlaid with microRNAs that have been
shown to target these molecules. It can be appreciated that
microRNAs affect complex gene networks, and that they play
very important roles in this key pro-tumorigenic pathway.
However, it has quickly become apparent that the role of
microRNAs in cancer is more complex than simply acting as
regulators of known oncogenes and tumor suppressor genes.
This is illustrated by the striking correlation between micro-
RNA alterations in glioblastoma and those so far identified in
neural development (summarized in Table 1). MiR-124 and
miR-7 have been shown to play roles in promoting neural
development and are highly expressed in neurons and not in
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Figure 1 The interface of microRNAs with the known oncogenic EGFR
signaling pathway. MicroRNAs that have been shown to target each gene
experimentally are shown next to their target genes. This is a composite of several
cancer types, and the targeting of PTEN by miR-21 and PI3K by miR-126 has yet to
be demonstrated in glioblastoma. This network is likely to become a great deal more
complex in the coming years as more microRNA/target pairs are validated
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neural progenitor cells. They are also very weakly expressed
in glioblastoma, and have profound effects on glioma cells
when ectopically expressed. Similarly, miR-128 is weakly
expressed in glioblastoma and highly expressed in neurons,
although its function is not yet clear, but it may well control
stem cell self-renewal in both tumor and normal cells. These
initial data encourage the idea that certain microRNAs allow
continued tumor growth through the suppression of differ-
entiation and the maintenance of the stem cell-like properties
of tumor cells as discussed below.

MicroRNA-124. There are three miR-124 genes in humans
with identical mature microRNA sequences (these are
referred to as a, b, and c, or in miRbase as 124-1, 124-2,
and 124-3). MiR-124 is 100% conserved at the nucleotide
level from worms to humans and is the most abundant
microRNA in the brain, accounting for at least 25% of total
brain microRNA.37 In the mouse, miR-124 is mostly
expressed in differentiating and mature neurons, compared
with neural progenitors, and its expression correlates with the
first appearance of differentiated neurons in culture from
neural progenitor cells.47,52 MiR-124 plays an important
functional role in promoting neural differentiation by
repressing a large number of non-neural genes.52 The
expression of miR-124 is controlled by the REST (RE1
transcription factor) repressor of transcription that inhibits
miR-124 expression in both non-neural cells and progenitors,
but is absent in mature neurons thus allowing miR-124
expression. REST is a key transcriptional repressor that
functions in neuronal development by targeting many
neuronal genes in addition to miR-124, and represses the
expression of the neural transcripts in non-neuronal cells.

REST expression is higher in pluripotent stem cells, lower in
adult neural stem cells, and minimal in postmitotic neurons.53

Thus, neural differentiation may involve the inactivation of
REST followed by downregulation of non-neural genes by
miR-124. Some important targets of miR-124 have been
identified in neural differentiation – for example,
downregulation of the RNA-binding protein PTBP1 by miR-
124 during neural differentiation promotes a neuron-specific
splicing pattern.54 Other miR-124 targets such as SCP1,
laminin g1, and integrin b1 are downregulated in

Table 1 Validated glioblastoma microRNAs and their functions in neural development and known targets

MicroRNA Normal biology Glioblastoma biology Targets

miR-124 Promotes neural differentiation
Expressed in differentiating and mature neurons –
not precursors
Repressed by REST
Suppresses nonneuronal genes
Highly expressed in brain (neurons)

Weakly expressed in gliomas
Overexpression slows proliferation
Overexpression promotes neural differentiation

ITGB1
LAMC1
CDK6
SCP1
PTBP1

MiR-137 Not known Weakly expressed in gliomas
Suppressed by methylation
Overexpression slows proliferation
Overexpression promotes neural differentiation

CDK6

MiR-128 Not known
Highly expressed in brain (neurons)

Weakly expressed in gliomas
Overexpression slows proliferation
Overexpression blocks glioma stem cell
self-renewal

Bmi1
E2F3A
EGFR

MiR-7 Promotes neural differentiation (Drosophila retina)
Promotes muscle differentiation (mammalian)
Represses transcription factors to promote
differentiation
Expressed in brain

Weakly expressed in gliomas
Processing impaired
Overexpression slows proliferation and
migration

EGFR
IRS2
Yan (Drosophila)
PAK1

MiR-9/9* Neural lineage differentiation from embryonic stem
cells (mammalian)
Inhibits neuronal fate (Drosophila)
Specifically expressed in brain

Expressed in gliomas
Functions not known

REST
Co-REST

Figure 2 Reciprocal negative feedback circuitry in cell differentiation. Several
examples have now been reported of reciprocal or double-negative feedback
circuits involved in the regulation of differentiation by microRNAs. These include
miR-7/Yan (Drosophila photoreceptor), miR-29/YY1 in muscle differentiation and
miR-124/SCP1. In this example, a transcription factor represses a microRNA in a
stem/precursor cell. Lowering of transcription factor levels (by degradation or other
means) allows microRNA expression, which then further represses transcription
factor expression, helping to commit the cell toward a fully differentiated state. It is
highly likely that this circuitry is disrupted in cancer
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differentiating neurons.55 SCP1 is an antineural factor that
acts as a part of the REST complex to prevent the expression
of neural genes in nonneural tissues.56 This results in the
establishment of a double-negative feedback loop between
miR-124 and the REST complex. Thus, microRNA-124-
regulated circuitry is emerging in which it plays a central role
in neural differentiation. This is a common theme in
microRNA-induced cellular differentiation. The basic
principle is shown in Figure 2.
The expression levels of miR-124 are significantly de-

creased in anaplastic astrocytomas and glioblastoma relative
to non-neoplastic brain tissue.11 Indeed, miR-124 seems to be
the most differentially expressed microRNAs in glioblastoma
compared with normal brain. MiR-137 is also weakly
expressed in glioblastoma but its function in normal neural
development is not known. When cultured early passage
subventricular zonemouse neural stem cells were deprived of
growth factors, a steady increase in the number of Tuj-positive
neuroblasts was accompanied by increased miR-124 and
miR-137 expression, by 8- and 20-fold, respectively.11

Importantly, human CD133þ glioma-derived stem cells, when
overexpressing miR-124 and miR-137, displayed a dramatic
increase in Tuj-positive cells and a concurrent decrease in
GFAP-positive cell numbers. In addition, transfection with
miR-124 or miR-137 induced morphological changes and
marker expression consistent with neural differentiation in
mouse neural stem cells as well as in oligodendroglioma-
derived stem cells. These alterations in differentiation were
accompanied by reduced self-renewal and tumorigenicity.
Moreover, miR-124 and miR-137 induced G1 cell-cycle arrest
in U251 and SF6969 glioblastoma cells, which was associated
with decreased expression of CDK6 and phosphorylated

Retinoblastoma protein. Consequently, CDK6 was demon-
strated to be the direct target of both microRNAs. The
expression of miR-137 was increased several-fold in glioma
cell lines after treatment with demethylating agents, suggest-
ing that its suppression plays an important role in glioma
biology. These results indicate miR-124 and miR-137 are
potent antiproliferative and pro-differentiating factors with
tumor-suppressor activity in glioma, and may therefore be of
therapeutic relevance. The roles of miR-124 along with miR-
128 and miR-7 are illustrated in Figure 3.

MicroRNA-128. MiR-128 is encoded by two distinct genes
(miR-128-1 and miR-128-2), which encode identical mature
sequences. miR-128 was significantly downregulated when
glioblastoma samples were compared with adjacent,
nonpathological tissue from the same patients.10 The
introduction of miR-128 into glioma cells caused a marked
reduction in their proliferation in vitro and in vivo. Of several
potential target genes examined, the known oncogene and
stem cell renewal factor, Bmi1, was demonstrated to be the
most consistently downregulated target in a panel of glioma
cell lines. In glioma-derived stem cells stably overexpressing
miR-128, a large reduction in neurosphere volume and
frequency was observed in a self-renewal assay, consistent
with Bmi1 loss. Moreover, miR-128-mediated knockdown of
Bmi1 enhanced expression of correlative markers including
the tumor suppressor p21. Finally, a negative correlation
between miR-128 and Bmi1 was demonstrated in
glioblastoma samples and adjacent, nonpathological tissue
from the same patients by means of RT-PCR and
immunohistochemistry. Bmi1 is a polycomb family
transcriptional repressor required for postnatal maintenance

a

Neuronal differentiation
Tumor suppression

Maintenance signal

?? REST ?Yan?

miR-128 miR-124 miR-7

Bmi1 PTBP1 CDK6 EGFR

Stem cell self-renewal
Tumor promotion

b Differentiation signal

?? ?Yan?

miR-128 miR-124 miR-7

Bmi1 PTBP1 CDK6

Neural
transcripts

EGFR

REST

Figure 3 MicroRNA circuitry in neural stem cells. The pathways involved in the regulation of microRNAs involved in neural stem cell biology, which have also been
implicated in glioma are shown. (a) Shows the scenario under conditions that favor stem cell maintenance (or tumor growth). (b) Shows the switch that occurs on neuronal
differentiation. The release of transcriptional repression of microRNAs initiates self-sustaining double-negative feedback loops, in which increasing microRNA levels lead to
further suppression of the upstream inhibitors, and therefore sustained microRNA expression. This is done by REST in the case of miR-124, a putative human homologue of
Drosophila Yan (miR-7, although this link is not established in humans as yet), and a putative repressor of miR-128
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of neural stem cells in the peripheral and central nervous
system.57 Mice lacking Bmi1 suffer from a postnatal self-
renewal defect that leads to depletion of stem cells by early
adulthood. (reviewed in Ref.58). Bmi1 likely functions in the
repression of many genes including the potent tumor
suppressor p16INK4A/p14ARF locus.59 Thus, in concert with
other components including transcription factors, other
polycomb proteins and modifiers of histones, Bmi1
maintains neural stem cells in an undifferentiated self-
renewing state. Recently, it was shown that in neural
precursors polycomb proteins repress differentiation-
associated microRNAs including miR-124, miR-9, miR-153,
and miR-137.48 Similarly, miR-128 has been shown to be
enriched in brain, specifically in neurons, especially in the
cortex and hippocampus in the mouse,39 but its function in
neural differentiation is not known. These glioma studies
suggest that the regulation of Bmi1 by miR-128 may be
relevant to normal stem cell regulation. Another report on
miR-128 in glioma confirmed its downregulation in tumor
samples as well as a striking antiproliferative effect,
identifying E2F3a as a target.60

Interestingly, a recent report described targeting of another
polycomb-associated protein, EZH2, in cancer by miR-101.61

miR-101 is commonly deleted in cancers, and the finding of
another target involved in chromatin modification suggests
that this is an important mechanism of microRNA action. The
role of miR-101 in glioma is yet to be determined.

MicroRNA-7. Similar to miR-124 and miR-128, miR-7 is also
weakly expressed in neural stem cells and is expressed on
differentiation in certain neural cell types. MiR-7 is
moderately expressed in human brain with only scattered
expression in other organs.62 In Drosophila miR-7 increases
the production of sensory organ precursor cells through
actions on Notch target genes such as Enhancer of Split
complex and the Bearded complex.63 Ectopic miR-7
expression promotes Drosophila photoreceptor neuron
differentiation.64 MiR-7 is expressed weakly in progenitor
cells in the retina, in which its expression is repressed by the
Ets domain transcription repressor Yan stimulated by EGFR
activation. On differentiation Yan is degraded, thus allowing
miR-7 expression. MiR-7 then further increases and
maintains its own expression by targeting sequences in the
30UTR of Yan – thus, forming a reciprocal negative feedback
loop.64 A similar loop exists between miR-133b and the
transcription factor PITX3 during the maturation of midbrain
dopamine neurons41 suggesting a common mode of
regulation. The first microRNA to be shown to be involved
in neural development was C. elegans Lsy-6, which is
involved in a complex negative feedback loop in the
specification of specific chemoreceptor neurons.65

These microRNA-mediated feedback and feedforward
loops are recurrent network motifs.66 Circuits in which a
microRNA and a target are both regulated by the same
upstream factor can lead to either negative feedback or
feedforward loops, and may constitute a buffering or
stabilization system that enhances the robustness of gene
expression. Indeed, miR-7 has recently been implicated in
buffering developmental programs against temperature fluc-
tuations in Drosophila.67 Circuits in which a microRNA and its

target are regulated in the opposite way to a stimulus are
strongly implicated in differentiation. It has been suggested
that a key function of microRNAs is to reinforce the gene
expression profile of differentiated states (as seen for miR-
124). The dysregulation of this circuitry could enhance
transformation, by deregulating gene expression and blocking
normal differentiation programs.
MiR-7 was recently shown to be particularly weakly

expressed in human glioma specimens.68 It was also shown
that miR-7 directly targets EGFR through three sites within its
30-UTR and suppresses Akt activity. Its overexpression in
glioma cell lines caused significant decrease in their viability
and invasiveness. The effects of miR-7 on glioma stem
cell-like cultures have yet to be reported, and its functions in
human neurogenesis need further study.

MicroRNA-21. MiR-21 is one of the most commonly
upregulated microRNAs in human carcinomas. Its elevated
expression was consistently reported in most types of cancer
tested and was first reported in glioblastoma.9 In this study,
significant overexpression of miR-21 in glioma patient tissue
samples, early-passage glioma cultures, and established
glioma cell lines was shown when compared with non-
neoplastic brain tissue or normal human astrocytes.
Inhibition of miR-21 led to significantly decreased cell
number in several glioma-derived cell lines because of
increased apoptosis in vitro9 and in vivo.69 MiR-21 targets
multiple important components of the p53, TGF-b, and
mitochondrial apoptosis tumor-suppressive pathways in
glioblastoma. Downregulation of miR-21 in glioblastoma
cells caused de-repression of these pathways, causing
repression of growth, increased apoptosis, and cell-cycle
arrest.70 Several well-known glioma tumor-suppressor genes
like APAF1 or STAT3, which are predicted miR-21 targets,
were shown by microarray to be negatively regulated
(reviewed in Ref.71).
Conflicting results have been published regarding the

putative role of miR-21 in stem cell biology. It was reported
that the neural repressor REST maintains self-renewal and
pluripotency in mouse ES cells through suppression of miR-
21;72 however, in another report miR-21 was expressed at
similar levels in REST-deficient and wild-type ES cells.73 MiR-
21 also targets known stem cell regulators, Nanog and SOX2,
in mouse ES cells, which are necessary for stem cell self-
renewal.72 Thus, increasing evidence implicates miR-21 in
stem cell biology. Whether this relates to tumorigenesis is
unclear at present. Its effects on glioma stem-like cell cultures
have not been investigated.

MicroRNA-9. Other microRNA candidates with a potential
involvement in neural development and glioblastoma include
miR-9, although this is less well studied than the examples
above. MiR-9 is expressed almost exclusively in the brain
and is a mediator of neurogenesis.47,74 It supports the proper
differentiation of Cajal–Retzius cells in the medial pallium, at
least in part through downregulation of Foxg1.75 miR-9
directly targets REST and the opposing strand miR-9* targets
co-REST, thus promoting neural differentiation. Moreover,
miR-9 maybe repressed by REST, thus providing another
example of a double-negative or reciprocal feedback loop
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between a microRNA and a regulator of transcription.74 miR-
9 is also highly expressed in fetal brain and
oligodendroglioma compared with adult brain and normal
astrocytes. MiR-9 is overexpressed in glioblastoma and may
differentiate primary from metastatic tumors.76 This differs
from the earlier examples that express low amounts of
microRNAs that support neuronal differentiation. The
reasons for this are as not clear, and the phenotype of
glioma cells with altered miR-9 expression is not yet known.
Finally, additional microRNAs, such as miR-133, miR-125,

and miR-388 have been implicated in neuronal differentiation,
and may also be downregulated in glioblastoma. These may
also contribute to glioma growth through effects on stem cell
behavior.

Concluding Remarks

Several microRNAs have been identified with functional
importance in neural development. In parallel, through
differential profiling studies microRNAs have been identified
with potential importance in glioma biology. There is a
remarkable co-incidence in the microRNAs studied in these
fields thus far. This may identify potential therapeutic
microRNAs, identify novel mechanisms relevant to both tumor
biology and neurogenesis, and most certainly supports the
concept that gliomas bear a close similarity to normal neural
stem cells. Whether this indicates that gliomas arise from
neural stem cells is open to debate. MicroRNAs have been
implicated in cancer hallmarks including proliferation, reduced
apoptosis, invasion, and angiogenesis, but the coincident
roles of microRNAs in neural stem cells and glioma strongly
suggest a link between these two types of cell. In particular,
miR-7 and miR-124 play roles in neural differentiation and are
not readily detected in glioma. miR-128 plays a role in glioma,
but its function in normal cells is not yet known. Evidence from
glioblastoma indicates that ablation of miR-128 may have
severe effects because of impairment of stem cell self-
renewal. Importantly, these microRNAs also have pro-
nounced effects on glioma cell growth and migration. Thus,
a theme is emerging in which microRNAs that are altered in
glioblastoma also play roles in the development of the central
nervous system, likely reflecting the similarity between
glioblastoma and neural progenitor cell biology. The absence
of thesemicroRNAs favors stem cell renewal/proliferation and
their presence favors differentiation; thus, it may be possible
to harness these activities for the treatment of gliomas and
other tumor types. These observations provide important
concepts to develop strategies designed to target glioma stem
cells in patients.
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