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Gliomas are the most common and deadly type of primary brain
tumor. In this study,we showed that cAMP response element-binding
protein (CREB), a proto-oncogenic transcription factor that is overex-
pressed in gliomas, can promote gliomagenesis by modulating the
expression of oncogenicmicroRNA-23a (mir-23a). First, we found that
CREB is highly expressed in glioma tissues and cell lines. CREB is also
essential for glioma cell growth and cell survival in vitro and is critical
for gliomagenesis in vivo. Second, microRNA microarray, ChIP-chip,
ChIP-quantitative PCR, and luciferase reporter assays showed that
CREB directly binds to the regulatory sequences of mir-23a and en-
hance the expression ofmir-23a.Moreover,mir-23awas confirmed as
a functional downstream target of CREB in glioma cell growth and cell
survival. Finally, using computational prediction followed by experi-
mental confirmation,we identified PTEN,which is frequently silenced
in gliomas, as a downstream target of mir-23a. Taken together, we
propose that CREB promotes gliomagenesis and acts as a modulator
of oncogenic mir-23a, which represses the tumor suppressor PTEN.

Gliomas are the most common brain tumors with high mor-
bidity and mortality. In the past several decades, the prog-

nosis for malignant gliomas has not significantly improved (1).
Identifying the molecular mechanism underlying gliomagenesis
is crucial for developing specific treatment strategies. In addition
to the genomic mutation events that trigger the activation of
oncogenes or the silencing of tumor suppressor genes (TSGs) (2–
5), the dysregulation of microRNAs (miRNAs) is also a common
epigenetic event in the development of gliomas (6).
miRNAs are single-stranded, small, noncoding RNAs that

play important roles in many biological processes including tu-
morigenesis (7). During the initiation and progression of human
cancers, miRNAs modulate cell proliferation, survival, and tu-
mor angiogenesis, invasion, and metastasis (8–11). Dysregulation
of miRNAs has been found in various types of human cancers
including tumors occurring in breast, colon, lung, liver, and
pancreas tumors, chronic lymphocytic leukemia, and malignant
gliomas (6, 12–15). Many high-throughput screens have searched
for dysregulated miRNAs in gliomas, and the function of such
miRNAs has been primarily studied (16–22). However, the
mechanism of the dysregulation of these miRNAs remains
largely unknown.
cAMP response element-binding protein (CREB) is a proto-

oncogenic transcription factor that promotes tumorigenesis in
many cancers, including non–small-cell lung carcinoma (NSCLC),
breast cancer, acute myeloid leukemia (AML), and hepatocellular
carcinoma (HCC) (23–26). As a transcriptional activator, CREB
generally enhances the expression of target genes (27). The targets
of CREB are involved in various cell functions including metab-
olism, cell cycle, cell survival, and DNA repair (28). Researches on
the targets of CREB used to be limited to protein-coding genes.
Recently, some noncoding targets of CREB have also been iden-
tified during human neuronal differentiation and in liver cancer
(29, 30); however, the noncoding targets of CREB deserve further
investigation. In this study, CREBwas up-regulated in gliomas and

promoted gliomagenesis and acted as a coordinator of oncogenic
miRNAs in glioma cells.

Results
CREB Is Up-Regulated in Gliomas and Is Essential for Gliomagenesis.
We first measured the CREB protein level in 15 glioma tissues and
two normal brain tissues and found that CREB is highly expressed
in glioma tissues from grade II to grade IV compared with normal
brain tissues (Fig. 1A). The up-regulation of CREB protein was
also found in glioma cell lines, U87MG, T98G, A172, and U251,
compared with the human cervical carcinoma, HeLa and the hu-
man normal glial cell line, HEB (Fig. 1B). Coincident with the
protein up-regulation, CREB mRNA was also up-regulated in
glioma cell lines (Fig. 1B). We also found amplifications of the
CREB gene copy number in U87MG cells and in a high grade
(grade IV) glioma tissue (Fig. S1A). In addition, the result of
prediction by TargetScan and PicTar algorithms suggests that
CREB might be regulated by the miRNAs that are frequently
down-regulated in gliomas, such as mir-181b (17, 31), mir-128 (17,
31–34), and mir-124 (21, 32–34) (Fig. S1B). The luciferase assay
was used to test the interactions between these miRNAs and
CREB 3′ UTR, and we found that mir-124 and mir-128 but not
mir-181b repressed the activity of CREB 3′ UTR luciferase re-
porter (Fig. S1C). Moreover, the results of Western blotting and
quantitative RT-PCR (QRT-PCR) showed that mir-124 and mir-
128 significantly repressed the expression of CREB but had little
effect on the mRNA level (Fig. S1D). Therefore, the down-regu-
lation of these miRNAs might contribute to the high level of
CREB in gliomas.
To investigate whether the high expression of CREB contributes

to gliomagenesis, we knocked down endogenous CREB with spe-
cific siRNA (sicreb) or adenovirus-delivered shRNA (AD-shcreb)
in three glioma cell lines (U87MG, T98G, and U251). We found
that the anchor-independent growth of T98G and U251, but not
U87MG, cells in soft agarose was inhibited by CREB knockdown
(Fig. 1C). Furthermore, when transplanted s.c. into mice, U251
and U87MG cells infected with AD-shcreb formed much smaller
tumors than cells infected with AD-shNC (Fig. 1 D and E).

Knocking Down CREB Suppresses Glioma Cell Growth and Survival. It
has been reported that CREB promotes the proliferation, cell
cycle progression, survival, and resistance to apoptosis in acute
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myeloid leukemia and lung cancer (23, 24, 26). Therefore, we
investigate the effects of CREB knockdown on proliferation,
survival, cell cycle progression, and apoptosis. CREB knockdown
by sicreb or AD-shcreb was first verified by Western blotting
(Fig. S2A). The 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) assay showed that the reduction of
CREB slowed the growth of glioma cells and made them more
sensitive to serum starvation than controls (Fig. 2 A and B and
Fig. S2 B and C). A TUNEL assay was used to detect the apo-
ptotic cells, and we found that knocking down CREB clearly
induced apoptosis (Fig. S3A), especially in serum-free culture
conditions (Fig. S3B). FACS assays showed that CREB knock-
down resulted in slight cell cycle retardation (G0/G1 arrest in
U87MG and T98G and G2/M arrest in U251) in glioma cells
(Fig. S3C). Importantly, knocking down CREB with AD-shcreb
inhibited the growth and survival of the T98G cells but not HeLa
or HEB cells (Fig. 2C). Furthermore, the reduction of CREB
decreased the colony formation ability of glioma cells (T98G and
U251) but not HeLa or HEB cells (Fig. 2D and Fig. S2E). It is
also worth mentioning that the sicreb and AD-shcreb targeted
different sites on the CREB mRNA, two target sequences that
are widely used for silencing CREB (24, 26, 35, 36), which should
have reduced the possibility of an off-target effect. In addition,

knocking down CREB with AD-shcreb#2 (targeting the same
sequence as sicreb) produced similar effects on glioma cell
growth, survival and colony formation (Fig. S4).

CREB Contributes to the High Expression of Oncogenic miRNAs. Some
protein-coding genes are targets of CREB in human cancers (24,
26). We detected the mRNA levels of these target genes (CCNA1,
CCND1, andBCL2) after knocking downCREB inU87MG,T98G,
and U251 cells, except for that CCND1 mRNA decreased along
with CREB mRNA in U87MG cells, no significant changes were
found between the siNC and sicreb-transfected glioma cells (Fig.
S5A). Therefore, additional targets needed to be identified, and our
goal was to identify the noncoding targets, i.e., miRNAs. We per-
formed genome-wide screening for miRNAs that were regulated by
CREB in T98G cells. After transfecting T98G cells with sicreb or
siNC, a microRNA microarray was performed to compare the ex-
pression of miRNAs between these two groups. Knocking down
CREB led to a widespread decrease in the levels of miRNAs. To
narrow our candidates, we focused on the known up-regulated
miRNAs in gliomas that were supported by at least two studies
(Table S1 and Fig. 3A). We validated the high expression of these
miRNAs in glioma cell lines by QRT-PCR, and most of these
miRNAs (mir-10b, mir-21, mir-23a, mir-26a, mir-182, and mir-221)
were highly expressed in all four glioma cell lines. mir-9 was
expressed highly in U87MG, T98G, and U251 cells but not in A172
cells. The level of mir-25 was only slightly higher in glioma cells, and
mir-106b was decreased in glioma cells compared with the normal
brain tissue (Fig. 3B).UsingQRT-PCRonT98GandU251 cells, we
confirmed the microarray result and found that all of the frequently
up-regulated miRNAs in glioma cells, except mir-10b in U251 cells,
decreased after CREB knockdown (Fig. 3C).

mir-23a Is a Direct Target of CREB. Most of the transcription start
sites (TSSs) and promoter regions of these miRNA genes remain
largely unknown; therefore, the ChIP-chip method was used to
examine the direct interactions between CREB and its target
miRNA genes in glioma cells. Three independent ChIP-chip
assays were performed in T98G cells, and we found that the
flanking sequences of several miRNA genes that were highly
expressed in glioma (mir-130b, mir-148a, mir-188, mir-199b, mir-
210, mir-23a, mir-23b, mir-362, mir-516a-1, mir-516a-2, mir-671,
mir-9-1, mir-9-2, mir-9-3, and mir-106b-25 cluster) contained
CREB binding peaks in at least two experiments. Interestingly
and surprisingly, the upstream sequence of the mir-23a-27a-24-2
cluster was highly enriched in all three ChIP-chip assays. Eleven
peaks were enriched in at least two assays, and seven of them
were located within the −10 kb to 2 kb region (Table S2). To
confirm the ChIP-chip results, ChIP-quantitative PCR (QPCR)
was used to detect the occupancy of CREB on the flanking
regions of the mir-23a-27a-24-2 gene cluster by using seven
specific primers. Five primers were designed to amplify the five
peaks that were enriched in the ChIP-chip assays and were lo-
cated within the −4 kb to 2 kb region (primers 1–5), and two of
them were designed to amplify the two predicted cAMP-re-
sponse elements (CREs) in the −2 kb to 0 kb region (a and b)
(Fig. 4A). The regions “2,” “4,” and “a” were significantly
enriched by the CREB antibody in untreated and AD-shNC–
infected T98G and U251 cells (Fig. 4 B and C), but not in AD-
shcreb–treated cells with CREB knocked down (Fig. 4C).
Because the TSS of the gene cluster mir-23a-27a-24-2 is known

(37), luciferase reporter assays were used to ensure that the
binding of CREB to the promoter region contributes to the tran-
scriptional activation. As shown in Fig. 4D, the transcription ac-
tivity of the proximal promoter region of themir-23a gene (−522 to
+88), but not the distal region (−2002 to −630), was enhanced by
CREB. Moreover, mutating the conserved CRE (CRE-a) totally
abolished the enhancing effect of CREB overexpression on the
luciferase reporter (Fig. 4E), indicating that CREB can directly
regulate the transcription of mir-23a by binding to this CRE.
Although mir-23a is in a miRNA gene cluster (mir-23a-27a-24-

2), the other two miRNA products (mir-27a and mir-24) in this

Fig. 1. Highly expressed CREB is essential for gliomagenesis. (A) Western
blotting analysis was used to detect CREB in normal brain tissues and glioma
tissues. The results of Western blotting were quantified by densitometry and
are shown as the ratios of CREB/β-actin protein levels (the values shown
above the blots). (B Left) Western blotting and quantitative RT-PCR were
used to detect CREB protein (Upper) and mRNA (Lower) level in the human
cervical carcinoma cell line HeLa and human normal glial cell line HEB as well
as in the four glioma cell lines (U87MG, T98G, A17,2 and U251). (B Right) The
Western blotting results were quantified by densitometry and are shown as
the ratios of CREB/β-actin protein levels. The mRNA levels of CREB are
expressed as the mean ± SD, n = 3. (C) Knocking down CREB inhibits the
anchor-independent growth in soft agarose of glioma cells. The cells were
lysed, and the fluorescence was read (mean ± SD, n = 4). (D and E) Nude
mice were injected s.c. with adenovirus-based CREB shRNA (AD-shcreb) and
control shRNA (AD-shNC)-infected U251 cells (D) or U87MG cells (E) in the
right and left flanks, respectively. The tumor volume was measured in-
termittently. Insets show the mice with tumors and the Western blotting
results depicting the effect of CREB knockdown with AD-shcreb. Data are
expressed as mean ± SD, n = 7 (U251) or n = 5 (U87MG). *P < 0.05; **P <
0.01; ***P < 0.001.
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cluster were not frequently up-regulated in gliomas (only one re-
port mentions the high level of mir-27a in gliomas; ref. 22), possibly
due to the posttranscriptional regulation of the processing of pri-
and premiRNAs. We confirmed that the primary mir-23a tran-
script (pri-mir-23a) and the mature mir-23a were highly expressed
in the four glioma cell lines compared with the HeLa and the HEB
lines (Fig. S5B) without gene copy number changes (Fig. S5C).

miR-23a Is a Functional Downstream Target of CREB. mir-23a has
been identified as a highly expressed miRNA in glioma cell lines
by our results and several previous studies (17–19, 21). Here, we
found that mir-23a is a direct target of CREB. However, the
function of mir-23a in gliomagenesis remains largely unknown.
Therefore, we knocked down endogenous mir-23a with miRNA

antagomirs (anti-23a) in glioma cells (Fig. S6A) and found that
the reduction of mir-23a significantly inhibited the growth and
survival of U87MG, T98G, and U251 cells in MTT assays (Fig.
5A). The T98G cells with knocked down mir-23a showed sig-
nificantly lower colony formation ability than control T98G cells
(Fig. S6B). To test whether mir-23a could mediate the function
of CREB, rescue experiments were performed. Overexpression
of mir-23a partly rescued the effect of CREB knockdown on the
growth, survival, and colony formation ability of T98G and U251
cells (Fig. 5 B–D and Fig. S6 C–E). Moreover, AD-shcreb–
infected U251 cells transfected with mir-23a mimics formed
larger tumors than cells infected with AD-shcreb after trans-
fection with mir-NC mimics in xenograft models, which suggests
that mir-23a can partly rescue the inhibitory effect of CREB
knockdown on the growth of U251 cells in vivo (Fig. S6F).

PTEN Is a Downstream Target of mir-23a.Usually miRNAs function
by targeting protein-coding genes. Therefore, we investigated the
direct targets of mir-23a. Target predictions were primarily
performed by using three algorithms (TargetScan, PicTar, and
MiRDB). Many protein-coding genes were predicted to be the
targets of mir-23a. Among them, several TSGs (i.e., FOXO3a,
FOXO4, and PTEN) that are involved in gliomagenesis attracted
our attention (38) (Fig. 6A). Luciferase assays were used to test
the interactions between the miRNAs and the 3′ UTRs of these
TSGs in T98G cells. Overexpressing and knocking down mir-23a
significantly decreased and increased the FOXO3a, FOXO4, and
PTEN 3′ UTR (half2) luciferase reporter activities, respectively
(Fig. 6B). CREB and mir-23a are highly expressed in glioma cells
and, accordingly, the targets of mir-23a are expected to be down-
regulated in glioma cells. Through Western blotting, we found
that FOXO3a and PTEN, but not FOXO4, were down-regulated
in glioma cells (Fig. 6C). Ectopic expression of mir-23a and
knockdown of mir-23a, respectively, repressed and increased the

Fig. 2. CREB knockdown inhibits the growth and survival of glioma cells but
not HEB cells. (A) MTT assays show the growth curve of T98G (Left) and U251
(Right) cell lines after transfection with the siRNA against CREB (sicreb) or
the control siRNA (siNC). Data are expressed as mean ± SD, n = 5. *P < 0.05;
**P < 0.01. (B) T98G (Left) and U251 (Right) cells transfected with sicreb or
siNC were maintained in serum-free medium, and the MTT method was used
to determine the cell survival. Data are expressed as mean ± SD, n = 5. *P <
0.05; ***P < 0.001. (C) T98G (Left) and HEB (Right) cells infected with AD-
shcreb or AD-shNC were maintained in complete culture medium or serum-
free medium, and MTT assays were performed to detect the cell growth and
cell survival (mean ± SD, n = 5), ***P < 0.001. (D) The effects of knocking
down CREB with AD-shcreb on the colony formation abilities of T98G, U251,
and HEB cells. The cell colonies were counted and plotted. Data are
expressed as mean ± SD, n = 5. *P < 0.05; **P < 0.01.

Fig. 3. CREB contributes to the up-regulation of highly expressed miRNAs in
glioma cells. (A) The T98G cells were transfected with sicreb or siNC, and
a miRNA microarray was performed to compare the miRNA expression be-
tween the two groups. Knocking down CREB led to a widespread decrease of
miRNAs in T98G cells, andonly themiRNAs thatwere reported to be frequently
up-regulated in gliomas by at least two studies are listed. The values of sicreb/
siNC represent the fold changes of the miRNA levels determined by microRNA
microarray. (B) The relative expression levels ofmiRNAs in a normal brain tissue
(N) and four glioma cell lines (U87MG, T98G, A172, and U251) were measured
by quantitative real-time PCR. (C) Quantitative RT-PCR was performed to
confirm themicroarray results (exceptmir-25 andmir-106b) in T98G andU251.
Data are expressed as mean ± SD, n = 3. *P < 0.05; **P < 0.01; ***P < 0.001.
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protein levels, but not the mRNA levels, of FOXO3a and PTEN
in T98G cells (Fig. 6D), suggesting that FOXO3a and PTEN
were potential downstream targets of mir-23a. Because knock-

down of CREB can significantly down-regulate the expression of
mir-23a in glioma cells, the targets of mir-23a were expected to be
up-regulated after knocking down CREB. PTEN protein in-
creased, accompanied by a slightly decrease in its mRNA level,
after CREB knockdown. Surprisingly, knocking down CREB led
to decreases in the mRNA and protein levels of FOXO3a (Fig.
6E). Importantly, overexpression of mir-23a in CREB-knockdown
T98G cells decreased the induction of PTEN protein expression
(Fig. 6F), suggesting that CREB affected PTEN protein expres-
sion by, at least partly, regulating the expression of mir-23a. Be-
cause there are two predicted binding sites for mir-23a in the
PTEN 3′ UTR, luciferase reporter assays were used to test which
site is functional. The results showed that the second site (position
2279–2286) interacted with mir-23a, and mutating this binding site
abolished the repression of PTEN 3′ UTR-luciferase expression
by mir-23a (Fig. 6G). Furthermore, knocking down CREB in-
creased the activity of the luciferase reporter containing the PTEN
3′ UTR-half2 and -half2-half2 but not the PTEN 3′ UTR-half2-
half1 or -half2-half2-MT, suggesting that CREB modulates repres-
sional activity at the PTEN 3′ UTR by regulating the expression
of mir-23a.

Discussion
Themechanismof the overexpression of CREB in tumorigenesis is
poorly understood. We found amplifications of the CREB gene
copy number in one case grade IV tissue and in the U87MG cell
line. However, these findings appear in contrast with a previous
study that detected no gene copy number changes in a cohort of
glioblastoma multiforme (GBM) samples of TGCA compared
with normal brain controls (39), suggesting that the gene copy
number amplification is not a universal mechanism of the up-
regulation of CREB in gliomas. Reduced levels of miRNAs, the
master regulators of protein-coding genes, usually lead to up-
regulation of their target genes (40–43). The frequently down-
regulated miRNAs (mir-124 and mir-128) in gliomas were pre-
dicted and confirmed to target the 3′UTR of CREB, implying that
the down-regulation of these miRNAs may lead to a high CREB
level in gliomas. Although CREB mRNA was only slightly up-

Fig. 4. CREB directly regulates the expression mir-23a. (A) The results of
three ChIP-chip assays were summarized. Eleven peaks were found in three
ChIP-chip assays within the 10-kb region upstream of the mir-23a. The
locations of the peaks are denoted as short bars (black, green, and red
represent the three assays). To confirm the ChIP-chip results, we designed
five primers to detect the occupancy of CREB within the 4-kb region up-
stream of the mir-23a (primers 1–5). We also designed two primers (a and b)
to amplify the two predicted CREs within the 2-kb region upstream of the
mir-23a, although no peaks were found in this region in the three ChIP-chip
assays. (B) ChIP-QPCR analysis was used to confirm the ChIP-chip results in
T98G and U251 cells with the specific primers mentioned above. (C) ChIP-
QPCR analysis was performed with AD-shcreb/AD-shNC-infected T98G and
U251 cells to determine the occupancy of CREB. Data are expressed as mean ±
SD, n = 3. *P < 0.05, two-tailed unpaired Student’s t test, relative to IgG
control. (D) Luciferase reporter assays were used to confirm the transcrip-
tion-enhancing effect of CREB on the promoter region of the mir-23a-27a-
24-2 gene cluster. The gray box (LUC) denotes the luciferase gene cassette.
(E) The conservation of the promoter region of the mir-23a-27a-24-2 gene
cluster is shown (Upper). The promoter regions containing the wild-type
(WT) or mutated (MT) CRE were inserted upstream of the luciferase cassette,
and luciferase reporter assays were performed. (E Lower) The normalized
luciferase activity is expressed as the mean ± SD, n = 4. **P < 0.01.

Fig. 5. mir-23a is a functional downstream target of CREB. (A) Knocking
down mir-23a with specific inhibitors (antagomirs, anti-23a) inhibited the
growth and survival of glioma cells. Data are expressed as mean ± SD, n = 4.
**P < 0.01; ***P < 0.001. (B–D) Overexpression of mir-23a partly rescued the
growth-inhibiting effect of CREB knockdown. T98G cells were transfected
with synthetic mir-23a mimics (mir-23a) or control mimics (mir-NC) after in-
fection with AD-shcreb or AD-shNC. The relative expression of mir-23a was
determined by quantitative RT-PCR (mean ± SD, n = 3) (B). The transfected/
infected cells were subjected to MTT assays (C) and colony formation assays
(D). Data are expressed as mean ± SD, n = 4. *P < 0.05; **P < 0.01.
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regulated in the aforementioned cohort of GBM samples (49%
with log2 tumor/normal ratio≥ 0.5) (39), its regulation by miRNAs
might be one cause of the CREB high level in the absence of
significant genomic or transcriptional aberrations.
Even though CREB is highly expressed in some types of tumors

and is associated with malignancy, we present evidence of the
crucial role of CREB in the growth of glioma cells. Although
knocking down CREB only had a moderate growth-inhibitory
effect on glioma cells in vitro, it largely inhibited tumor formation
by glioma cells in a xenograft model. Importantly, the growth-
inhibitory effect of knocking down CREB seemed to be limited to
glioma cell lines; the growth and colony formation ability of HeLa
and HEB lines were almost unaffected, suggesting that CREB
knockdown is selectively lethal to glioma cells.
The oncogenic roles of miRNAs have been characterized in

various types of tumors, including gliomas (44), but little is
known about the mechanism of their dysregulation. Uncovering
the reason for their dysregulation might make it possible to re-
turn the expression levels of the oncogenic miRNAs to normal.
Similar to protein-coding genes, miRNA genes themselves are
subject to sophisticated control. The factors determining the ex-
pression of miRNAs include genomic amplification, transcrip-
tional regulation, processing, editing, and decay (45). It seems that
dysregulation at the transcriptional level is one of the major factors
and, indeed, some reports have characterized the transactivators

or suppressors of miRNAs, for example, c-MYC and p53 (46-48).
We found that CREB is a direct transcriptional regulator of the
oncogenic mir-23a, and we also showed that knocking down
CREB has a widespread silencing effect (direct or indirect) on the
expression of oncogenic miRNAs (including the bona fide onco-
genic miRNAs mir-21, mir-26a, and mir-221) in glioma cells, so we
postulate that CREB might act as a coordinator modulating the
expression of oncogenic miRNAs. If we can silence a group of
oncogenic miRNAs together, the anticancer effect could be more
efficient. From this point of view, CREB could be a potentially
valuable molecular target for glioma therapy.
mir-23a is highly expressed in glioma tissues and cell lines. To our

knowledge, only one report has mentioned the oncogenic role of
mir-23a, whose knockdown resulted in a reduction in the glioma
cells’ colony formation ability in soft agar (18). We identified mir-
23a as a growth enhancer of glioma cells and a regulator of the
tumor suppressor PTEN. Considering the pivotal role of PTEN, we
believe that the aberrant expression of mir-23a contributes signifi-
cantly to gliomagenesis. In addition to PTEN, some other glioma
suppressors such asLRRC4, SPRY2, andCAMTA1 are predicted to
be targets of mir-23a (prediction results from miRecords: http://
mirecords.umn.edu/miRecords). Because of the widespread regu-
latory function of miRNAs, CREB could affect the expression of
many more genes, including critical glioma suppressors.

Fig. 6. mir-23a directly target PTEN. (A) The tumor suppressor genes FOXO3a, FoXO4, and PTEN were predicted to be potential targets of mir-23a. (B) The 3′
UTRs of the three target genes containing mir-23a binding sites were cloned downstream of luciferase reporter gene. The first half of the PTEN 3′ UTR (PTEN-
half1) containing no mir-23a binding sites was used as a negative control. Luciferase reporters were cotransfected with synthetic miRNA mimics or antagomirs
into T98G cells. Forty-eight hours later, the normalized luciferase activity was determined (mean ± SD, n = 4). *P < 0.05; **P < 0.01; ***P < 0.001. (C) Western
blotting was used to detect FOXO3a, FOXO4, and PTEN in HeLa, HEB and the four glioma cell lines (U87MG, T98G, A172, and U251). (D) T98G cells were
transfected with synthetic mir-23a mimics (mir-23a), inhibitors (anti-23a), or negative controls (mir-NC or anti-NC). The protein and mRNA of FOXO3a and
PTEN were detected by Western blotting and quantitative RT-PCR, respectively. (E) The mRNA and protein of FOXO3a and PTEN were detected after knocking
down CREB with sicreb in T98G cells. (F) T98G cells were transfected with synthetic mir-23a mimics or control mimics followed by infection with AD-shcreb or
AD-shNC, and FOXO3a, PTEN, and CREB were detected by Western blotting and quantified by densitometry and plotted (mean ± SD, n = 3). *P < 0.05; **P <
0.01. (G) The 3′ UTR (half2) of PTEN, harboring two potential mir-23a binding sites, was itself divided into two halves (1, 2), each containing one of the two
mir-23a binding sites. These partial 3′ UTRs of PTEN with either the wild-type or a mutated mir-23a binding site were cloned downstream of the luciferase
reporter gene, and luciferase assays were performed to test the interactions between mir-23a and the 3′ UTRs parts. (H) The luciferase reporters containing
the PTEN 3′ UTR-half2 (1+2), PTEN 3′ UTR-half2-1 (1) or PTEN 3′UTR-half2-2 (2) or PTEN 3′ UTR-half2-2-MT (2MT) were cotransfected with shcreb or shNC. The
normalized luciferase activity is expressed as the mean ± SD, n = 4. *P < 0.05; **P < 0.01.
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In summary, our results show that the highly expressed CREB
transcription factor can promote gliomagenesis by modulating
the expression of the oncogenic mir-23a, which can directly target
the tumor suppressor PTEN. These findings also suggest that the
proto-oncogene CREB can repress the tumor suppressors by
modulating the expression of TSG-targeting miRNAs.

Materials and Methods
Samples and Cell lines. All human normal brain tissue and glioma samples
were obtained from the Department of Neurosurgery, Beijing Tiantan
Hospital. All humanmaterials were used in accordancewith the policies of the
institutional reviewboard at Beijing TiantanHospital. The four human glioma

cell lines used here (U87MG, T98G, A172, and U251) were purchased from
American Type Culture Collection. The human cervical carcinoma cell line
HeLa was obtained from the China Center for Type Culture Collection
(Wuhan, China). HEB was kindly provided by Guangmei Yan (Department of
Pharmacology, Zhongshan School of Medicine, Sun Yat-Sen University,
Guangzhou, China). See SI Materials and Methods for details.

See more material and methods in SI Materials and Methods.
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