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CPEB1, a histone-modified hypomethylated gene,
is regulated by miR-101 and involved in cell
senescence in glioma

L Xiaoping™#**°, Y Zhibin"**4 L Wenjuan'?® W Zeyou'?34 X Gang"?**, L Zhaohui?3, Z Ying"*3, W Minghua*'*3* and
L Guiyuan*'?®

Epigenetic mechanisms have important roles in carcinogenesis. We certified that the mRNA translation-related gene cytoplasmic
polyadenylation element-binding protein 1 (CPEB1) is hypomethylated and overexpressed in glioma cells and tissues. The
knockdown of CPEB1 reduced cell senescence by regulating the expression or distribution of p53 in glioma cells. CPEB1 is also
regulated directly by the tumor suppressor miR-101, a potential marker of glioma. It is known that the histone methyltransferase
enhancer of zeste homolog 2 (EZH2) and embryonic ectoderm development (EED) are direct targets of miR-101. We demonstrated
that miR-101 downregulated the expression of CPEB1 through reversing the methylation status of the CPEB1 promoter by
regulating the presence on the promoter of the methylation-related histones H3K4me2, H3K27me3, H3K9me3 and H4K20me3. The
epigenetic regulation of H3K27me3 on CPEB1 promoter is mediated by EZH2 and EED. EZH2 has a role in the regulation of

H3K4me2. Furthermore, the downregulation of CPEB1 induced senescence in a p53-dependent manner.
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Gliomas are the most common type of central nervous system
tumors. Patients with high-grade glioma have a poor prog-
nosis. The median survival period of the patients with
malignant gliomas is no more than 15 months after diagnosis. "
Unfortunately, high-grade glioma tumor cells are highly mobile
and infiltrate the surrounding, otherwise healthy, brain tissue;?
this characteristic is one of the primary reasons for the lack of
a successful treatment for this type of tumor. There is an
urgent need to develop mechanism-based approaches for the
management of glioma. In glioma, silencing gene expression
by DNA hypermethylation affects the genes involved in the
key cellular functions, such as DNA repair and genome
integrity (MGMT and MLH1), tumor suppression (RB1, VHL,
RASSF1A and BLU), cell cycle (p16INK4a and p15INK4b)
and tumor invasion and apoptosis (DAPK, TIMP3, CDH1 and
PCDH-gamma-A11).>7 The hypomethylated genes
DNMT3B and Sox2 are involved in the cell cycle and
metastasis, respectively.®® Thus, DNA methylation has a
significant role in glioma.

In our previous research study, the DNA methylome in
glioma was constructed by high-throughput methylated DNA
IP combined with the use of a promoter and CpG islands
microarray. We then certified two new hypomethylated genes,
F10and POTEH, and confirmed the prognostic value of these

genes in glioma.'®'" It has been shown that the hypomethyla-
tion of single-copy genes has an important role in glioma.

Cytoplasmic polyadenylation element-binding (CPEB)
protein is the key factor that controls mRNA translation. CPEB
binds the cytoplasmic polyadenylation element in the 3'-UTRs
of responsive mRNAs."? In Xenopus oocytes and early-stage
embryos, CPEB protein 1 (CPEB1) is a dual-function protein. In
unstimulated conditions, CPEB1 maintains the mRNA in a
repressed state. Although in response to developmental cues
or stimulation, CPEB1 dissociates from the repression complex
and activates translation.'® Recent data have demonstrated a
correlation between CPEB1 and senescence.'* Sasayama T
et al'® examined CPEB1 mRNA levels in several tumor cell
lines, such as hepatoma, glioma, lung cancer, colon cancer and
pancreatic cancer, and demonstrated that 50% of these cell
lines had high expression levels of CPEB1.

Cellular senescence is a largely irreversible growth arrest,
in which the cells are arrested in the GO/G1 phase of the cell
cycle and do not enter the S phase in response to growth
factors.'® However, tumor cells can be induced to undergo
senescence by treatment with chemotherapeutic drugs,
radiation or differentiation agents. The importance of cellular
senescence is increasingly being recognized as a mechanism
of glioma suppression. Although several genes influence
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senescence, perhaps the most central genes are the tumor
suppressors p53, Rb, p19*FF and p16™NK44 19

In this study, we confirmed the promoter methylation status
and the expression of CPEB1 in glioma cell lines and tissues
and elucidated the phenotype and mechanism of CPEB1
dysregulation.

Results

CPEB1 was overexpressed because of promoter
hypomethylation and correlated with a poor outcome in
glioma. We demonstrated previously that the CPEB1 gene
located at 15g25.2 was hypomethylated in glioma tissues.'”
To further confirm the hypomethylation of CPEB1 in glioma,
we designed and validated bisulfite sequencing PCR (BSP)
and methylation-specific PCR (MSP) methods (Figures 1a
and b). CpG dinucleotides were heavily methylated in normal
brain samples, and the decrease in methylation observed in
the tumor cell lines had a mean of 20.1%. In contrast, the
decrease in methylation that was observed in the glioma
samples had a mean of 71.8% (P<0.001) (Figure 1c). A
methylation decrease level of >45.3% was regarded as
hypomethylation. CPEB1 was hypomethylated in 43 (86.0%)
of 50 tumors. There was no statistically significant correlation
between sex, age or histological grade and CPEB1 hypo-
methylation (Table 1). The increased expression of the
CPEBH1 protein was found in the glioma cell lines and in 25
of 50 glioma tissues (Figures 1d and e). The expression of
CPEB1 in the normal brain tissues was found to be lower
compared with the glioma cell lines. There was no statistical
correlation between sex, age or histological grade and
CPEB1 expression (Table 2). A comparison of the methyla-
tion status with protein expression revealed that all of the 25
tumors that had a high level of CPEB1 expression harbored
hypomethylation. CPEB1 methylation was observed in 18 of
25 (72.0%) samples with a reduced or total loss of CPEB1
expression (Table 1). There was a significant relationship
between CPEB1 promoter hypomethylation and CPEB1
protein overexpression (P=0.001, Table 2). The correlation
between CPEB1 expression, methylation status and overall
survival (OS) was statistically significant (Figures 1f and g).
These results suggest that CPEB1 overexpression and
hypomethylation may be involved in glioma carcinogenesis.

The knockdown of CPEB1 reduced senescence by
regulating p53 distribution in glioma cells. Burns DM
et al.'® demonstrated that CPEB1 was repressed by
miR-122, and the inhibition of CPEB1 activated p53 transla-
tion in human skin fibroblasts. p53 is one of the hallmarks of
cellular senescence;'® therefore, the p53-mutated cell line
U251 and the p53 wild-type cell line U87 were selected for
use in the following experiments. U251 and U87 cell growth
was inhibited by CPEB1 knockdown. The inhibition was
observed at 72 h in U251 cells and at 48 and 72 h in U87 cells
(Figure 2a). Senescent cells can be detected with an assay
that detects senescence-associated f-gal (SA-B-gal)
activity.?° Whether in p53-mutated or in wild-type glioma
cells, CPEB1 knockdown initiated senescence (Figure 2b).
Next, the morphology of U251 and U87 cells treated with a
CPEB1 small interfering RNA (siRNA) was observed with
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transmission electron microscopy. The results revealed
vacuolar degeneration in the cytoplasm of the U251 cells.
However, there were two different lesions in the U87 cells:
one was cellular edema, including cytoplasm, nucleus and
mitochondria; another lesion was mitochondrial vacuolar
degeneration (Figure 2c). After the knockdown of CPEB1,
the level of expression of p53 was decreased in the U251 cells
but not changed in the U87 cells (Figure 2d). Furthermore, it
was discovered that the knockdown of CPEB1 induced the
overexpression of p21, which is downstream of p53 (Figure
2d). Even though the CPEB1 knockdown did not influence the
expression of p53 in the U87 cell lysate, the loss of CPEB1
expression still enhanced the expression of the downstream
p53 effector p21. The data indicate that the knockdown of
CPEB1 impeded wild-type p53 transport to the cytoplasm in
U87 cells (Figure 2e). This observation supports the hypoth-
esis that the knockdown of CPEB1 induces cell senescence in
glioma in a p53-dependent manner.

CPEB1 was a direct and epigenetic target of
miR-101. Having established a role for CPEB1 in glioma
cell senescence, we next aimed to clarify the mechanism of
CPEB1 regulation. To date, there has been only one
published study that demonstrated the repression of CPEB1
by miR-122."® We used the online software TargetScan 5.1
(Cambridge, MA, USA) to predict potential miRNA-binding
sites in the 3-UTR sequence of CPEB1. CPEB1 was
predicted to be a target of miR-101. Recent data have
demonstrated the suppressor role of miR-101 in tumors.?'
The predicted binding sites were cloned downstream of the
firefly luciferase gene in the pMIR-REPORT vector
(Figure 3a). When the cells were individually cotransfected
with miR-101 and pMIR-CPEB1-3'-UTR-WT, there was a
significant reduction in luciferase activity compared with cells
transfected with the negative control (Figure 3a), thereby
confirming that miR-101 directly interacted with the 3'-UTR of
CPEBA1 in glioma cells. It was gratifying to observe that miR-
101 could inhibit the expression of CPEB1, and that the
suppression of miR-101 could enhance the expression of
CPEB1 (Figure 3b). CPEB1 can be considered to be a new
target of miR-101 in glioma.

Enhancer of zeste homolog 2 (EZH2) and embryonic
ectoderm development (EED) are the core subunits of
polycomb repressive complex 2 (PRC2) and also the targets
of miR-101.222% The polycomb group proteins form macro-
molecular complexes that function as epigenetic gene
silencers.®* PRC2 has a signature activity to methylate
histone H3 at lysine 27 (H3K27), adding up to three methyl
groups to this target Lys residue. Trimethylated H3K27
(H3K27me3) is thought to be the main form of H3K27 that
mediated PRC2 silencing. DNA methylation is correlated with
histone modification. We hypothesized that the EZH2 and
EED, which are the targets of miR-101, regulate the promoter
methylation status of CPEB1 by modification of H3K27me3.
Then, we determined that the expression of CPEB1 was
downregulated by EZH2 siRNA and EED siRNA in the
glioma cell lines U251 and U87 (Figure 3c). As EZH2 and
EED are gene silencers, their siRNA was thought to
upregulate the expression of CPEB1. However, the
result was in contrast to what was expected. In order to verify
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Figure1 CPEB1 is overexpressed due to promoter hypomethylation and correlates with a poor outcome in glioma. (a) Schematic diagram of CpG dinucleotides within the CPEB1
promoter. The nucleotide number is relative to the transcription start site of CPEB1. The red line indicates the region tested with BSP; the blue line indicates the region detected with
MSP. (b) The methylation status of CPEB1 in glioma cell lines was detected with MSP. U, unmethylated primer, M, methylated primer. (¢) BSP of the upstream regulatory region of
CPEB1 was performed for representative tissues (N, normal brain tissue, T, glioma sample). For each sample, at least five separate clones were sequenced, and the results are shown
here. Unmethylated CpG sites are shown as open circles, whereas methylated CpG sites are indicated by closed circles. For each row of circles, the sequence results for an individual
clone of the bisulfite-PCR product are given. The number of methylated CpGs divided by the total number of true CpGs analyzed is given as a percentage on the right of each BSP
result. *P<0.05. (d) Real-time PCR was used to detect the expression of CPEB1. The expression level of CPEB1 in the normal brain tissue was much lower than that in the four
glioma cell lines. *P<0.05. (e) The expression of CPEB1 in normal brain tissues and glioma tissues was tested by ISH. (f) The correlation between CPEB1 protein expression in the
tumor and the OS of the glioma patients. The patients with a high level of CPEB1 expression had a poor outcome. (g) The correlation between CPEB1 methylation in the tumor tissue
and the OS of the glioma patients. The patients with hypomethylation of CPEB1 had a shorter OS than those with normal levels of CPEB1 methylation

Cell Death and Disease



Hypomethylated gene CPEB1 induces senescence in glioma
L Xiaoping et al

|

Table 1 Relationship of CPEB1 expression to clinical parameters in glioma
patients

Table 2 Correlation between CPEB1 methylation status, protein expression
and clinical parameters in glioma patients

Variable CPEBH1 P Variable CPEB1 P
<8 >8 hypomethylation methylation
Total (N=50) 25 25 Total (N=250) 43 7
Sex 1.000 Expression 0.004
Male (34) 17 17 <8 (25) 18 7
Female (16) 8 8 >8 (25) 25 0
Age(years)? 0.145 Sex 1.000
<42 (23) 14 9 Male (34) 29 5
>42 (27) 11 16 Female (16) 14 2
Grade 0.868 Age(years)? 0.145
Low grade (i +ii) (26) 14 12 <42 (23) 18 5
High grade (iii +iv) (24) 11 13 >42 (27) 25 2
. " : hind : Grade 0.697
Abbreviation: CPEB1, cytoplasmic polyadenylation element-binding protein 1 Low grade (i + i) (26) 23 3
High grade (iii +iv) (24) 20 4

the mechanism how EZH2 and EED regulate the expression
of CPEB1, we determined the core promoter region of
CPEB1. The luciferase reporter assay demonstrated that
the core promoter ranged from — 307 to — 207(Figure 3d),
and a possible repressive element resides between
positions —707 and —508. In addition, we determined the
presence of H3K27me3, a marker for DNA methylation, at the
core CPEB1 promoter locus upon the treatment of U251 cells
with miR-101. As shown in Figure 3e, we found H3K27me3
occupancy was decreased at the CPEB1 core promoter in
miR-101-treated cells compared with the control. EZH2 is a
histone methyltransferase that predominantly methylates
histone H3 lysine 27. Consistently, we observed that both in
U251 and U87 cells H3K27me3 was downregulated in CPEB1
promoter when the expression of EZH2 and EED was
knocked down. If miR-101 targeted EZH2 for degradation
and EZH2/EED is important for CPEB1 expression, one would
expect H3K27me3 to be upregulated in the cells expressing
miR-101 mimics. Instead, our data showed a H3K27me3
downregulation when miR-101 mimics and EZH2/EED siRNA
were expressed. These results were not in accordance with
what we supposed previously. Therefore, we considered that
there may exist other mechanisms in the epigenetical
regulation of miR-101 on CPEB1.

In general, permissive regions of DNA exhibit an open
chromatin structure marked by the hyperacetylation of histones
H3 and H4 and the dimethylation and trimethylation of histone
H3 at lysine 4 (H3K4me2/3). In contrast, repressed regions
exhibit a compact chromatin structure that is enriched in
‘repressive’ modifications: dimethylation and trimethylation of
H3K9 (H3K9me2/3) and H3K27me3 and the trimethylation of
H4K20 (H4K20me3).252¢ Although the code has not yet been
fully deciphered, it is apparent that DNA methylation can both
influence and be influenced by histone modifications. There are
also three other markers correlated with the gene methylation
status, the activated gene expression marker H3K4 and the
repressed gene expression markers H3K9 and H4K20.27-2°
The occupancy of the CPEB1 core promoter by H3K9me3 and
H4K20me3 was upregulated by miR-101 compared with the
control. H3K4me2 occupancy can be used as a tracerto mark a
locus that has undergone DNA demethylation. The H3K4me2
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Abbreviation: CPEB1, cytoplasmic polyadenylation element-binding protein 1

occupancy at the core promoter of CPEB1 was reduced by
miR-101 only in the U251 cells (Figure 3e).

As EZH2 and EED are also shown to correlate with H3K4,
H3K9 and H4K20, we analyzed the effects of EZH2 and EED
on histone H3K4, H3K9 and H4K20 modification at the core
promoter of CPEB1. The downregulation of EZH2 decreased
the occupancy by H3K4me2 at the core promoter of CPEB1
but had no effect on H3K9me3 and H4K20me3 occupancy;
the knockdown of EED could not regulate H3K4me2,
H3K9me3 and H4K20me3 occupancy at the core promoter
of CPEB1. So we postulated that miR-101 reversed the
methylation status of CPEB1 by downregulating the
H3K4me2 occupancy and upregulating the H3K9me3 and
H4K20me3 occupancy at the core promoter of CPEB1 by
targeting EZH2. A reduction in the methylation level of CPEB1
was induced by miR-101 mimics in both U251 and U87
cells as determined by BSP. MiR-101 mimics could also
reduce the level of methylated CPEB1 in U251 cells as
determined by MSP, whereas miR-101 inhibitor could
maintain the hypomethylation of CPEB1 in U251 cells
(Figure 3f). Taken together, the above results indicated that
miR-101 epigenetically downregulated the expression of
CPEB1 by inhibiting EZH2.

miR-101 was frequently downregulated in human glioma
cell lines and tissues and was associated with poor
prognosis. Whether MiR-101 is reported to be downregu-
lated in multiple tumors.?'3%33 |n the present study, we
detected the expression of miR-101 in glioma cell lines and
tissues. In-situ hybridization was performed to analyze the
expression level of miR-101 in human normal brain tissues
and glioma tissues, and real-time PCR was performed for
normal brain tissue and human glioma cell lines, including
U251, U87, A172, SF767 and SHG44. The mature form of
miR-101 was at an obviously lower level in normal brain
tissues compared with that in glioma cells and tissues
(Figures 4a and b). The expression level of miR-101 was
further examined in 50 samples of glioma tissue and 10
normal brain tissue samples. In comparison with the cell
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Figure 2 CPEBH1 reduces senescence by regulating p53 distribution in glioma cells. (a) A cell growth assay was used to analyze the function of CPEB1 siRNA in glioma
cell proliferation. *P< 0.05. (b) The effect of CPEB1 siRNA on senescence in glioma cell lines as determined with SA-B-gal staining. Arrows indicate the green senescent cells.
*P<0.05. (c) Transmission electron micrographs of the morphology of glioma cells transfected with CPEB1 siRNA. (d) The regulation of p53 and p21 by CPEB1 siRNA.
(e) The changes in the cellular distribution of p53 induced by CPEB1 siRNA in the U87 cell line

lines, miR-101 was downregulated in 82% of the tumor
samples: 2 grade |, 18 grade Il, 10 grade Ill and 11 grade IV.
The reduction in miR-101 expression was not correlated with
tumor grade, sex or age (Figure 4b, Table 3). However, the
expression level in grade | was much lower than that found in
grades I, 1ll and IV (P<0.05). As can be seen, a markedly
reduced OS was observed in the glioma patients who had
lost miR-101 expression compared with the patients who

exhibited normal expression levels (Figure 4c). These results
suggest that reduced miR-101 expression is a frequent event
in human glioma tissues and may be involved in glioma
carcinogenesis. Furthermore, miR-101 may function as a
potential marker for the initiation of a glioma.

miR-101 had a role as a tumor suppressor and induced
senescence in glioma cell lines. Although it has been
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(e) A ChiP assay was performed to detect the H3K4me2, H3K27me3, H3K9me3 and H4K20me3 occupancy of the CPEB1 core promoter. U251 and U87 cells transfected with miR-101
mimics, EZH2 siRNA and EED siRNA were analyzed. *P<0.05. (f) The methylation status of CPEB1 is affected by miR-101. The unmethylated CpG sites are shown as open circles,
whereas the methylated CpG sites are indicated by closed circles. For each row of circles, the sequence results for an individual clone of the bisulfite-PCR product are given. The number of
methylated CpGs divided by the total number of true CpGs analyzed is given as a percentage on the right of each BSP result. The methylation level of CPEB1 is increased by miR-101 in
the U251 and U87 cells as determined with BSP. MiR-101 mimics reverse the methylation status of CPEB1 as determined with MSP in U251 cells

Cell Death and Disease



d pGL3-control
pGL3-enhancer
PGL3-CPEB1-707/-508
PGL3-CPEB1-507/-308
PGL3-CPEB1-307/-207
PGL3-CPEB1-707/0
PGL3-CPEB1-507/0
PGL3-CPEB1-307/0
PGL3-CPEB1-207/0

Hypomethylated gene CPEB1 induces senescence in glioma @
L Xiaoping et al 9

U251

3 control %
0 @ miR-101 mimics *

o

Relative histone occupancy
at CPEB1 promoter

3 control
157 @B EZH2 SIRNA

* *

Relative histone occupancy
at CPEB1 promoter

3 control
3 157 mm EED SiRNA
c
25
3% *
8 E10
2s
S«
3@
EWos
20
E®
¢ o0
sV H > 5
«3‘& *:C“& 49‘& @“z
> &
& & BS &
f control

0e800000e00ee0Ces
0e800000e00ee00e0

U251 oceeccooo

©000:!

us7

Figure 3 (Continued)

reported that miR-101 can suppress carcinogenesis in many
tumors,®*37 the role of miR-101 in glioma formation and the
precise mechanism by which this miRNA acts have been
unclear. The exogenous expression of miR-101 could inhibit
the growth of the glioma cells at 48 and/or 72 h (Figure 5a). It
was found that miR-101 could abrogate the migration abilities
of the glioma cell lines U251 and U87 (Figure 5b). We
performed SA-B-gal staining of these cell lines and found that
there was an increased number of SA-B-gal-positive cells in
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the cell lines that were transfected with miR-101 (Figure 5c).
In addition, transmission electron microscopy revealed
cytoplasmic and nuclear condensation, the aggregation of
chromatin at the periphery of the nucleus and mitochondrial
vacuolar degeneration in the U251 cells. However, there
were two different lesions in the U87 cells: cellular edema,
including cytoplasm, nucleus and mitochondria; cellular
condensation, including cytoplasmic, nuclear and mitochon-
drial vacuolar degeneration (Figure 5d).
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Figure 4 miR-101 is frequently downregulated in human glioma cell lines and tissues and is associated with a poor prognosis. (a) The expression of miR-101 in normal
brain tissue and glioma cell lines. The real-time PCR data indicate that miR-101 is downregulated in glioma cell lines. *P<0.05. (b) The expression of miR-101 in glioma
tissues and normal brain tissues. The ISH assay indicates that miR-101 is expressed at high levels in normal brain tissue, whereas the expression is lost in glioma tissues.
(c) The correlation between miR-101 expression in the tumor and the OS of glioma patients

miR-101 induced glioma cell senescence in a
p53-dependent manner. Whether miR-101 regulated
CPEB1 and induced glioma cell senescence in a p53-
dependent manner. The western blot analysis revealed that
the expression of p53 was downregulated in the U251 cells
and was upregulated in the U87 cells that had been
transfected with miR-101 mimics, but the level of p21
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expression was increased in both U251 and U87 cells
(Figure 6a). In this experiment, we postulated that miR-101
regulates the distribution of p53 in U87 and U251 cells. As
was expected, the western blot analysis indicated that
miR-101 facilitated the transport of mutant p53 to the
cytoplasm in the U251 cells and retained the wild-type p53
in the nucleus of the U87 cells (Figure 6b). These results



Table 3 Relationship of miR-101 to clinical parameters in glioma patients

Variable miR-101 P
<8 >8

Total (N=50) 41 9

Sex 0.942
Male (34) 29 5
Female (26) 22 4

Age(years)? 0.525
<42 (23) 18 5
>42 (27) 23 4

Grade 0.467
Low grade (i +ii) (26) 20 6
High grade (iii +iv) (24) 21 3

Abbreviation: CPEB1, cytoplasmic polyadenylation element-binding protein 1.
#Median of age is 42 years

indicate that miR-101 not only suppresses the expression of
mutant p53 and enhances the expression of wild-type p53
but also regulates the distribution of p53 in glioma cells. The
findings are in accordance with the tumor suppressor role of
miR-101 in glioma cells.

Discussion

Hypomethylation is a common mechanism of dysregulation in
cancer. We identified that hypomethylation was one of the
mechanisms upregulating CPEB1. Using the Kaplan—Meier
method, we found that the glioma patients who harbored the
overexpression or hypomethylation of CPEB1 had poor
outcomes. Therefore, CPEB1 overexpression and hypo-
methylation can be considered to be potential markers in the
prognosis of glioma.

A recent study showed that exogenous CPEB1 induces
senescence in CPEB1-knockout MEFs.'* In this study, we
certified the positive role of CPEB1 in the proliferation and
senescence of glioma cells. p53 is an important gene in
cellular senescence, and p53expression is regulated by
CPEB1."® Studies have shown that CPEB1 regulates the
distribution of B-catenin in astrocytes.®® In this study, we
demonstrated that the knockdown of CPEB1 could also result
in the regulation of p53 in glioma cells. These results
demonstrate a role for CPEB1 in the p53-mediated
senescence of glioma cells.

We proved that CPEB1 was hypomethylated and over-
expressed in glioma. However, the mechanism of CPEB1
dysregulation is unclear. miRNAs have important roles in the
process of glioma formation.3®4° With biocinformatics, we
predicted candidate miRNAs that may control the expression
of CPEB1 and selected the tumor suppressor miR-101 for
further validation. The results obtained from the luciferase
reporter assay, the real-time PCR and the western blot indicated
that CPEB1 was the direct target of miR-101. However, the
mechanism of hypomethylation remained unclear.

Most of the polycomb group protein targets are transcription
factors and components of signaling pathways.*' The poly-
comb group protein proteins comprise two groups: PRC1 and
PRC2. PRC2 proteins participate in histone modification and
have an inhibitory role at the level of transcript initiation.*?
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PRC2 has four core subunits: EZH1, EZH2, EED and SUZ12.
The most remarkable feature is the methylation of H3K27.
H3K27me3 is considered to be the main form of H3K27 in the
polycomb group protein protein that inhibits gene expres-
sion.*3 Additional functions of the PRC include DNA methyla-
tion, histone methylation and histone acetylation.**
Surprisingly, the histone methyltransferases EZH2 and EED
are the targets of miR-101.2>%® We postulated that the
hypomethylation of CPEB1 was due to the modification of
histone methylation that was regulated by miR-101. First, we
verified that the CPEB1 methylation status was regulated by
miR-101, EZH2 and EED. To determine whether miR-101
modulates the histone modification at the CPEB1 promoter
through EZH2 and EED, we identified the core promoter of
CPEB1 and tested whether the occupancy of the promoter by
the DNA methylation-related modified histone H3K27me3
was affected by miR-101, EZH and EED. According to the
published references, EZH2 and EED act as expression
suppressors, and their knockdown could upregulate the
expression of gene. However, in our study, it is in contrast
to what was expected. So we supposed that there were other
mechanisms of EZH2 and EED in modulating CPEB1. DNA
methylation was shown to be closely correlated with histone
modification, especially the demethylation of H3K4 and the
methylation of H3K9.%¢ Next, we detected the occupancy by
H3K4me?2, H3K9me3 and H4K20me3 with the knockdown of
EZH2 and EED. The results from a chromatin immunopreci-
pitation (ChIP) assay suggest that the occupancy by
H3K4me2 was decreased with EZH2 siRNA transfection.
H3K4me2 occupancy can be used as a tracer to mark a locus
that has undergone DNA demethylation. H3K4 demethylation
is a gene-silencing marker.*” H3K9me2/3 is a marker of the
inhibition of gene expression. In mouse myoblast cells,
CDC12, EZH2 and DNMT3A are recruited to the promoter
of myogenin, the occupancy by H3K9me2/3 and H3K9Ac at
the promoter is increased, and the expression of myogenin is
then suppressed.?” In our study, the downregulation of EZH2
decreased the occupancy by H3K4me2 at the core promoter
of CPEB1 but had no effect on H3K9me3 and H4K20me3
occupancy; the knockdown of EED could not regulate
H3K4me2, H3K9me3 and H4K20me3 occupancy at the core
promoter of CPEB1. Further, in 2007, Hoffmann MJ et al.*®
found it was interesting that the expression of EZH2 was
elevated in prostate cancers exhibiting significantly increased
LINE-1 hypomethylation. In normal cells, DNA methyltrans-
ferases would be directed by repressor protein complexes to
inactive parts of the genome, of which LINE-1 sequences
constitute a major fraction. Chromatin disorganization in
cancer cells would involve misconduction of repressor
complexes and, consequentially, DNA methyltransferases to
aberrantly silenced regions of the genome, away from their
normal location.*® This might explain why EZH2 has a positive
role in controlling the expression of CPEB1. In a brief, we
inferred that miR-101 could suppress the expression of
CPEB1 by reversing promoter methylation status through
decreasing the demethylation-related H3K4me2 and
methylation-related H3K9me3 and H4K20me3. Our results
indicated that miR-101 may modulate the occupancy by
H3K4me2, H3K9me3 and H4K20me3 via the regulation of
other histone methyltransferases, such as H3K9-specific
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miR-101. Two different lesions were observed in the treated U87 cells: one was cellular edema, including in the cytoplasm, nucleus and mitochondria; the other was cellular

condensation, including cytoplasmic, nuclear and mitochondrial vacuolar degeneration

SUV39H1/2,*° G9a®°® or H4K20-specific SUV4 —20H.5%"
However, we did not conduct further study.

MiR-101 is considered to be a tumor suppressor. In this
study, we certified the repressive nature of miR-101 in glioma.
The results indicated that miR-101 inhibits proliferation and
migration and induces senescence in glioma cells. As CPEB1,
a target of miR-101, regulated glioma cell senescence in a
p53-dependent manner, we inferred that the miR-101-
induced senescence is also dependent on a p53 pathway.
The western blot analysis revealed that the level of expression
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of mutant p53 in U251 cells was decreased and the
expression level of wild-type p53 in U87 cells was increased
by miR-101, but the expression of p21 was increased in both
U251 and U87 cells. In other words, miR-101 facilitated the
transport of mutant p53 to the cytoplasm in U251 cells and
resulted in the nuclear retention of wild-type p53 in U87 cells.

In summary, the hypomethylated gene CPEBT can be
directly and epigenetically targeted by miR-101, a potential
marker for glioma, and epigenetically regulated by the
methylation of histones by the miR-101 targets EZH2,
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Figure 6 miR-101 induces glioma cell senescence in a p53-dependent manner.
(@) Western blot analysis of the expression of p53 and p21. (b) Western blot
analyzes the distribution changes in U87 cells

EED and DNMT3A. CPEB1 also induces senescence in a
p53-dependent manner.

Materials and Methods

Tissue specimens. We obtained frozen tissue samples of 50 gliomas and 10
normal brain tissues from the Xiangya Hospital of the Central South University,
Hunan, China, between January 2009 and July 2011. The study was approved by
the Ethical Committee of the Faculty of Medicine, the Central South University,
and informed consent was obtained from all patients. Tumor samples were
diagnosed by two pathologists who were blinded to patient data using the World
Health Organization system. Clinical data, including gender, age, initial
presentation, postoperative irradiation, chemotherapy, follow-up and outcome,
were obtained from the medical records. They included 16 female and 34 male
patients who were in the age range from 16 to 65 years, with a mean age of 41
years and a median age of 42 years (Supplementary Table S1).

Cell lines and treatments. The following human glioma cell lines obtained
from the Cell Center of Peking Union Medical College (Beijing, China) were used:
U251, A172, SHG44 and U87. U251, A172 and U87 cells were maintained in the
Dulbecco’s Modified Eagle medium (Gibco, Grand Island, NY, USA) and SHG44
cells were maintained in RPMI-1640 (Gibco), with 10% FCS, 100 units/ml penicillin
and 100 pg/ml streptomycin, at 37 °C in a humidified atmosphere of 5% CO2 and
95% air.

Isolation of genomic DNA from cell lines and tissues and
Bisulfite DNA. Genomic DNA was isolated from cell lines, glioma tissues and
normal brain tissues, by the Universal Genomic DNA Extraction Kit Ver.3.0
(Takara, Dalian, China) according to the manufacturer’s instructions. The quality
and integrity of DNA from tissues and cells were checked by electrophoresis on
1% agarose gel and quantified spectrophotometrically. Genomic DNA (0.5 ug)
extracted from the cells, tumor and the normal tissue specimens was subjected to
bisulfite treatment using an Epitect Bisulfite Kit (Qiagen, Hilden, Germany) and
stored at — 20 °C until further use.

Bisulfite sequencing PCR and methylation-specific PCR. BSP
and MSP were conducted as described previously (Reed K), commencing with the
amplification of the bisulfite-treated CPEB1 promoter containing 17 CpG sites. For
PCR, 25U of Taq mix (Takara), 0.5ul of 1uM forward (5-GAGGGGTAG
GAGGGTAGAGTTATA-3') and reverse primers (5'-AACAAAAACAATTACCATA
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CAAACC-3'), was used in a 50pl of total reaction volume. Here, 100ng of
bisulfite-treated DNA was used as the template of the PCR. The PCR cycles were
as follows: at 95 °C for 5 min, followed by 38 cycles at 95 °C for 0.5 min, at 61.7 °C
for 2min and at 72 °C for 2.5 min, followed by a final extension at 72 °C for 10 min.
The PCR products were purified by gel extraction from a 1% agarose gel and
ligated into the pGEM-T vector (Promega, Madison, WI, USA) in a 3:1 vector/PCR
product ratio. The ligation products were used to transform competent Escherichia
coli cells (strain JM109) using standard procedures, and blue/white screening was
used to select a minimum of five bacterial transformants (clones). The CPEB1
promoter of positive clones was sequenced by the Genscript company (Nanjing,
China) and Invitrogen (Guangzhou, China). The methylation decrease for each
sample was calculated as the percentage of unmethylated CpG dinucleotides from
the total number of CpG dinucleotides analyzed. For MSP, 25U of Tagq mix
(Takara), 0.5 ul of 1 uM forward and reverse primers (forward methylated primer:
5-GGAGGGGTAGGAGGGTAGAGTTATAC-3, reverse methylated primer:
5'-AAAATAATCCCGATACAATACCGTT-3, forward unmethylated primer: 5'-GG
GGTAGGAGGGTAGAGTTATATGA-3, reverse unmethylated primer: 5'-TAAAA
TAATCCCAATACAATACCATT-3'), was used in a 25 ul of total reaction volume.
Here, 50ng of bisulfite-treated DNA was used as the template of the PCR. The
PCR cycles were as follows: at 95 °C for 5 min, followed by 35 cycles at 95 °C for
0.5min, at 60 °C for 2min and at 72 °C for 1 min, followed by a final extension at
72 °C for 10 min. PCR products were separated on 1% agarose gels and analyzed
by ethidium bromide staining.

MicroRNAs, siRNAs, DNA plasmids and transfection. MiR-101
mimics  (5’-UACAGUACUGUGAUAACUGAA-3) and  scramble  control
(5’-UUCUCCGAACGUGUCACGUTT-3') were synthesized by GenePharma CO,
Ltd (Shanghai, China). The sequence of EZH2 siRNA is: 5-GCTCTAGACAA
CAAACCTT-3; the sequence of EED siRNA is: 5-GCAGTGTATAAAGCACT
AT-3'; the sequence of CPEB1 siRNA is: 5'-GCUCUGCAUGGAAUGCUAATT-3'.
To generate a luciferase reporter construct, we synthesized 54 bp of the 3'-UTR of
CPEB1 mRNA from human genomic DNA (Invitrogen). This 3'-UTR region of
CPEB1 containing the predicted target sites of miR-101 was then subcloned
downstream of pMIR-REPORT miRNA expression reporter vector (Ambion,
Shanghai, China). We also constructed plasmids with mutated target sites of
miR-101. miR-101 mimics, siRNA and DNA plasmids were transfected by
LipofectAMINE 2000 (Life Technologies, Gaithersburg, MD, USA).

Cloning of the CPEB1 promoter, plasmid construction and
transfection. Different upstream regulatory regions of the CPEB1 gene were
amplified from U251 cells DNA by PCR with UltraPF DNA polymerase
(GeneCopoeia Inc, Rockville, MD, USA). Sequences of primers used are listed
in Supplementary Table S2. PCR fragments were digested with Miul/Xhol and
linked to the luciferase-based promoter-less plasmid-pGL3-Enhancer Vector
(Promega) to create plasmids pGL3-CPEB1-707/0, pGL3-CPEB1-507/0, pGL3-
CPEB1-307/0, pGL3-CPEB1-207/0, pGL3-CPEB1-507/-308 and pGL3-CPEB1-
707/-508 (primers were shown in Supplementary Table S2). The sequences and
the orientation of the cloned fragments were confirmed by direct DNA sequencing.
Plasmids used for transfection were isolated and purified using the PURELINK
PLASMID MINI 25 REACTIONS (Invitrogen-Life Technologies, Carlsbad, CA,
USA). The promoter activities of these fragments were tested by transient
transfection of 1pg of plasmid DNA into U251 cell lines using LipofectAMINE
2000. For the luciferase-based assay, results are normalized against Renilla
luciferase activity. At least three-independent assays were performed.

Luciferase reporter assay. For luciferase reporter assay, U251 cells were
plated in a 24-well plate and then cotransfected with 0.5nmol of either miR-101
mimics or scramble control, 20ng of either pMIR-CPEB1-3'-UTR-WT or pMIR-
CPEB1-3'-UTR-MUT and 2ng of pRL-TK (Promega). Cells were collected 48 h
after transfection and analyzed using the Dual-Luciferase Reporter Assay System
(Promega). Luciferase activity was detected by M200 microplate fluorescence
reader (Tecan, Beijing, China). The pMIR-REPORT-B-gal control vector was
cotransfected as an internal control to correct the differences in both transfection
and harvest efficiencies. Transfection experiments were performed in duplicates
and repeated at least thrice in independent experiments.

RNA extraction, reverse transcription and real-time quantifica-
tion PCR. Total RNA was extracted using Trizol (Life Technologies, Rockville,
MD, USA) from glioma cells. For real-time, PCR 2 ug of total RNA was reverse-
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transcribed using the cDNA synthesis KIT (Fermentas, Burlington, ON, Canada).
Amplification of B-actin was used as a control for this reaction. Primers sequence
of CPEB1 was: 5-TGGGTATTAGCCGACAGT-3' (forward) and 5-CTCC
GTTGGTTATTGAAAGT-3 (reverse). Data were normalized for B-actin levels by
the 2~ 22% method and the level of CPEB1 mRNA in glioma cell lines by the
2~ 2% method. The level of miR-101 was performed using a SYBR-green-
containing PCR kit (GenePharma CO), and RNA input was normalized to the level
of human U6 snRNA.

In-situ hybridization (ISH). We performed nonradioactive ISH on paraffin
tissue sections with a double DIG-labeled probe according to the manufacturer’s
instructions  (Exiqon, Copenhagen, Denmark). In brief, the sections were
deparaffinized in xylene and then gradually rehydrated in decreasing concentra-
tions of ethanol. Sections were treated with proteinase K and then fixed with
paraformaldehyde. Prehybridization was then carried out for 3h in hybridization
buffer in a humidified chamber at 42 °C. Slides were incubated in the DIG-labeled
probe (containing miR-101 with the following sequence: 5'-TCAG-
GAACTGCCTTTCTCTCCA-3) diluted to 25nM in hybridization buffer overnight
at 55 °C. A stringency wash was then performed by rinsing slides in 2 x SCC, and
the slides were placed in blocking buffer for 30 min in a humidified chamber at
37°C. Immunological detection was performed using the DIG Nucleic Acid
Detection Kit (Boshide, Wuhan, China) according to the manufacturer’s directions.
Slides were incubated with blocking buffer in a humidified chamber at room
temperature for 2 h. 3,3'-Diaminobenzidine hydrochloride (DAB) staining Kit and
hematoxylin were used for staining purpose. The slides were then examined under
a transmission light microscope. Staining intensity was scored as 0 (negative),
1+ (weak), 2+ (medium) or 3+ (strong). Low expression was defined as an
intensity of 0, 1, 2 or 3 and <10% stained cells or an intensity of 0 or 1 and
<50% stained cells. High expression was defined as an intensity of 2 or 3 and
>10% stained cells, or an intensity of 1, 2 or 3 and >50% stained cells.

Cell number counting assay. A total of 1 x 10° cells were cultured in
each well in a 24-well plate, transfected with miR-101 mimics, CPEB1 siRNA or
scramble sequence. Count the cell number at 24, 48 and 72 h after transfection.
Compare the growing fold of each group.

Wound-healing assays. Glioma cells were used to study the effects of
miR-101 inhibition on long-term migration owing to their higher transfection efficiency.
Glioma cells were cultured in a six-well plate. Cells were transfected with
Lipofectamine 2000 with 0.1 nm of either miR-101 mimcs or scramble sequence.
Cultures were scratched 6h post transfection and cell migration was assessed 12,
24 and 36 h later. Fields containing scratches were visualized and selected at x 20
magnification under bright-field phase optics to ensure a non-biased sample. For
each field, the distance of the wound boarders was compared with the control.

SA-beta-gal staining. At day 4 after transfection with miR-101, CPEB1
siRNA (5'-GCUCUGCAUGGAAUGCUAATT-3') or scramble control, glioma cells
were fixed and stained by using an SA-beta-gal kit (Beyotime, Beijing, China)
according to the manufacturer’s instructions. The blue senescent cells were
distinguished from viable cells under the microscope. Four high-power fields per
sample were counted in three-independent samples to quantify the number of
senescent cells.

Transmission electron microscopy. U251 and U87 cells were
transfected as indicated for 72 h before fixation. Samples were fixed in 1% wiv
0s04 in 0.12 M sodium cacodylate buffer (pH 7.2) for 24 h. The specimens were
dehydrated in a graded series of ethanol, transferred to propylene oxide and
embedded in Epon according to standard procedures. Sections, B 80nm thick,
were cut with a Reichert-Jung Ultracut E microtome and collected on copper grids
with Formvar-supporting membranes. Sections were stained with uranyl acetate
and lead citrate. Imaging was carried out on a HITACHI-7500 (HITACHI, Tokyo,
Japan) transmission electron microscope (magnifications: x 20 000).

Western blot. Cell protein lysate, cytosol protein or nuclear protein was
separated in 10% SDS-polyacrylamide gels, electrophoretically transferred to
polyvinylidene difluoride membranes (Millipore, Danvers, MA, USA), then detected
with goat polyclonal antibody for CPEB1 (Santa Cruz Biotechnology, Santa Cruz
County, CA, USA), mouse monoclonal antibody for p53 (Santa Cruz
Biotechnology) and GAPDH (Millipore) and the commercial ECL kit (Pierce,
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Rockford, IL, USA). The intensity of protein fragments was quantified using
ChemicalDocTM XRS + (Bio-Rad, Berkeley, CA, USA).

Immunohistochemical staining. Immunohistochemical studies were
performed using the UltraSensitive S-P Kit (Maixin Biotechnology Company,
Fuzhou, China) and color was developed using DAB as chromogen, counter-
stained with Mayer's hematoxylin and mounted for evaluation using microscope
(OLYMPUS BX-51, Osaka, Japan). Two independent pathologists blinded to the
clinicopathological information performed scoring. Staining was scored for
determining the intensity (1, 0+; 2, 1+; 3, 2+; 4, 3+) and percentage of
membranous and cytoplasmic staining in malignant cells (1, 0-25%; 2, 26-50%; 3,
51-75%; 4, 76-100%). The score of intensity multiplied by the score of percentage
counts was used as the final score. A score of <8 was considered as a low-level
expression and that of >8 was considered as a high-level expression.*?

ChIP assay. A total of 2 x 107 cells of each parental U251 and U87 were used
for the ChIP assay. Chromatin was cross-linked with formaldehyde and sonicated
to an average size of 200-1000bp. ChIP assay was performed with the EZ
chromatin immunoprecipitation kit according to the manufacturer’s protocol
(Upstate biotechnology, Lake Placid, NY, USA). One milligram of rabbit antibody
against dimethylated H3K4, trimethylated H3K9, trimethylated H3K27 and
trimethyl-H4K20 (Millipore), respectively, were mixed with sheared chromatin
and incubated at 4°C overnight. Chromatin-antibody complexes were then
precipitated with Salmon Sperm DNA/protein A agarose. Reagents and antibodies
used in the ChIP assay were obtained from Upstate. Real-time PCR amplification
was carried out with Power SYBR Green PCR Master Mix according to
manufacturer’s instructions (Takara). PCR cycles were identical to the quantitative
RT-PCR used for gene expression analysis described above. Primer sequences
were:  5'-TGGGTATTAGCCGACAGT-3'  (forward), 5-CTCCGTTGGTTATT

GAAAGT-3 (reverse). Data are presented as ‘Relative Occupancy’ by the
equation 2[ACt (No antibody — Input) — ACt (Target—lnput)]_

Follow-up study. In this prospective study, patients were followed up for a
period of up to 2.5 years. None of the patients received radiation or chemotherapy
before surgery. Patients were subjected to a physical examination every 3 months
for 1 year postoperatively and thereafter a brain CT examination every 6 months.
Overall survival , defined as the time from the date of surgery to the date of death
or last contact if the patient was still alive, ranged from 2 to 30 months (median, 13
months). Among the 50 glioma patients included in this study, complete follow-up
was available for 38 patients; 15 patients who did not show recurrence were alive
until the end of the follow-up period. Thirty-two patients died due to disease
recurrence.

Statistical analysis. Data are presented as mean * S.D. from at least three
separate experiments. Multiple group comparisons were performed using ANOVA
with a post hoc test for subsequent individual group comparisons. The difference
in CPEB1 promoter methylation status between normal brain tissues and glioma
tissues was examined by an independent sample t-test. The relationships between
CPEB1 methylation status, protein expression and clinicopathological parameters
were examined by the x2-test. OS curves were calculated by the Kaplan-Meier
method, and the log-rank test was used to determine the difference in OS rates
between the two groups. Results were considered significant when P<0.05 was
obtained. All the statistical analyses were performed using SPSS13.0 for Windows
(SPSS Inc., Chicago, IL, USA).
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