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Abstract

PCI-24781 is a novel histone deacetylase inhibitor that inhibits tumor proliferation and promotes cell apoptosis. How-
ever, it is unclear whether PCI-24781 inhibits Enhancer of Zeste 2 (EZH2) expression in malignant gliomas. In this
work, three glioma cell lines were incubated with various concentrations of PCI-24781 (0, 0.25, 0.5, 1, 2.5 and 5 �M)
and analyzed for cell proliferation by the MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium] assay and colony formation, and cell cycle and apoptosis were assessed by flow
cytometry. The expression of EZH2 and apoptosis-related proteins was assessed by western blotting. Malignant
glioma cells were also transfected with EZH2 siRNA to examine how PCI-24781 suppresses tumor cells. EZH2 was
highly expressed in the three glioma cell lines. Incubation with PCI-24781 reduced cell proliferation and increased
cell apoptosis by down-regulating EZH2 in a concentration-dependent manner. These effects were simulated by
EZH2 siRNA. In addition, PCI-24781 or EZH2 siRNA accelerated cell apoptosis by down-regulating the expression
of AKT, mTOR, p70 ribosomal protein S6 kinase (p70s6k), glycogen synthase kinase 3A and B (GSK3a/b) and
eukaryotic initiation factor 4E binding protein 1 (4E-BP1). These data suggest that PCI-24781 may be a promising
therapeutic agent for treating gliomas by down-regulating EZH2 which promotes cell apoptosis by suppressing the
phosphatidylinositol 3-kinase (PI3K)/Akt/mammalian target of the rapamycin (mTOR) pathway.
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Introduction

Malignant gliomas are the most common and deadly

brain tumor, accounting for ~80% of malignant tumors that

affect the central nervous system (Dolecek et al., 2012).

Recently, the survival of patients with malignant gliomas

has improved from an average of 10 months to 14 months

because of advances in surgery, radiotherapy and chemo-

therapy (Tarbell et al., 2008). Nevertheless, the overall

five-year survival rate for malignant gliomas is still < 5%

(Huse and Holland, 2010). Consequently, there is an urgent

need to explore and develop new anticancer agents.

Enhancer of Zeste 2 (EZH2) is a histone N-methyl-

transferase component of the Polycomb Repressive Com-

plex 2 (PRC2) that mediates repression of tumor-suppres-

sor gene activity via trimethylation of lysine 27 or lysine 9

of histone H3 (Simon and Lange, 2008). EZH2, which is

frequently over-expressed in various cancers, including

gliomas (Orzan et al., 2011), promotes cell proliferation

and cell cycle progression by up-regulating cell division

cycle 2 (Cdc2) and cyclin B1(Xia et al., 2014), blocks

apoptosis by down-regulating the proapoptotic factors

Puma and Bad (Hubaux et al., 2013), accelerates cell infil-

tration and metastasis by inhibiting Raf-1 kinase inhibitor

protein (RKIP) (Ren et al., 2012) and activates tumor

angiogenesis by silencing vasohibin 1 (Lu et al., 2010).

These multiple actions ultimately result in poor prognosis

in cancer patients (Liu et al., 2014). Therefore, the develop-

ment of EZH2 inhibitors is a promising therapeutic ap-

proach for treating cancer, especially gliomas.

Transcriptional repression mediated by the PRC2

protein complex embryonic ectoderm development

(EED)-EZH2 involves histone deacetylation. Translational

repression mediated by PRC2 can be relieved by the

histone deacetylase inhibitor (HDACI) trichostatin A (van

der Vlag and Otte, 1999). In addition, other HDACIs, such

as LBH589, LBH589 and suberoylanide hydroxamic acid

(SAHA) have also been shown to deplete the EZH2 level in

acute myeloid leukemia (Bhalla et al., 2007, Fiskus et al.,

2009) and malignant gliomas (Orzan et al., 2011).

PCI-24781 is a novel hydroxamate-based inhibitor

that can inhibit all HDAC isoforms (Banuelos et al., 2007).

Assessment of the activity of PCI-24781 against tumor cell

lines in vitro showed that this compound inhibited the
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growth of various solid tumor lines, including soft tissue

sarcoma (Lopez et al., 2009), Hodgkins lymphoma (Bhalla

et al., 2009), gallbladder carcinoma (Kitamura et al., 2012),

neuroblastoma (Zhan et al., 2013). In contrast, little is

known about the activity of PCI-24781 in malignant glio-

mas, particularly with regard to whether this compound in-

hibits EZH2 expression in these cancers and the underlying

mechanisms involved.

In this work, we examined the effects of PCI-24781 in

three malignant glioma cell lines and used short interfering

RNA (siRNA) to assess the influence of down-regulating

EZH2 expression.

Materials and Methods

Cell lines and culture

The human malignant glioma cell lines LN18 and

LN229 were kindly provided by the School of Life Sci-

ences at Fudan University and cell line U87MG was a kind

gift of the Shanghai Institutes for Biological Sciences. Nor-

mal human astrocytes (NHA) were purchased from

ScienCell Research Laboratories (Carlsbad, CA, USA). All

cell lines were cultured in Dulbecco’s modified Eagle’s

medium (DMEM) containing 10% fetal bovine serum, pen-

icillin (100 U/mL) and streptomycin (100 mg/mL) (Lonza,

Walkersville, MD, USA) and incubated at 37 °C in a hu-

midified atmosphere of 5% CO2. The culture medium was

renewed every two days.

Cell viability and colony formation assay

All cell lines were seeded in 96-well plates at a den-

sity of 5x103 cells per well and treated with different con-

centrations (0, 0.25, 0.5, 1, 2.5 and 5 �M) of PCI-24781

(Selleckchem Chemicals, Houston, TX, USA). After 48 h,

cell viability was assessed with 3-(4,5-dimethylthiazol-

2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-

2H-tetrazolium (MTS) (CellTiter 96 AQueous Non-

Radioactive Cell Proliferation Assay solution, 20 �L/well;

Promega Corporation, Madison, WI, USA). The absor-

bance of each well at 490 nm was measured in a

SpectraMAX® M5 multidetection microplate reader (Mo-

lecular Devices, Sunnyvale, CA, USA). The growth rate

was calculated using the following equation: growth rate =

mean optical density (OD) of samples / mean OD of con-

trols. In addition, after 48 h, the treated cells were cultured

in culture medium containing G418 (400 �g/mL) for 14

days. Surviving colonies were stained with gentian violet

after methanol fixation and visible colonies (� 50 cells)

were counted. Photographs of culture plates were taken

with a Sony NEX-7 camera (Sony Corporation, Japan).

Cell apoptosis and cycle analysis

Cell cycle distribution was detected by staining with

propidium iodide (PI) followed by flow cytometry. Briefly,

cells (2x105) incubated with 0.5 and 1 �M PCI-24781 for

48 h were collected by centrifugation at 1,000 rpm for

5 min and washed twice in ice-cold phosphate-buffered sa-

line (PBS). The cells were then fixed with 70% ice-cold

ethanol at 4 °C overnight followed by staining with PI (BD

Biosciences, San Diego, CA, USA).

Cell apoptosis was assessed using annexin V/PI kits

(Invitrogen, Carlsbad, CA, USA) in conjunction with flow

cytometry. Cells were washed twice with PBS and stained

with 195 �L of Annexin V-FITC conjugated solution for

10min at room temperature followed by staining with

10 �L of PI. Stained cells were analyzed with a

FACSCalibur flow cytometer (BD Biosciences, Franklin

Lakes, NJ, USA).

RT-PCR analyses

Total RNA was isolated using Trizol® reagent and

cDNA was generated by reverse transcription using the

protocol included in the Reverse transcription system kit

(TIANGEN Biotech, Beijing, China). The primers for

EZH2 and �-actin were those described by Zhang et al.

(2012): EZH2, forward primer

5’-GCCAGACTGGGAAGAAATCTG-3’ and reverse

primer 5’-TGTGCTGGAAAATCCAAGTCA-3’; �-actin,

forward primer 5’-CTGGGACGACATGGAGAAAA-3’

and reverse primer

5’-AAGGAAGGCTGGAAGAGTGC-3’. The PCR pa-

rameters for relative quantification were as follows: 30 s at

95 °C, followed by 40 cycles of 30 s at 60 °C and then 30 s

at 72 °C. The �-actin gene was used as an internal control.

Western blotting

Cells were harvested 48 h after culture and rinsed

with PBS three times followed by lysis in ice-cold lysis

buffer for 30 min. The cells were then centrifuged (12,000

rpm, 10 min, 4 °C) and the supernatant was collected to de-

termine the protein concentration by the bicinchoninic acid

(BCA) assay (Pierce, Thermo Scientific, Rockford, IL,

USA). Twenty micrograms of each cellular lysate was sub-

jected to a sodium dodecyl sulfate-polyacrylamide gel elec-

trophoresis (SDS-PAGE) and then transferred to a poly-

vinylidene fluoride (PVDF) membrane (Bio-Rad,

Hercules, CA, USA). The membrane was blocked in Tris-

buffered saline (TBS) containing 5% non-fat milk (Wyeth

Pharmaceuticals Inc., Philadelphia, PA, USA) for 2 h, and

subsequently incubated with the desired primary antibody

(1:1000) overnight at 4 °C, followed by incubation with

secondary antibody (1:5000) at room temperature for 1 h.

Immunoreactive bands were detected by enhanced chemi-

luminescence using a chromogenic substrate and exposure

to X-ray film. �-Actin served as a loading control. Cleaved

PARP, cleaved caspase 3 antibodies and the secondary

anti-rabbit IgG conjugated to horseradish peroxidase were

purchased from Santa Cruz Biotechnology (Santa Cruz,
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CA, USA). The EZH2 and �-actin antibodies were pur-

chased from Cell Signaling Technology (Beverly, MA,

USA). AKT, mammalian target of rapamycin (mTOR), p70

ribosomal protein S6 kinase (p70s6k), glycogen synthase

kinase 3A and B (GSK3a/b) and eukaryotic initiation factor

4E binding protein 1 (4E-BP1) antibodies were purchased

from Jackson Immuno Research (West Grove, PA, USA).

siRNA knock-down of EZH2

For silencing experiments, cells were seeded at a den-

sity of 2x105 cells per well in 6-well plates with 2 mL of

DMEM without serum and antibiotics, and allowed to

reach ~70% confluence on the day of transfection. siRNA

and Lipofectamine 2000 (Invitrogen) were dissolved in

50 �L of OPTIMEM (GIBCO) and then the two solutions

were mixed for 5 min. Cells were transfected with the mix-

ture of solutions according to the manufacturer’s

transfection protocol. The transfection groups were as fol-

lows: (1) EZH2 siRNA (SIR),

5’-AAGACTCTGAATGCAGTTGCT-3’ (Wagener et al.,

2008), (2) scrambled siRNA control (siRNA-NC), pur-

chased from Dharmacon (Lafayett, CO, USA) and (3)

blank control (mock). The transfection process lasted for 4

h, after which the cells were cultured in medium with serum

and analyzed by flow cytometry and western blotting to de-

tect cell apoptosis and the expression of related proteins.

Statistical analysis

The experiments were done in triplicate and the re-

sults were expressed as the mean � standard deviation (SD).

Time-dependent variations within the same group were an-

alyzed using analysis of variance (ANOVA) for repeated

measures followed by the Bonferroni test. Differences

among groups were analyzed by one-way ANOVA and

Fisher’s LSD test. A value of p < 0.05 indicated signifi-

cance. All data analyses were done using SPSS 17.0 soft-

ware (SPSS Inc., Chicago, IL, USA).

Results

PCI-24781 inhibits the growth of malignant glioma
cells

Figure 1 shows the effect of treating normal astro-

cytes and three malignant glioma cell lines with PCI-24781

for 48 h followed by the MTS and colony formation assays

to assess cell proliferation. All three malignant glioma cell

lines were sensitive to PCI-24781 and cell growth was in-

hibited in a concentration-dependent manner, whereas

PCI-24781 had no significant effect on NHA. Similarly,

PCI-24781 significantly inhibited the formation of malig-

nant glioma cells colonies compared to untreated cells

(p < 0.05) (Figure 1B,C). Together, these data show that

PCI-24781 inhibited the proliferation of malignant glioma

cells.

PCI-24781 induces G2/M cell cycle arrest and
apoptosis in malignant glioma cells

Annexin-V/PI staining and flow cytometry were used

to assess whether PCI-24781 inhibited the growth of malig-

nant glioma cells by preventing cell cycle progression and

promoting apoptosis. Treatment of malignant glioma cells

with 0.5 �M PCI-24781 increased the G2/M checkpoint ac-

tivation from 7.2 � 2.3% to 13.7 � 2.0% in LN18 cells, from

6.7 � 0.3% to 17.5 � 1.5% in LN229 cells and from

8.6 � 1.3% to 18.5 � 1.9% in U87MG cells (p < 0.05 in each

case) (Figure 2A). Similarly, PCI-24781 also induced

apoptosis in a concentration-dependent manner (Fig-

ure 2B). The expression of poly ADP-ribose polymerase

(PARP) and cysteine-protease P-3 (caspase 3), both of

which are markers of cell apoptosis (Tutt et al., 2010; Steert

et al., 2010), was assessed by western blotting. As antici-
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Figure 1 - PCI-24781 inhibits the growth of malignant glioma cells. (A)

MTS analysis of normal astrocytes and three malignant glioma cell lines.

(B) Formation of malignant glioma cell colonies. (C) Number of surviving

colonies. In panels (A) and (C) the columns are the mean � SD of 3 deter-

minations. *p < 0.05 compared with the DMSO control.



pated, these two proteins were detected in the three malig-

nant glioma cell lines, especially when they were treated

with 1 �M PCI-24781 (Figure 2C). These findings indicate

that PCI-24781 promoted G2 cell cycle arrest and induced

apoptosis in malignant glioma cells.

PCI-24781 inhibits EZH2 expression

Previous work showed that EZH2 is highly expressed

in high-grade glioma tissue and glioma stem-like cells and

that treatment with the histone deacetylase inhibitor SAHA

can decrease the expression of EZH2 (Orzan et al., 2011.

We therefore examined the expression of EZH2 in the three

malignant glioma cell lines and investigated the role of

PCI-24781 in inhibiting EZH2 expression. EZN2 protein

was expressed in the malignant glioma cell lines compared

to virtually no expression in NHA (Figure 3A). Incubation

with 0.5 �M or 1 �M PCI-24781 for 48 h gradually reduced

the levels of EZN2 mRNA and protein expression (Figure

3B,C).

EZH2 gene silencing promotes cell apoptosis

To explore whether PCI-24781 promoted apoptosis

by down-regulating EZH2, an RNA-interference-mediated

knock-down of EZH2 was done. As anticipated, the extent

of apoptosis in the three malignant glioma cell lines trans-

fected with EZH2 siRNA was significantly higher than in

the negative control group (Figure 4A). Apoptosis-related

proteins were also highly expressed after knock-down of

EZH2 (Figure 4B). These effects mimicked those of

PCI-24781, suggesting that our hypothesis was credible.
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Figure 2 - PCI-24781-induced G2 cell cycle inhibition and apoptosis in malignant glioma cells. Note the concentration-dependent increase in (A) G2/M

checkpoint activation and (B) malignant glioma cell apoptosis. (C) PARP and caspase 3 cleavage was detected in three malignant glioma cell lines treated

with 0.5 or 1 �M PCI-24781. In panels (A) and (C) the columns are the mean � SD of 3 determinations. *p < 0.05 compared with the DMSO control.
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Figure 2 cont. - PCI-24781-induced G2 cell cycle inhibition and apoptosis in malignant glioma cells. Note the concentration-dependent increase in (A)

G2/M checkpoint activation and (B) malignant glioma cell apoptosis. (C) PARP and caspase 3 cleavage was detected in three malignant glioma cell lines

treated with 0.5 or 1 �M PCI-24781. In panels (A) and (C) the columns are the mean � SD of 3 determinations. *p < 0.05 compared with the DMSO con-

trol.



EZH2 gene silencing reduces the role of the

PI3K/Akt signaling pathway

Previous studies have demonstrated that the apoptotic

potential of EZH2 is highly associated with activation of

the phosphatidylinositol 3-kinase (PI3K)/Akt/mTOR sig-

naling pathway. To further investigate the regulatory rela-

tionship between EZH2 and the PI3K/Akt/mTOR pathway,

we examined the expression of PI3K/Akt/mTOR pathway

proteins in malignant glioma cells transfected with EZH2

siRNA. When EZH2 protein expression was significantly

down-regulated by treatment with EZH2 siRNA the signal-

ing proteins of the PI3K/Akt/mTOR pathway also showed

a significant reduction in expression, indicating that

PI3K/Akt/mTOR signaling proteins exert their roles down-

stream of EZH2 in malignant glioma growth (Figure 5).

PCI-24781 decreases expression of the PI3K/Akt
signaling pathway

Western blotting showed that the treatment of cells

with PCI-24781 for 48 h significantly reduced the expres-

sion of PI3K/Akt signaling pathway proteins compared

with the control group, a finding consistent with the results

for EZH2 gene silencing (Figure 6). These findings sug-

gested that PCI-24781 reduced the expression of the

PI3K/Akt signaling pathway during the growth of malig-

nant glioma cells by inhibiting EZH2.

Discussion

Although a recent study investigated the roles of

HDACI in malignant gliomas (Orzan et al., 2011), no re-

port has focused on the cytotoxicity of PCI-24781, a novel,

broad spectrum histone deacetylase inhibitor. In accor-

dance with previous studies (Yamaguchi et al., 2010;
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Figure 3 - PCI-24781 inhibits EZN2 expression. (A) EZN2 protein expression in normal astrocytes and three malignant glioma cell lines. (B) EZN2 pro-

tein expression in three malignant glioma cell lines after treatment with PCI-24781. (C) EZH2 mRNA expression in three malignant glioma cell lines

treated with PCI-24781. The columns are the mean � SD of 3 determinations. *p < 0.05 compared with the DMSO control.



Orzan et al., 2011), we found that PCI-24781 inhibited

growth and stimulated apoptosis in the three malignant

glioma cell lines, in addition to down-regulating the expres-

sion of EZH2. These effects were also seen after knock-

down of EZH2.

Several studies have demonstrated that inhibition of

EZH2 can promote apoptosis in glioma cells, but the mech-

anism involved remains poorly understood (Suvà et al.,

2009; Orzan et al., 2011). In this study, we detected expres-

sion of the apoptotic markers cleaved PARP and caspase 3.

The expression of these markers was increased in glioma

cells with EZH2 knockdown, suggesting that EZH2 over-

expression could have an anti-apoptotic function in glioma

cells by regulating PARP and caspase 3.

The PI3K/Akt/mTOR pathway is an intracellular sig-

naling pathway important intumor cell metabolism,

722 The therapeutic mechanism of PCI-24781 for gliomas

Figure 4 - EZH2 gene silencing promotes cell apoptosis. (A) Flow cytometry results showing apoptosis in three malignant glioma cell lines transfected

with EZH2 siRNA. (B) Enhanced expression of the apoptosis-related proteins cleaved PARP and caspase 3 after knockdown of EZH2. KD – knockdown,

NC – normal control (cells with scrambled siRNA), SIR – cells treated with specific siRNA.

Figure 5 - EZH2 gene silencing attenuated the expression of proteins in-

volved in the PI3K/Akt signaling pathway. M – blank control (mock), NC

– normal control (cells with scrambled siRNA), SIR – cells treated with

specific siRNA. The blots are representative of 3 experiments.

Figure 6 - Treatment with PCI-24781 attenuated the expression of pro-

teins involved in the PI3K/Akt signaling pathway. The blots are represen-

tative of 3 experiments.



growth, proliferation and survival (Morgensztern and

McLeod, 2005; Yap et al., 2008). This pathway has been

targeted for early drug development against glioblastoma

(Wick et al., 2011). Previous work has shown that c-myc is

a direct target of EZH2 and that the PRC-2 complex binds

directly to the c-myc promoter to enhance its expression in

multiform glioblastoma cancer stem cells, thereby promot-

ing cell growth (Suvà et al., 2009). Further, abnormal

c-myc-driven cell growth is sustained by induction of

PI3K/Akt/mTOR survival pathways. Silencing c-myc re-

duced PI3K/Akt and mTOR expression and induced cell

apoptosis (Ladu et al., 2008). As expected, knockdown of

EZH2 or treatment with PCI-24781 reduced the expression

of proteins in the PI3K/Akt/mTOR signaling pathway.

In summary, we have shown that EZH2 is highly ex-

pressed in glioma cells. Treatment with PCI-24781 attenu-

ated cell proliferation and increased cellular apoptosis by

down-regulating EZH2 expression which then promoted

c-myc-driven apoptosis by suppressing PI3K/Akt/mTOR

survival pathways. This effect could be simulated by EZH2

siRNA. Our results provide evidence that EZH2 depletion

may be a promising intervention for the treatment of malig-

nant gliomas. However, further studies are needed to show

that the effect of PCI-24781 on PI3K signaling can be re-

verted by restoring EZH2 expression. The inhibitory effect

of PCI-24781 on cell proliferation should be investigated in

greater detail by using more physiologically relevant mod-

els, such as neurospheres of glioma stem cells or intra-

cranial xenografts.
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