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Abstract

Migration-proliferation dichotomy is a common mechanism in gliomagenesis; however, an understanding of the exact
molecular mechanism of this ‘‘go or grow’’ phenomenon remains largely incomplete. In the present study, we first found
that microRNA-9 (miR-9) is highly expressed in glioma cells. MiR-9 inhibited the proliferation and promoted the migration of
glioma cells by directly targeting cyclic AMP response element-binding protein (CREB) and neurofibromin 1 (NF1),
respectively. Our data also suggested a migration-inhibitory role for CREB through directly regulating the transcription of
NF1. Furthermore, we found that the transcription of miR-9-1 is under CREB’s control, forming a negative feedback
minicircuitry. Taken together, miR-9 inhibits proliferation but promotes migration, whereas CREB plays a pro-proliferative
and anti-migratory role, suggesting that the CREB-miR-9 negative feedback minicircuitry plays a critical role in the
determination of ‘‘go or grow’’ in glioma cells.
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Introduction

Although a great deal of progress has been made over the past

few decades in modeling cancer growth and progression, our

knowledge of malignant glioma, the most common diffusive

primary brain tumor, is still incomplete [1,2]. Gliomas are able to

not only proliferate but also invade the surrounding brain tissue,

leading to very poor prognoses for patients suffering from gliomas

[3]. Chemotherapeutic agents generally have little efficacy against

gliomas [4]. The limited treatment options for glioma have

therefore led us to investigate the genetic changes underlying this

deadly cancer. It is widely believed that mutations trigger the

switch from a proliferative to motile phenotype of cancer cells.

Initially, the cancer cells obtain mutations altering the control of

proliferation, thereby leading to uncontrolled cell division [5].

Accumulating mutations then result in the emergence of

phenotypes characterized by high motility and angiogenesis.

However, these mutation-driven phenotypic changes alone are

not sufficient to explain the fast evolution and rapid adaptation

that are characteristic of gliomas. Increasing experimental

evidence suggests that the proliferation rate of migratory glioma

cells is low compared with cells in the tumor core, indicating an

inverse correlation between mobility and proliferation of the cell

population [4,6]. A migration-proliferation dichotomy was

employed to evaluate this phenomenon in which proliferative

and migratory tumor cells are mutually exclusive phenotypes [7].

More and more evidence supports this theory, and some reports

suggest that a single gene can coordinate the proliferation and

migration of the glioma cells [8–10]. However, the molecular

mechanism of migration-proliferation dichotomy deserves further

investigation.

The brain-enriched microRNA-9 (miR-9) has been implicated

in nervous system development and physiological and pathological

processes in several organisms [11]. Loss of miR-9 suppresses

proliferation but promotes the migration of human neural

progenitor cells cultured in vitro [8]. The expression patterns

and roles of miR-9 are diverse in different types of cancers: in

some types of tumors, such as neuroblastoma [12], medulloblas-

toma [13] and ovarian cancer [14], miR-9 is down-regulated and

functions as a tumor suppressor; in other tumors, including

colorectal [15] and breast cancers [16], the highly expressed miR-

9 promotes the growth and/or metastasis of the cancer cells. Chao

et al. proposed a proliferation-inhibitory role of the highly

expressed miR-9 in T98G cells [17], and recently, Schraivogel

et al. found that miR-9/miR-9* promotes neurosphere formation

of glioblastoma stem cells through targeting of the tumor

suppressor CAMTA1 [18]. Although shown to correlate with

glioblastoma progression [19], the role of miR-9 in gliomagenesis

is still poorly understood.
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The over-expression of cyclic AMP response element-binding

protein (CREB) in malignancies implies an oncogenic role [20–

23]. As our previous study described, CREB is highly expressed in

glioma tissues and cell lines and dramatically contributes to the

growth and survival of glioma cells in vitro and in vivo [24]. In one

report, the expression of miR-9-2 was shown to be under CREB’s

control during neuronal differentiation [25], and the possibility of

the regulation of miR-9 by CREB was predicted by Wu et al.

several years ago [26]. These findings provide clues that CREB

might contribute to the expression of miR-9 in glioma cells.

In this study, we investigated the roles of miR-9 and evaluated if

CREB modulates the expression of miR-9 in glioma cells.

Interestingly, we also identified CREB as a novel target of miR-

9, suggesting a minicircuitry involving CREB and miR-9-1 in the

coordination of migration and proliferation of glioma cells.

Results

MiR-9 is highly expressed in glioma cells
MiR-9 is a brain-enriched miRNA that can be generated by

three distinct genes (miR-9-1, miR-9-2 and miR-9-3) (Fig. 1A). By

quantitative RT-PCR, we found that miR-9 is highly expressed in

four glioma cell lines (U87MG, T98G, A172 and U251) compared

with HeLa cells or the normal human glial cell line HEB (Fig. 1B).

We also found that the expression levels of primary microRNA-9-

1 (pri-miR-9-1) and pri-miR-9-2 are high in U87MG, T98G and

U251 but not in A172 and that the expression level of pri-miR-9-3

is extremely low in all six cell lines (Fig. 1C). The aberrant

hypermethylation of miR-9-3, which has been reported in NSCLC

and breast cancer [27,28], might be one of the reasons why its

expression is remarkably inhibited. Gene copy number amplifica-

tions often contribute to high gene expression; therefore, we

determined the copy numbers of miR-9-1, miR-9-2 and miR-9-3

in the six cell lines. Interestingly, we found a significant

amplification of miR-9-2 (but not miR-9-1 or miR-9-3) gene copy

number in all glioma cell lines except A172 (Fig. 1D), suggesting

that the copy number amplification of miR-9-2 might contribute

to the high expression level of miR-9 in glioma cells.

MiR-9 inhibits growth but stimulates migration of glioma
cells

Although miR-9 has been reported to be progression-associated

in glioblastoma and is highly expressed in the glioma cell lines in

our study, its function remains largely unknown. Chao et al. found

that miR-9 inhibits the proliferation of T98G glioma cells [17].

This highly expressed miR-9 was, however, expected to contribute

to the malignancy of glioma cells. Because miR-9 was reported to

be involved in the metastasis of breast cancer cells [16], the effects

of knocking down miR-9 on cell growth, survival, colony

formation and migration were evaluated. The results of MTT

assays showed that miR-9 knockdown promotes the growth of

T98G cells but has little effect on the growth of U87MG and U251

cells or the survival of the three glioma cell lines following

transfection with miR-9 antagomirs for 4 days (Fig. 2A). However,

knocking down miR-9 significantly promoted the colony forma-

tion abilities of T98G and U251 cells. Conversely, elevating the

level of miR-9 could suppress the colony growth of T98G and

U251 cells (Fig. 2B). To comprehensively evaluate the role of miR-

9 in glioma cell migration, transwell migration assays and scratch

wound healing assays were employed. The results of transwell

migration assays showed that knocking down miR-9 significantly

inhibited the migration of the glioma cells (U87MG, T98G and

U251), suggesting a migration-enhancive role for miR-9 (Fig. 2C).

Moreover, the scratch wound healing assay confirmed that miR-9

knockdown slowed the migration of glioma cells (Fig. S1).

MiR-9 inhibits proliferation by targeting CREB
We have confirmed both anti-proliferative and pro-migratory

roles of miR-9 in glioma cells; however, the functional downstream

targets of miR-9 needed to be elucidated. In a recent report, miR-

182 was shown to target CREB in gastric adenocarcinoma cells

[29]. Interestingly, in our study, we found that the binding site of

Figure 1. MiR-9 is highly expressed in glioma cell lines. (A) Schematic representation showing that miR-9 can be generated by the processing
of any of the three primary transcripts encoded by three distinct genes (miR-9-1, miR-9-2 and miR-9-3). (B and C) The expression levels of mature miR-
9 as well as pri-miR-9-1, pri-miR-9-2 and pri-miR-9-3 were determined in the human cervical carcinoma cell line (HeLa), normal human glial cell line
(HEB) and four glioma cell lines (U87MG, T98G, A172 and U251) by quantitative RT-PCR (mean 6 SD, n = 3). (D) Genomic DNA was extracted from the
six cell lines (HeLa, HEB, U87MG, T98G, A172 and U251), and the gene copy numbers of miR-9-1, miR-9-2 and miR-9-3 were determined by
quantitative real-time PCR (mean 6 SD, n = 3). *, P,0.05, two-tailed unpaired Student’s t test, relative to HEB and HeLa.
doi:10.1371/journal.pone.0049570.g001
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miR-182 in the 39UTR of CREB also has the potential to interact

with miR-9 (Fig. 3A). Knocking down miR-9 and miR-182

significantly increased the luciferase activity of the CREB 39UTR

reporter (but not the CREB 39UTR reporter containing a mutated

miR-182 binding site) in T98G cells and the protein level of CREB

in T98G and U251 cells. As a negative control, knockdown of

miR-23a did not affect either the luciferase activity of the CREB

39UTR reporter or the protein level of CREB (Fig. 3B, C). The

expression level of miR-182 in glioma cells was similar to that of

HeLa and HEB cells, suggesting that miR-9, rather than miR-182,

plays a dominant role in the regulation of CREB (Fig. S2A).

Importantly, knocking down miR-9 had little effect on the

expression level of miR-182 in T98G cells (Fig. S2B), ruling out

the possibility that miR-9 functions by regulating the expression of

miR-182.

Because CREB was shown to be a proliferation enhancer in our

previous study, we theorized that it could potentially mediate the

anti-proliferative function of miR-9. Indeed, knocking down

CREB with an adenovirus-mediated shRNA abolished the up-

regulation of the protein level of CREB and the enhancement of

colony growth of T98G and U251 cells caused by knocking down

miR-9 (Fig. 3D), suggesting that miR-9 inhibits the colony

formation ability of glioma cells at least partly through suppressing

CREB.

MiR-9 promotes migration through repression of NF1
NF1, a tumor suppressor involved in gliomagenesis, has been

reported to modulate cell motility [30–32]. Using bioinformatic

prediction, we found a putative miR-182 binding site that also had

the potential to interact with miR-9 in the 39UTR of NF1 (Fig. 4A).

The results of luciferase reporter assays showed that knocking

down miR-9 and miR-182 could derepress the luciferase activity

of the NF1 39UTR reporter but had no effect on the luciferase

activity of the mutated NF1 39UTR reporter in T98G cells

(Fig. 4B). Knocking down miR-9 but not miR-182 in T98G and

U251 cells led to an increase in the protein level of NF1 (Fig. 4C).

We detected the expression of NF1 in HeLa, HEB and the four

glioma cell lines (U87MG, T98G, A172 and U251) and found

that, with the exception of A172 cells, the NF1 mRNA and protein

levels in glioma cells were low compared with HEB cells. A172

cells expressed the lowest level of miR-9 and the highest level of

NF1 mRNA and protein (Fig. S3A, B). Transfection with synthetic

miR-9 mimics or siRNA against NF1 down-regulated the NF1

protein level and stimulated the migration of T98G (Fig. 4D and

E) and U251 cells (Fig. S4). However, NF1 knockdown had little

effect on the proliferation of T98G and U251 cells (Fig. S3C, D).

In rescue experiments, NF1 knockdown restored the migration

capability of T98G cells with miR-9 knocked down (Fig. 4F),

suggesting that miR-9 modulates the migration capacity of glioma

cells at least partly by targeting NF1.

CREB inhibits the migration of glioma cells and regulates
the transcription of NF1

In our previous study, CREB was shown to promote the growth

and survival of glioma cells. However, the role of CREB in the

migration of glioma cells remains unknown. Unexpectedly, we

found that CREB knockdown significantly promoted the migra-

tion capacity of U87MG, T98G and U251 cells (Fig. 5A) and

stimulated the scratch wound healing response of U87MG and

U251 cells (Fig. S5). Interestingly, NF1 was reported to be

transcriptionally regulated by CREB in human cells [33], so we

evaluated the NF1 mRNA and protein levels after CREB

knockdown. The results of quantitative RT-PCR and western

blotting showed that knocking down CREB led to significant

reductions of the levels of NF1 mRNA and protein (Fig. 5B).

Furthermore, ectopic expression of CREB in T98G cells enhanced

the transcriptional activity of the NF1 promoter containing the

Figure 2. The effects of miR-9 knockdown on glioma cell
growth, colony formation and migration. (A) MTT assays were
performed to evaluate the effects of miR-9 knockdown on the growth
and survival of glioma cells (U87MG, T98G and U251). Data are
represented as the mean 6 SD, n = 4. (B) Colony formation assays were
utilized to test the effects of knocking down and over-expressing miR-9
on the colony formation ability of T98G and U251 cells. Data are
represented as the mean 6 SD, n = 4. (C) Transwell migration assays
were employed to evaluate the effects of knocking down miR-9 and
miR-23a (as a negative control) on the migration of glioma cells. On the
top are representative photographs of transwell assays. The bound
crystal violet staining was released with 33% glacial acetic acid and
quantified by absorbance measurement (OD570-630) (mean 6 SD,
n = 4). *, P,0.05, **, P,0.01, two-tailed unpaired Student’s t test.
doi:10.1371/journal.pone.0049570.g002
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wild-type CRE but not a mutated one (Fig. S6), suggesting that

NF1 is directly regulated by CREB in glioma cells. We wondered

whether miR-9, which can directly target CREB, could regulate

NF1 by repressing CREB. Indeed, knocking down CREB the

increase of NF1 protein caused by miR-9 antagomirs (Fig. 5C),

suggesting an indirect regulation of NF1 by miR-9.

MiR-9-1 is directly regulated by CREB
Because miR-9-1, miR-9-2 and miR-9-3 have all been predicted

to be potential targets of the CREB transcription factor [26] and

miR-9-2 was shown to be regulated by CREB during neuronal

differentiation [25], we hypothesized that CREB could contribute

to the up-regulation of miR-9 in glioma cells. Using bioinformatic

prediction, we found two potential CREs in the 2-kb 59 flanking

sequence of miR-9-1 and one in the 59 flanking sequence of miR-

9-2 (Fig. 6A). ChIP-qPCR was utilized to test the binding capacity

of CREB to these putative CREs in both T98G and U251 cells.

The results showed that the CRE-a sequence in the 59 flanking

sequence of miR-9-1can be enriched by the CREB antibody

(Fig. 6B), and knocking down CREB abolished this enrichment

(Fig. 6C). Moreover, ectopic expression of CREB enhanced the

transcriptional activity of the 59 flanking sequence of miR-9-1, and

Figure 3. MiR-9 inhibits proliferation by targeting CREB. (A) MiR-9 and miR-182 share a binding site on the 39UTR of CREB. A putative miR-182
binding site that is highly conserved among mammals was predicted by three algorithms (TargetScan, PicTar and MiRDB). A mutated CREB 39UTR
(CREB 39UTR-MT) was generated by introducing mutations into the miR-182 binding site. (B) Luciferase reporter plasmids containing the wild-type
(WT) or mutated (MT) CREB 39UTR were co-transfected with synthetic miR-9, miR-182 or control miRNA mimics. After 24 h, the cells were harvested
and the normalized luciferase activity was determined (mean 6 SD, n = 4). (C) T98G cells were transfected with synthetic mimics of miR-9, miR-23a,
miR-182 or control miRNA mimics. After 48 h, total cellular protein was extracted and the protein level of CREB was detected by western blotting
(top). The western blotting results were quantified and plotted (mean 6 SD, n = 3) (bottom). *, P,0.05; **, P,0.01, two-tailed unpaired Student’s t
test. (D) T98G and U251 cells were transfected with miR-9 or control antagomirs followed by infection with AD-shcreb or AD-shNC. After 48 h, the
transfected/infected cells were subjected to colony formation assay. The colonies were counted and plotted (mean 6 SD, n = 4). On the top are
representative photographs of the cell colonies, and the bottom depicts Western blotting results showing the CREB protein level of the transfected/
infected glioma cells. *, P,0.05; **, P,0.01; ***, P,0.001, two-tailed unpaired Student’s t test.
doi:10.1371/journal.pone.0049570.g003
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mutation of CRE-a abolished the enhancive effect of CREB

(Fig. 6D). For further confirmation of the regulation of miR-9-1 by

CREB, we analyzed the effect of knocking down CREB on the

expression levels of miR-9-1and mature miR-9 in T98G and U251

cells. Indeed, we found significant decreases in the levels of both

pri-miR-9-1 and mature miR-9 (Fig. 6E), suggesting that CREB

Figure 4. MiR-9 promotes migration through targeting NF1. (A) The NF1 39UTR contains a putative miR-182 binding site which also has the
potential to interact with miR-9. The mammalian alignment is shown on the top. A mutated NF1 39UTR was generated by mutating the miR-182
binding site. (B) Luciferase reporter assays were performed to test the interactions between the miRNAs and the NF1 39UTR. NF1 39UTR luciferase
reporter constructs were co-transfected with synthetic miRNA mimics (miR-9, miR-182 and miR-23a) or control mimics (miR-NC), and 24 h later the
normalized luciferase activity was determined. Data are represented as the mean 6 SD, n = 4. (C) MiR-9, miR-182 and miR-23a were knocked-down in
T98G and U251 cells by transfection with miRNA antagomirs, and NF1 protein level was determined by western blotting and quantified by
densitometric measurement (mean 6 SD, n = 3). (D) T98G cells were transfected with miR-9 mimics (or control mimics, miR-NC) or siRNA targeting
NF1 (or control non-specific siRNA), and whole cell protein was extracted for determination of NF1 protein levels by western blotting. (E) Over-
expression of miR-9 or knockdown of NF1 enhances the migration of T98G cells in a transwell migration assay. Representative photographs are
shown on the top. Crystal violet staining was removed and quantified by absorbance measurement (OD570-630) (mean 6 SD, n = 4). (F) NF1
knockdown abolished the effect of decreased miR-9 on the migration of T98G cells. Crystal violet staining was removed and quantified by absorbance
measurement (OD570-630) (mean 6 SD, n = 4). **, P,0.01, ***, P,0.001, two-tailed unpaired Student’s t test. On the bottom is a representative
western blot result showing that knocking down miR-9 increased the NF1 protein level, whereas simultaneous transfection of siNF1 abolished the
increased NF1 protein level.
doi:10.1371/journal.pone.0049570.g004
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contributes to the high level of miR-9 by elevating the

transcription of miR-9-1.

Low glucose concentration induces the expression of
miR-9 and a negative feedback minicircuitry coordinates
the migration and proliferation of glioma cells

One model of the ‘‘go or grow’’ phenomenon has reported that

low glucose concentrations stimulate the migration of glioma cells

[34]. Interestingly, we found that cells maintained in low glucose

medium expressed significantly higher levels of mature miR-9 and

pri-miR-9-1 but not pri-miR-9-2 (Fig. 7A), consistent with the

migratory phenotype of glioma cells. Simultaneously, a low

concentration of glucose led to a remarkable decrease in NF1

protein and a slight decrease in CREB protein level, while mRNA

levels of NF1 and CREB were unaffected (Fig. 7B).

The results described above provide evidence of a regulatory

network comprised of CREB, miR-9 and NF1 that modulates the

migration and proliferation of glioma cells. As described in Fig. 7C,

the pro-proliferative transcription factor CREB can directly

regulate the expression of NF1 and miR-9-1. MiR-9, the

microRNA product of miR-9-1 and miR-9-2, can directly target

the 39UTR of NF1 and CREB. These results suggest that the

negative feedback minicircuitry consisting of CREB and miR-9

determines the glioma cells’ phenotypes. As shown in Fig. 7D, the

glioma cells with high expression of CREB and low- or moderate-

level expression of miR-9 prefer to proliferate. In the progression

of glioma, certain events, including miR-9-2 gene copy number

amplification and microenvironmental changes, trigger the sub-

stantive expression of miR-9, and the balance between CREB and

miR-9 might shift to pro-migratory and anti-proliferative. As a

result, the glioma cells probably start to actively migrate, resulting

in increased metastasis.

Discussion

Because miR-9 is highly expressed in glioma cells, we deduced

that it should contribute to the malignancy of glioma. In our study,

we found a proliferation-inhibitory role for miR-9 by targeting

CREB in glioma cells, which appears inconsistent with its high

expression level. We also confirm a migration-enhancive role of

miR-9, suggesting dual roles for miR-9 in modulating the

proliferation and migration of glioma cells. Conversely, CREB,

which has been previously identified as a proliferation enhancer of

glioma cells [24], also functions as a migration inhibitor in glioma

cells. CREB signaling was reported to positively regulate the

migration of breast cancer and mesothelioma cells [23], and there

have been no reports suggesting a similar migration-inhibitory

function of CREB in human malignancies. We confirmed that

CREB can positively regulate the expression of NF1 in glioma

cells, which might explain the migration-inhibitory role of CREB.

In addition to miR-9 and CREB, other genes have been shown to

play dual roles in glioma cells. For example, under normal glucose

conditions, elevated levels of miR-451 promote cell proliferation

and decrease cell migration, while in a glucose-scarce environ-

ment, a decrease in miR-451 slows the proliferation and enhances

the migration of glioma cells [32]. Additionally, carboxypeptidase

E (CPE), a neuropeptide-processing enzyme, has a pro-prolifer-

ative and anti-migratory role in glioma cells [8]. This phenomenon

of one gene playing opposite roles in proliferation and migration

might be a common mechanism in glioma cells, although only a

few examples can be adduced thus far.

In our study, we identified NF1, a well-known glioma

suppressor, as a functional target of miR-9 in the regulation of

glioma cell migration. Interestingly, the expression of NF1 is

positively regulated by CREB. A similar manner of regulation of

E2F1 has been discussed by O’Donnell et al., who found that

MYC simultaneously activates E2F1 transcription and limits its

translation through up-regulating E2F1-targeting miRNAs [33].

This type of two-tier regulation allows tight control of the

expression levels of target genes and relevant cell signals. Because

both CREB and miR-9 are highly expressed in glioma cells

compared with normal glial cells, the NF1 protein level is

determined by the balance between them. Moreover, in addition

to directly targeting the NF1 39UTR, miR-9 can indirectly repress

the expression of NF1 by targeting its activator, CREB. In this

study, our cell models are glioblastoma cell lines (U87MG, T98G

and U251) with high expression levels of miR-9, partly due to copy

number amplifications of the miR-9-2 gene. As a result, the

balance shifts toward miR-9 and the expression of NF1 is

restrained in these glioma cells.

Another interesting finding in our study is that miR-9 can target

the 39UTRs of CREB and NF1 that do not contain predicted

miR-9 binding sites, as determined by the algorithms in common

use. Inadvertently, we found that miR-9 can interact with the

putative miR-182 binding sites on the 39UTR of CREB and NF1,

although miR-9 is not predicted to be a potential CREB/NF1-

Figure 5. CREB regulates NF1 and knocking down CREB
inhibits migration. (A) The migratory capacity of AD-shcreb or AD-
shNC-infected U87MG, T98G and U251 cells were analyzed in a
transwell migration assay (top). The bound crystal violet staining was
released and quantified by measuring the OD570-630 (mean 6 SD,
n = 3) (bottom). (B) The mRNA and protein levels of NF1 were detected
in control T98G and U251 cells or in cells with CREB knocked down by
quantitative RT-PCR and western blotting, respectively. *, P,0.05; **,
P,0.01; ***, P,0.001, two-tailed unpaired Student’s t test. (C) T98G cells
were transfected with miR-9 antagomirs or controls followed by
infection of adenovirus-mediated shRNA for CREB (AD-shcreb) or AD-
shNC, and the protein level of NF1 was detected by western blotting.
doi:10.1371/journal.pone.0049570.g005
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targeting miRNA by the three target prediction databases

(TargetScan, PicTar and MiRDB). In a recent report, CREB

was identified as a target of miR-182 in gastric cancer cells [27],

which is also supported by our experimental data in glioma cells.

In our study, we found that the miR-182 binding site is able to

sufficiently interact with miR-9 to mediate a repressive effect.

Mutation of this miR-182 binding site (TGCCAAA) abolishes the

repressive activity of miR-9 on the CREB/NF1 39UTR reporters.

Utilizing bioinformatic algorithms to predict potential target genes

that contain conserved 39UTR sequences complementary to a

seed region at the 59 end of the miRNAs is the most common

approach to identify miRNA target genes [34]. However, this

bioinformatic approach is hampered by the fact that the existing

algorithms have a high margin of error (some real target genes are

not predicted) [35]. Lal et al. have shown that miR-24 can directly

target E2F2, MYC and other cell-cycle genes via binding to

‘‘seedless’’ 39UTR miRNA recognition elements [36]. Our results

provide further evidence of the limitations of the conventional

prediction algorithms. We hypothesize that the interaction of miR-

9 with the putative miR-182 binding sites is a type of universal

mechanism in glioma cells. In addition to CREB and NF1,

previously established targets of miR-9 in glioma stem cells, such

as CAMTA1 [18] and JAK1/2 [35], might contribute to the

function of miR-9 in glioma cells, although further investigation

will be required. Surprisingly, CAMTA1 was identified as a tumor

suppressor in glioblastoma cancer stem cells [18], while JAK-

STAT signaling was reported to promote gliomagenesis. Thus, the

roles of miR-9 are complex.

Figure 6. MiR-9-1 is under CREB’s control. (A) Location of putative CREs within the 59 flanking regions of miR-9-1 and miR-9-2. MiR-9-1 is located
in an intron of the gene c1orf61 (chromosome 1), whereas miR-9-2 is located in an exon of linc00461 (chromosome 5). Three pairs of primers (miR-9-
1-a, miR-9-1-b and miR-9-2) were designed to detect the binding capacity of CREB to the predicted CREs of miR-9-1-a, miR-9-1-b and miR-9-2,
respectively, by ChIP-qPCR assays. Both the 59 flanking sequences (2 kb) and the pre-miRNA bodies of miR-9-1 and miR-9-2 were inserted upstream of
the luciferase reporter (gray box shown by LUC). The arrows denote the positions of primers used for ChIP-qPCR. (B) ChIP-qPCR assays were
performed in T98G and U251 cells to detect the binding capacity of CREB to the putative CREs of miR-9-1 and miR-9-2 (mean 6 SD, n = 3). (C) In AD-
shNC/AD-shcreb-infected T98G and U251 cells, ChIP-qPCR was performed to detect the binding capacity of CREB on CRE-miR-9-1-a (mean 6 SD,
n = 3). (D) CREB enhances the transcription of miR-9-1. The 59 flanking sequences (22 kb+miR-9-1; 22 kb, 2570 bp; 2560 bp+miR-9-1) without
mutations or with a mutation of CRE-a (2569+miR-9-1, from TGACGGGC to TGGAGGGC) in miR-9-1 were inserted upstream of the luciferase cassette.
The luciferase reporter constructs were co-transfected with CREB expression plasmids or control vectors and the normalized luciferase activity was
determined (mean 6 SD, n = 4). (E) The mRNA expression levels of CREB, pri-miR-9-1 and mature miR-9 were detected in T98G and U251 cells infected
with AD-shcreb or AD-shNC by quantitative RT-PCR (mean 6 SD, n = 3). *, P,0.05, **, P,0.01, two-tailed unpaired Student’s t test.
doi:10.1371/journal.pone.0049570.g006
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In the theory of migration-proliferation dichotomy, migration

and proliferation are mutually exclusive [6]. Under normal

conditions, the cancer cells proliferate rapidly with very low

migration rate. As the tumor size reaches a threshold, the

exhaustion of diffusion-driven oxygen and local nutrition are

insufficient to support further growth. The scarce environment

and high mutation rates of tumor cells can then result in the

emergence of highly motile tumor cells [37]. Interestingly, such

‘‘go or grow’’ phenomenon can be observed not only in cancer

cells but also in macroscopical layers. For example, animals tend to

increase their movement when they are near starvation. Under

scarce environmental conditions, leaving for a new location with a

plentiful food supply will benefit the survival of both the individual

and species. It is believed that this ‘‘go or grow’’ strategy is

evolutionarily ancient and phylogenetically widespread in nature

[37].

The dual roles of miR-9 and CREB provide appropriate

examples in support of the theory of migration-proliferation

dichotomy. In our previous study, we found that the expression of

CREB is not progressively increased, although it is still highly

expressed in high-grade gliomas [24]. This highly expressed

CREB supplies the tumor with an abundance of proliferation

signals while inhibiting the spread of tumor cells. The inhibition of

migration is actually propitious to cell proliferation. The increase

in the migration enhancer miR-9, which is triggered by

extracellular signaling or gene copy number amplifications,

contributes to the motility of glioma cells. The inhibition of

proliferation caused by highly expressed miR-9 also aids in the

migration of glioma cells. Our study proposes a potential negative

feedback minicircuitry comprising CREB and miR-9, where

CREB contributes to the transcriptional activation of miR-9-1 and

miR-9 represses the expression of CREB at the post-transcrip-

tional level. The phenotypes of glioma cells (proliferative or

migratory) are possibly determined by the balance of this feedback

minicircuitry, ensuring that the glioma cells can properly react to

environmental changes, such as glucose concentration, by

coordinating proliferation and migration.

In summary, the present study proposes a novel feedback

minicircuitry comprising CREB and miR-9 that coordinates the

migration and proliferation of glioma cells. As summarized in

Fig. 7C, we identified anti-proliferative and pro-migratory roles for

miR-9, which can also target NF1, in glioma cells. In addition, the

pro-proliferative transcription factor CREB was shown to regulate

the expression of NF1 and inhibit the migration of glioma cells.

Because the migration-proliferation dichotomy is a common

mechanism during glioma progression, our findings provide

Figure 7. A low concentration of glucose induces the expression of miR-9. (A and B) T98G cells were maintained in DMEM/high glucose
(4.5 g/L, HG) or DMEM/low glucose (1.0 g/L, LG) DMEM for 24 h. Cells were then harvested for RNA and protein extraction. The mRNA expression
levels of miR-9, pri-miR-9-1, pri-miR-9-2, CREB and NF1 were determined by quantitative RT-PCR (mean 6 SD, n = 3), and the protein levels of CREB
and NF1 were detected by western blotting. (C) The negative feedback minicircuitry comprised of miR-9 and CREB. MiR-9 is highly expressed in
glioma cells with amplification of the miR-9-2 gene copy number. The up arrow denotes genomic amplification. The transcription of miR-9-1 is
regulated by CREB and miR-9 can directly target the 39UTR of CREB, forming negative feedback minicircuitry. CREB inhibits the migration of glioma
cells by elevating the expression level of NF1, whereas miR-9 promotes migration by directly targeting NF1 and CREB. In addition, miR-9 inhibits the
proliferation of glioma cells by directly targeting the proliferation-promoting transcription factor, CREB. (D) The balance between miR-9 and CREB
coordinates the migration and proliferation of glioma cells. The glioma cells with low levels of miR-9 and high CREB protein levels prefer to proliferate
rather than migrate. As the glioma progresses, certain events, such as glucose reduction and mir-9-2 gene copy number amplification trigger the
substantial increase of miR-9. By targeting migration-inhibitory CREB and NF1, miR-9 promotes the migration of glioma cells accompanied by
proliferation repression.
doi:10.1371/journal.pone.0049570.g007
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evidence that one gene can play opposite roles in modulating

glioma cell proliferation and migration. Importantly, our study

suggests that the balance between CREB and miR-9 determines

the ‘‘go or grow’’ status of glioma cells, furthering our

understanding of the transition from proliferative to migratory

phenotype during glioma progression.

Materials and Methods

Samples and cell lines
The four established human glioblastoma cell lines (U87MG,

T98G, A172 and U251) were purchased from American Type

Culture Collection (ATCC). The human cervical carcinoma cell

line HeLa was obtained from the China Center for Type Culture

Collection (Wuhan, China). The human normal glial cell line HEB

was kindly provided by Dr. Guangmei Yan (Department of

Pharmacology, Zhongshan School of Medicine, Sun Yat-Sen

University, Guangzhou, China) [36]. HeLa, A172 and U251 cells

were maintained in Dulbecco’s Modified Eagle Medium supple-

mented with 10% fetal bovine serum (FBS), 5 mM L-glutamine,

100 U/ml penicillin and 100 mg/ml streptomycin. T98G and

U87MG cells were maintained in Modified Eagle Medium

supplemented with 1 mM sodium pyruvate and 1% NEAA, in

addition to the usual FBS, L-glutamine and antibiotics. The HEB

cell line was maintained in Dulbecco’s Modified Eagle Medium

with 1% NEAA and the normal FBS, L-glutamine and antibiotics.

RNA extraction, cDNA synthesis and genomic DNA
extraction

Total RNA was extracted from confluent plates of HeLa cells

and normal human glial HEB cells using TRIzol (Invitrogen)

according to manufacturer’s protocol. cDNA was generated using

the TranScript First-Strand cDNA Synthesis SuperMix (Transgen

Biotech, China). To extract genomic DNA, cell pellets were lysed

in cell lysis buffer (10 mM Tris-HCl (pH 8.0), 10 mM NaCl and

0.2% NP-40) for 10 min on ice. After centrifugation for 5 min at

25006g (4uC), the pellets were resuspended in nuclear lysis buffer

(50 mM Tris-HCl (pH 8.1), 10 mM EDTA and 1% SDS) for

10 min on ice. Genomic DNA was then purified from the nuclear

lysate using the conventional phenol-chloroform extraction

method.

Cell transfection and infection
Plasmids, synthetic miRNA mimics or antagomirs and siRNAs

were transfected into glioma cells using Lipofectamine 2000

according to the manufacturer’s protocol. For infection, glioma

cells were maintained in culture medium containing recombinant

adenovirus (AD-shcreb or AD-shNC) at a final concentration of

16107 pfu/ml. After 12 h, the medium was replaced with

complete medium, and the cells were maintained until the next

experiments.

ChIP-qPCR
For ChIP assay, approximately 16107 cells were harvested in

medium and fixed with 1% formaldehyde. Glycine solution was

added at a final concentration of 0.125 M to quench unreacted

formaldehyde. Fixed cells were collected by spinning at 7006g for

5 min. ChIP experiments were performed using the EZ-ChIPTM

Chromatin Immunoprecipitation Kit (Millipore, catalog #17-371)

according to the manufacturer’s protocol. The resulting ChIP

products were used for quantitative real-time PCR.

MTT and colony formation assays
Cell growth was assayed using the standard MTT method.

Twenty-four hours after transfection, cells were maintained in

serum-free medium, and the surviving cell number was deter-

mined using MTT. For colony formation assays, transfected or

infected cells were plated in 12-well plates at 200 cells per well.

After 10 to 14 days, cell colonies were stained and counted.

Transwell migration and scratch wound healing assays
For transwell migration assays, transwell plates were purchased

from Corning in a 24-well format with upper chamber inserts

containing a membrane with an 8-mm pore size at the bottom

(Corning 3422). Glioma cells were transfected with synthetic

miRNA mimics, antagomirs or siRNAs or infected with AD-

shcreb/AD-shNC. After 24 h, the transfected/infected glioma

cells were maintained in serum-free medium for another 12 h and

then resuspended at a final concentration of 56105 cells/ml in

serum-free medium. One hundred microliters of the cell suspen-

sion was transferred to the upper chamber inserts. Another 600 ml

of complete medium was loaded to the lower chambers. After

24 h, the remaining cells on the upper side of the membrane were

removed and the membrane was stained with crystal violet,

followed by microscopic observation. Staining was then removed

with 33% (v/v) acetic acid solution and quantified by absorbance

measurement (OD570). For scratch wound healing assays, when

the transfected/infected glioma cells reached 80% confluence, a

wound was created by scratching with a 200-ml pipette tip. After

scratching, the detached cells were removed by washing twice, and

the remaining cells were maintained in fresh medium. Photos were

taken at 0, 24 or 48 h after scratching, and migration distance was

calculated by measuring the width of the wound.

Protein extraction and Western blotting
Total cellular protein was extracted using TNTE buffer (20 mM

Tris-HCl (pH 7.5), 150 mM NaCl, 0.3% Triton X-100, and

5 mM EDTA) supplemented with protease inhibitors (2 mg/ml

leupeptin, 2 mg/ml aprotinin, 2 mg/ml pepstatin and 2 mg/ml

PMSF). Lysates were separated by 8% (or 10%) sodium dodecyl

sulfate polyacrylamide gel electrophoresis and the gel was

transferred onto a nitrocellulose membrane. The proteins were

probed with rabbit anti-CREB (#9197, CST) or anti-NF1 (sc-67,

SantaCruz) antibodies or a mouse anti-human b-actin antibody

(A5441, Sigma).

Quantitative real-time PCR
The expression levels of pri-miR-9-1, -2, and -3 as well as

CREB and NF1 mRNAs were determined by real-time PCR using

a SYBR-green-containing PCR kit (Takara) according to the

manufacturer’s instructions. Stem-loop RT-PCR for mature miR-

9, miR-23a and miR-182 were performed as previously described

[37]. To detect the gene copy numbers of the miR-9-1, miR-9-2

and miR-9-3 genes, genomic DNA was subjected to real-time

PCR using primers specific for amplifying pre-miR-9-1, -2 or -3.

miRNA ectopic expression and knockdown
Over-expression or knockdown of miRNAs was carried out by

transfecting glioma cells with synthetic miRNA mimics or

antagomirs (purchased from Invitrogen), respectively, at a final

concentration of 50 nM. Over-expression and knockdown were

assessed by quantitative RT-PCR.
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CREB and NF1 knockdown
CREB expression was silenced by adenovirus-mediated shRNA

(target sequence: 59-CAA TAC AGC TGG CTA ACA AT-39).

NF1 was knocked down by transfecting the glioma cells with

specific siRNA against NF1 (target sequence: 59- CTT CGG AAT

TCT GCC TCT G -39) at a final concentration of 50 nM. The

efficiency of CREB and NF1 knockdown were evaluated by

Western blotting and quantitative RT-PCR. The siRNA and

adenovirus were purchased from GenePharma (Shanghai, China)

and Genechem (Shanghai, China), respectively.

Luciferase reporter assay
To test the interactions between the 39UTR of CREB/NF1 and

miR-9 in T98G, 100 ng of each of the 39UTR-LUC reporter was

cotransfected with 50 ng phRL-TK (Renilla Luciferase) for

normalization and 50 nM synthetic miRNA mimics (miR-9, 23a

and 182)/miRNA antagomirs (anti-9, 23a, 182) or control miRNA

mimics (miR-NC)/control antagomirs (anti-NC). After 48 h,

lysates of 293ET or T98G cells from all treatment groups were

collected using Passive Lysis Buffer (Promega). Firefly luciferase

activity was analyzed relative to Renilla luciferase activity in the

same sample using a dual luciferase reporter assay system

(Promega). Luminescence was measured using the GloMax

multi-detection system (Promega). Three independent experiments

were performed and assayed in quadruplicate per group.

Computational prediction
Three target prediction databases (TargetScan, PicTar and

MiRDB) were used to analyze the interactions between miR-9 and

CREB/NF1 39UTRs. Putative CRE elements within the 2 kb 59

flanking sequence of miR-9-1 and miR-9-2 were predicted with

TFSEARCH (http://www.cbrc.jp/research/db/TFSEARCH.

html). The alignment of the mammalian CREB and NF1 39UTRs

and the conservation track of the NF1 promoter region was

obtained from the UCSC Genome browser (http://genome.ucsc.

edu/).

Supporting Information

Figure S1 MiR-9 knockdown slows the wound healing of glioma

cells. Glioma cells (U87MG, T98G and U251) were transfected

with miR-9 antagomirs (anti-9) or control antagomirs (anti-NC).

Cells were subjected to scratch wound healing assays upon

reaching 80% confluence. Representative photographs are shown.

(DOC)

Figure S2 MiR-9 targets CREB in a miR-182-independent

manner. (A) The expression levels of miR-182 in HeLa, HEB and

four glioma cell lines were determined by quantitative real-time

PCR (mean 6 SD, n = 3). (B) T98G cells were transfected with

miRNA antagomirs (anti-9, anti-23a or anti-182) or control (anti-

NC). After 48 h, the expression levels of the miRNAs were

determined by quantitative RT-PCR (mean 6 SD, n = 3).

(DOC)

Figure S3 NF1 expression in glioma cell lines and the role of

NF1 in glioma cell proliferation. (A and B) The mRNA and

protein levels of NF1 in HeLa, HEB and glioma cell lines

(U87MG, T98G, A172 and U251) were determined by quanti-

tative RT-PCR and Western blotting, respectively. (C) The MTT

method was employed to determine the effects of NF1 siRNA-

mediated knockdown on T98G and U251 cell growth and

survival, as determined by absorbance measurement (570 nm)

(mean 6 SD, n = 4). (D) T98G and U251 cells transfected with

siRNA against NF1 were subjected to colony formation assays.

Cell colonies were counted and plotted (mean 6 SD, n = 4).

(DOC)

Figure S4 Over-expressing miR-9 and knocking down NF1

promote the migration of U251 cells. (A) U251 cells were

transfected with synthetic miR-9 mimics (or miR-NC) and siRNA

targeting NF1 (or control siRNA, siNC). After 48 h, total cellular

protein was extracted and Western blotting was performed to

detect the protein level of NF1. (B) The transfected U251 cells

were also subjected to transwell migration assays. Representative

photographs are shown. **, P,0.01, two-tailed unpaired Student’s

t test.

(DOC)

Figure S5 Knocking down CREB stimulates the migration of

glioma cells. The glioma cells (U87MG, T98G and U251) were

infected with AD-shcreb or AD-shNC. After reaching confluence,

the cells were subjected to scratch wound healing assays.

Representative photographs are shown at the top. The migration

distances of the glioma cells were determined by measuring the

wound widths at 0 and 24 h (mean 6 SD, n = 5). *, P,0.05; ***,

P,0.001, two-tailed unpaired Student’s t test.

(DOC)

Figure S6 CREB directly regulates NF1. (A) The mammalian

alignment showing a conserved CRE in the proximal promoter of

the NF1 gene. The conservation track was obtained from the

UCSC genome browser. (B) The promoter region containing a

wild type (TGACGTCA) or mutated CRE (TGCGTACA) was

inserted upstream of the luciferase cassette. (C) The luciferase

reporter constructs were co-transfected with the CREB expression

plasmid or control vector, and the normalized luciferase activity

was determined 48 h later (mean 6 SD, n = 4). *, P,0.05, two-

tailed unpaired Student’s t test.

(DOC)

Acknowledgments

We thank Dr. Jing Zhang for very useful proofreading and discussion.

Author Contributions

Conceived and designed the experiments: XCT SW JGY BQQ JZZ XZP.

Performed the experiments: XCT SW B. Yang LYZ TFC. Analyzed the

data: XCT SW B. Yin XZP. Contributed reagents/materials/analysis

tools: XCT SW B. Yin JGY BQQ JZZ XZP. Wrote the paper: XCT SW

XZP.

References

1. Purow B, Schiff D (2009) Advances in the genetics of glioblastoma: are we

reaching critical mass? Nat Rev Neurol 5: 419–426.

2. Van Meir EG, Hadjipanayis CG, Norden AD, Shu HK, Wen PY, et al. (2010)

Exciting new advances in neuro-oncology: the avenue to a cure for malignant

glioma. CA Cancer J Clin 60: 166–193.

3. Giese A, Bjerkvig R, Berens ME, Westphal M (2003) Cost of migration: invasion

of malignant gliomas and implications for treatment. J Clin Oncol 21: 1624–

1636.

4. Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, et al. (2005)

Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma.

N Engl J Med 352: 987–996.

5. Hanahan D, Weinberg RA (2000) The hallmarks of cancer. Cell 100: 57–70.

6. Horing E, Harter PN, Seznec J, Schittenhelm J, Buhring HJ, et al. The ‘‘go or

grow’’ potential of gliomas is linked to the neuropeptide processing enzyme

carboxypeptidase E and mediated by metabolic stress. Acta Neuropathol.

7. Giese A, Loo MA, Tran N, Haskett D, Coons SW, et al. (1996) Dichotomy of

astrocytoma migration and proliferation. Int J Cancer 67: 275–282.

CREB-mir-9 Minicircuitry in Glioma Cells

PLOS ONE | www.plosone.org 10 November 2012 | Volume 7 | Issue 11 | e49570



8. Delaloy C, Liu L, Lee JA, Su H, Shen F, et al. (2010) MicroRNA-9 coordinates

proliferation and migration of human embryonic stem cell-derived neural

progenitors. Cell Stem Cell 6: 323–335.

9. Horing E, Harter PN, Seznec J, Schittenhelm J, Buhring HJ, et al. (2012) The

‘‘go or grow’’ potential of gliomas is linked to the neuropeptide processing

enzyme carboxypeptidase E and mediated by metabolic stress. Acta Neuro-

pathol.

10. Kim Y, Roh S, Lawler S, Friedman A (2011) miR451 and AMPK mutual

antagonism in glioma cell migration and proliferation: a mathematical model.

PLoS One 6: e28293.

11. Leucht C, Stigloher C, Wizenmann A, Klafke R, Folchert A, et al. (2008)

MicroRNA-9 directs late organizer activity of the midbrain-hindbrain boundary.

Nat Neurosci 11: 641–648.

12. Zhang H, Qi M, Li S, Qi T, Mei H, et al. (2012) microRNA-9 targets matrix

metalloproteinase 14 to inhibit invasion, metastasis and angiogenesis of

neuroblastoma cells. Mol Cancer Ther.

13. Ferretti E, De Smaele E, Po A, Di Marcotullio L, Tosi E, et al. (2009)

MicroRNA profiling in human medulloblastoma. Int J Cancer 124: 568–577.

14. Guo LM, Pu Y, Han Z, Liu T, Li YX, et al. (2009) MicroRNA-9 inhibits ovarian

cancer cell growth through regulation of NF-kappaB1. FEBS J 276: 5537–5546.

15. Zhu L, Chen H, Zhou D, Li D, Bai R, et al. (2011) MicroRNA-9 up-regulation

is involved in colorectal cancer metastasis via promoting cell motility. Med

Oncol 29: 1037–1043.

16. Ma L, Young J, Prabhala H, Pan E, Mestdagh P, et al. (2010) miR-9, a MYC/

MYCN-activated microRNA, regulates E-cadherin and cancer metastasis. Nat

Cell Biol 12: 247–256.

17. Chao TF, Zhang Y, Yan XQ, Yin B, Gong YH, et al. (2008) [MiR-9 regulates

the expression of CBX7 in human glioma]. Zhongguo Yi Xue Ke Xue Yuan

Xue Bao 30: 268–274.

18. Schraivogel D, Weinmann L, Beier D, Tabatabai G, Eichner A, et al. (2011)

CAMTA1 is a novel tumour suppressor regulated by miR-9/9* in glioblastoma

stem cells. EMBO J 30: 4309–4322.

19. Malzkorn B, Wolter M, Liesenberg F, Grzendowski M, Stuhler K, et al. (2009)

Identification and functional characterization of microRNAs involved in the

malignant progression of gliomas. Brain Pathol 20: 539–550.

20. Aggarwal S, Kim SW, Ryu SH, Chung WC, Koo JS (2008) Growth suppression

of lung cancer cells by targeting cyclic AMP response element-binding protein.

Cancer Res 68: 981–988.

21. Seo HS, Liu DD, Bekele BN, Kim MK, Pisters K, et al. (2008) Cyclic AMP

response element-binding protein overexpression: a feature associated with

negative prognosis in never smokers with non-small cell lung cancer. Cancer Res

68: 6065–6073.

22. Shankar DB, Cheng JC, Kinjo K, Federman N, Moore TB, et al. (2005) The

role of CREB as a proto-oncogene in hematopoiesis and in acute myeloid

leukemia. Cancer Cell 7: 351–362.

23. Son J, Lee JH, Kim HN, Ha H, Lee ZH (2010) cAMP-response-element-binding

protein positively regulates breast cancer metastasis and subsequent bone
destruction. Biochem Biophys Res Commun 398: 309–314.

24. Tan X, Wang S, Zhu L, Wu C, Yin B, et al. (2012) cAMP response element-

binding protein promotes gliomagenesis by modulating the expression of
oncogenic microRNA-23a. Proc Natl Acad Sci U S A 109: 15805–15810.

25. Laneve P, Gioia U, Andriotto A, Moretti F, Bozzoni I, et al. (2010) A
minicircuitry involving REST and CREB controls miR-9-2 expression during

human neuronal differentiation. Nucleic Acids Res 38: 6895–6905.

26. Wu J, Xie X (2006) Comparative sequence analysis reveals an intricate network
among REST, CREB and miRNA in mediating neuronal gene expression.

Genome Biol 7: R85.
27. Heller G, Weinzierl M, Noll C, Babinsky V, Ziegler B, et al. (2012) Genome-

wide miRNA expression profiling identifies miR-9-3 and miR-193a as targets for
DNA methylation in non-small cell lung cancers. Clin Cancer Res 18: 1619–

1629.

28. Hsu PY, Deatherage DE, Rodriguez BA, Liyanarachchi S, Weng YI, et al.
(2009) Xenoestrogen-induced epigenetic repression of microRNA-9-3 in breast

epithelial cells. Cancer Res 69: 5936–5945.
29. Kong WQ, Bai R, Liu T, Cai CL, Liu M, et al. (2012) MicroRNA-182 targets

cAMP-responsive element-binding protein 1 and suppresses cell growth in

human gastric adenocarcinoma. FEBS J 279: 1252–1260.
30. Lee JS, Padmanabhan A, Shin J, Zhu S, Guo F, et al. (2010) Oligodendrocyte

progenitor cell numbers and migration are regulated by the zebrafish orthologs
of the NF1 tumor suppressor gene. Hum Mol Genet 19: 4643–4653.

31. Starinsky-Elbaz S, Faigenbloom L, Friedman E, Stein R, Kloog Y (2009) The
pre-GAP-related domain of neurofibromin regulates cell migration through the

LIM kinase/cofilin pathway. Mol Cell Neurosci 42: 278–287.

32. Ozawa T, Araki N, Yunoue S, Tokuo H, Feng L, et al. (2005) The
neurofibromatosis type 1 gene product neurofibromin enhances cell motility

by regulating actin filament dynamics via the Rho-ROCK-LIMK2-cofilin
pathway. J Biol Chem 280: 39524–39533.

33. Zou MX, Butcher DT, Sadikovic B, Groves TC, Yee SP, et al. (2004)

Characterization of functional elements in the neurofibromatosis (NF1) proximal
promoter region. Oncogene 23: 330–339.

34. Godlewski J, Nowicki MO, Bronisz A, Nuovo G, Palatini J, et al. (2010)
MicroRNA-451 regulates LKB1/AMPK signaling and allows adaptation to

metabolic stress in glioma cells. Mol Cell 37: 620–632.
35. Kim TM, Huang W, Park R, Park PJ, Johnson MD (2011) A developmental

taxonomy of glioblastoma defined and maintained by MicroRNAs. Cancer Res

71: 3387–3399.
36. Wu S, Lin Y, Xu D, Chen J, Shu M, et al. (2011) MiR-135a functions as a

selective killer of malignant glioma. Oncogene.
37. Chen C, Ridzon DA, Broomer AJ, Zhou Z, Lee DH, et al. (2005) Real-time

quantification of microRNAs by stem-loop RT-PCR. Nucleic Acids Res 33:

e179.

CREB-mir-9 Minicircuitry in Glioma Cells

PLOS ONE | www.plosone.org 11 November 2012 | Volume 7 | Issue 11 | e49570


