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Combination of lentivirus-mediated silencing of PPM1D
and temozolomide chemotherapy eradicates malignant
glioma through cell apoptosis and cell cycle arrest
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Abstract. Temozolomide (TMZ) is approved for use as first-
line treatment for glioblastoma multiforme (GBM). However,
GBM shows chemoresistance shortly after the initiation of
treatment. In order to detect whether silencing of human
protein phosphatase 1D magnesium dependent (PPM1D) gene
could increase the effects of TMZ in glioma cells, glioma
cells U87-MG were infected with lentiviral shRNA vector
targeting PPMI1D silencing. After PPM1D silencing was
established, cells were treated with TMZ. The multiple func-
tions of human glioma cells after PPM1D silencing and TMZ
chemotherapy were detected by flow cytometry and MTT
assay. Significantly differentially expressed genes were distin-
guished by microarray-based gene expression profiling and
analyzed by gene pathway enrichment analysis and ontology
assessment. Western blotting was used to establish the protein
expression of the core genes. PPM1D gene silencing improves
TMZ induced cell proliferation and induces cell apoptosis
and cell cycle arrest. When PPM1D gene silencing combined
with TMZ was performed in glioma cells, 367 genes were
upregulated and 444 genes were downregulated compared
with negative control. The most significant differential expres-
sion pathway was pathway in cancer and IGFRIR, PIK3R1,
MAPKS and EP300 are core genes in the network. Western
blotting showed that MAPKS8 and PIK3R1 protein expres-
sion levels were upregulated and RBI protein expression
was decreased. It was consistent with that detected in gene
expression profiling. In conclusion, PPM1D gene silencing
combined with TMZ eradicates glioma cells through cell
apoptosis and cell cycle arrest. PIK3R1/AKT pathway plays
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a role in the multiple functions of glioma cells after PPM1D
silencing and TMZ chemotherapy.

Introduction

Malignant gliomas account for close to 50% of all CNS
tumors. The median survival of patients with glioblastoma
multiforme (GBM) remains close to one year from the time
of diagnosis in spite of surgical resection followed by radio-
therapy and chemotherapy (1). Such poor outcome has led to
the exploration of a wide variety of novel therapies, and some
of them have been incorporated as a standard treatment for
patients with this GBM. Temozolomide (TMZ) is approved
to use as first-line treatment for patients with primary and
recurrent high-grade gliomas. It has been shown that TMZ
combined with radiotherapy can improved the 2-year survival
rate from 10.4% with radiotherapy alone to 26.5% in patients
with GBM (1). Whereas the efficacy of TMZ is encouraging,
additional prolongation of survival remains a challenge. GBM
shows chemoresistance shortly after the initiation of treatment.
Additionally, recent studies suggested that 60-75% of patients
with GBM derive no benefit from treatment with TMZ (2).
There is a critical need for means to overcome this drug resis-
tance and expand the limited therapeutic benefit of TMZ.
TMZ is an alkylating agent which binds to DNA and
interferes with replication, resulting in the insertion of DNA
strand breaks and, ultimately, cell death (3). p53 status in
addition to MGMT plays a role in chemotherapy resistance
to TMZ (4,5). GBM patients with low mutant p53 expression
have higher progression-free survival time and may have
longer life expectancy in comparison with the high mutant
p53 expression group (6). pS3 facilitates favorable antitumor
drug response through a variety of key cellular functions,
including cell cycle arrest, senescence, and apoptosis (5).
Wipl (wild-type p53-induced phosphatase 1, or PPM1D),
initially identified as a p53-regulated allele located on
17q23-24, is a member of the protein phosphatase 2C (PP2C)
family and expressed in a p53-dependent manner (7). PPM1D
is frequently amplified and overexpressed in many cancers,
including gliomas, breast cancers, neuroblastomas, ovarian
clear cell adenocarcinomas, and medulloblastomas (8-13).
In addition, it has been shown that PPM1D may serve as an
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oncogene important to astrocytoma progression, especially in
astrocytomas with wild-type p53 (8). PPMI1D overexpression
inhibits p53 functions and reduces selection for pS3 mutations
during cancer progression. However, whether PPM1D has a
role in chemotherapy resistance to TMZ through regulating
p53 functions remains uncertain.

In our previous studies, the lentiviral shRNA expression
vector capable of stable PPM1D gene silencing at both mRNA
and protein levels in glioma cells was constructed (14). In
the present study, we demonstrated PPM1D silencing can
improve the effect of TMZ on inhibiting the growth and
inducing cell apoptosis in glioma cells. The possible mecha-
nisms were also detected.

Materials and methods

Cell culture. The human glioma cell line U87-MG cells were
cultured in complete medium consisting of DMEM (Gibco,
Grand Island, NY, USA) containing high glucose and pyru-
vate, supplemented with 10% FBS, 2 mmol/l L-glutamine,
100 U/ml penicillin G and 100 ng/ml streptomycin. Cells were
maintained at 37°C in a humidified 5% CO, atmosphere. The
cells were dissociated using 0.25% trypsin and 0.02% EDTA
solution and subcultured once in 3 days.

Lentiviral vector infection and PPM1D silencing. The target
shRNAs against human PPM1D gene (GenBank accession
NM_003620) for RNAi were designed as: 5'-GCATAGAC
GAAATGGCTTA-3'". The sequence 5-TTCTCCGAACG
TGTCACGT-3', which had no significant homology to any
known human or mouse genes, was used as a negative control.
Lentiviral vector infection, assessment of infection rate and
silencing efficacy determination were performed as previously
described (14). Cells treated with PBS instead of lentiviral
vector infected were used as control. PPM1D mRNA expres-
sion levels in U87-MG cells were detected by real-time
quantitative PCR. Primer sequences used to amplify PPM1D
mRNA for RT-qPCR were as follows: forward 5'-CTACA
CCACCAGTCAAGTCAC-3', and reverse 5'-AGAAGGC
ATTGCTACGAACC-3"; these amplified a 93-bp product.
Primer sequences of the control amplification of GAPDH
mRNA were as follows: forward 5-TGACTTCAACAGC
GACACCCA-3' and reverse 5'-CACCCTGTTGCTGTAGC
CAAA-3"; these amplified a fragment of 121 bp. The relative
mRNA level was calculated comparing normalized gene
expression values in treated versus untreated control U87-MG
cells with the 2-*“* method.

Drug treatment. Three days after cells were infected with
lentiviral vector and the silencing efficacy of PPM1D was
verified, cells were harvested and approximately 1.0x10° cells
were plated in 60-mm petri dishes 24 h before treatment with
0.1 mmol/l TMZ (Schering-Plough, Madison, NJ, USA). The
IC,, value of TMZ, defined as the concentration that reduces
the global growth of cells by 50%, was previously determined
to be approximately 200 mmol/l (15). Therefore, the concen-
tration of TMZ used in this study was set at 0.1 mmol/l, which
was considered to be approximately similar to the plasma
concentration found in human subjects (16) and was the same
as published data of TMZ used for glioma cells (17,18). TMZ
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stocks were prepared by dissolving the drug in DMSO, diluting
with sterile H,O, filtering, and storing at -80°C. After treat-
ment, cells were gently washed, incubated in fresh media at
37°C, and harvested at various time points. Cells were divided
into 3 groups: CON (infection with PBS alone+DMSO), NC
(infection with negative control vector+TMZ) and KD (infec-
tion with PPM1D RNAI lentiviral vector+TMZ).

Cell proliferation assay. Cell proliferation assay was
performed with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT). In brief, when cells were treated
with TMZ and incubated for 1, 2, 3, 4 and 5 days, 10 ul of
the 5 mg/ml MTT was added. The liquid was disgarded and
100 u1 DMSO was added. The absorbance (A) at 490 nm
was measured using a microplate reader after the plate was
incubated. Then a calibration curve was prepared using the
data obtained from the wells that contained known numbers
of viable cells. Experiments were performed three times with
representative data presented. The experiment was performed
in triplicate and repeated three times.

Cell cycle analysis. Cells were trypsinized and collected
together with the cells floating in the media 4 days after treated
with TMZ. These cells were washed in PBS, fixed in 70% (v/v)
ethanol for more than 1 h. Then the cells were washed and
resuspended in PBS containing 50 mg/ml propidium iodine
(PI, Sigma Chemical Co.) and 100 pg/ml RNase A (Fermentas
Co., Glen Burnie, MD, USA) for 1 h at room temperature in the
dark. Then a total of 20,000 PI-stained nuclei were analyzed
using a Becton Dickinson FACScan (BD Biosciences, San
Jose, CA, USA). Analysis was used DNA content as a measure
of progression in the cell cycle.

Apoptosis assay. After infected with lentiviral vector and
treated with TMZ, both floating and adherent cells were
collected 4 days after TMZ treatment. The cell aliquots were
combined, washed with ice-cold PBS, resuspended in 1X
binding buffer, and stained using the Annexin V-APC apop-
tosis detection kit (BD Biosciences), following the protocols
provided. Annexin V-APC staining cells were quantified by
using a Becton Dickinson FACScan, according to the manu-
facturer's instructions.

Microarray-based gene expression profiling. Total RNA was
extracted from cells with TRIzol (Invitrogen), according to
the manufacturer's instructions. After RNA yield and quality
were assessed by Thremo Nanodrop 2000 and Agilent 2100
Bioanalyzer, amplified RNA (aRNA) was obtained with
GeneChip 3'IVT Express kit (Affymetrix), following the
instructions provided. Then purified aRNA was fragmented
and hybridized with hybridization reaction mixture for 16 h
at 45°C to human cDNA microarrays. Preparation of micro-
arrays for scanning was conducted with Affymetrix wash
protocols appropriately matched to the specific chip type on
a Model 450 Fluidics station. Microarrays were scanned on
a GeneChip Scanner 3000 (Affymetrix) after the last wash.
The Affymetrix GeneChip Operating Software v1.3 operating
system controlled data acquisition functions and maintained
the mediated first-level data analysis and desktop data manage-
ment for the entire GeneChip System.
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Figure 1. PPM1D mRNA expression levels in U87-MG cells. The relative
copies of PPM1D mRNA were significantly decreased after infected with
RNAI lentivirus compared with negative control. Means + SD (bars) are
shown. "P<0.05.

Data selection. Primary data collection was done and
analyzed by GeneChip Analysis Software (Affymetrix). The
fold changes were calculated relative to baseline controls. Data
from three independent replicate experiments were used to
perform a paired two-sample t-test for each gene. Regulated
genes used to define genes as significantly differentially
expressed as fold change of =1.5 or < -1.5, which signifies
changes in the expression level between KD and NC cells. A
change must be in the P-value of <0.05, which describes the
likelihood of change of expression for each transcript, where
P-values indicated the level of significance of the difference
based on the paired two-sample t-test. Pathway Architect
Software (Stratagene) was used for gene pathway enrichment
analysis and ontology assessment.

Western blotting. After treated with TMZ for 4 days, the cells
were lysed using M-PER lysis buffer. Protein was extracted and
quantified using a BCA protein assay kit (Pierce Biotechnology,
Inc., Rockford, IL, USA). A total of 30 ug of each sample was
heated at 95°C for 10 min and loaded into 10% gel. Samples
were electrophoresed at 110 V for 60-90 min and then trans-
ferred to PVDF membranes at 300 mA for 150 min using a
semi-dry transfer apparatus. Membranes were blocked in 5%
non-fat dry milk for 2 h, incubated with primary antibodies
[anti-AKT3, anti-RB1, anti-MAPKS8 and anti-PIK3R1 (Cell
Signaling Technology, Inc., Danvers, MA, USA)] overnight,
washed with TBS containing 0.05% Triton-X 100 (TBST)
followed by an incubation of 1 h in goat anti-rabbit secondary
antibody (1:5,000; Santa Cruz Biotechnology, Inc., Santa
Cruz, CA, USA) conjugated with HRP. After final washing
with TBST, the membranes were developed using chemilu-
minescence and exposed to X-ray film. The immunoblots
were quantified with software quantity one version 4.6.2. The
expression levels of AKT3, RB1, MAPKS and PIK3R1 in each
sample were internally normalized to GAPDH and levels were
given relative to expression in NC group.
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Figure 2. The effect of PPM 1D silencing combined with TMZ on proliferation
of U87-MG cells. A MTT analysis of the cell viability of PPM1D silencing
and negative control cells were treated with TMZ. Cell numbers were counted
at 24,48,72,96 and 120 h after TMZ administration. Statistically significant

(P<0.05) differences are marked with an asterisk. Error bars indicate + SD
of five replicates.

Statistical analysis. Statistical analyses were performed using
SPSS software version 16.0. The relationships between various
parameters were analyzed statistically by the y*-test, ANOVA,
Fisher's exact test, or Student's t-test as appropriate. P<0.05
was considered to indicate a statistically significant difference.

Results

Lentiviral vector infection and PPM1D silencing. Infection
efficiency of lentiviral RNAi vector of PPMID and the
negative control vector in U87-MG cells was >90% (data
not shown). The silencing efficacy of PPM1D in U87-MG
cells was determined by RT-qPCR. As shown in Fig. 1, the
expression level of PPM1D in U87-MG cells was remarkably
reduced by 74.3% compared with that in negative control cells
(P<0.05).

PPMID gene silencing improves TMZ induced cell prolif-
eration. The cell numbers of PPMI1D silencing and control
siRNA transfection cells following TMZ administration were
detected by MTT at 24, 48, 72, 96 and 120 h. A statistically
significant (P<0.05) reduction in cell growth was seen in KD
group comparing with NC group and CON group (Fig. 2).
Cell proliferation ability in KD group has reduced by 57.7%
comparing with NC group 72 h after TMZ treatment. In
contrast, though cell growth in NC group showed a slightly
reduced cell proliferation, the differences did not reach statis-
tical significance.

Combination treatment of TMZ and PPMID gene silencing
induce apoptosis and cell cycle arrest. To explore whether
the reduction in cell number in KD group was caused by
reduced cell proliferation or by increased cell death, we
subjected the cells to cell cycle and apoptosis analyses. As
shown in Fig. 3, cells in KD group showed a significantly
increased G,/M phase and decreased G, phase cells (P<0.05).
Apoptosis analyses showed that PPM1D silencing enhanced
the sensitivity to TMZ induced apoptosis inU87-MG cells
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Figure 3. The effect of PPM1D silencing combined with TMZ on apoptosis of U87-MG cells. The number of apoptotic cells was determined on day 4 after
TMZ treatment using flow cytometry. (A) CON group, (B) NC group, (C) KD group. (D) Summary of the experiment illustrated in (A-C). (E) To exactly
analyze the influences induced by PPM1D silencing, cells in NC and KD groups with positive expression of GFP were analyzed. Apoptotic cells significantly
increased in KD group with PPM1D silencing when treated with TMZ. Error bars indicate + SD of three replicates. "P<0.05 vs. NC.

Number

Number
150 200

100

50

40 60 80
Channels (FL2-H)

100

120

40 60 80
Channels (FL2-H)

100

120

Number

120

Percentage (%)

30 40

180

60

60

50

10 20

0

20

40 60 80 100 120

Channels (FL2-H)

B CON

ok
| NC o KD
8

G2M
Phase

Figure 4. The effect of PPM1D silencing combined with TMZ on cell cycle distribution of U87-MG cells. Cell cycle distributions were determined on day 4

after TMZ treatment using flow cytometry. (A) CON group, (B) NC group, (C) KD group. (D) Summary of the experiment illustrated in (A-C). G, and G,/M
cells in KD vs. NC, respectively, ‘P<0.05, “P<0.01.
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Table I. The ten most significant differential expression pathways and genes between KD and NC.

Pathway analysis

Gene set name

No. of genes

P-value Gene names

KEGG_PATHWAYS_IN_CANCER 26

KEGG_CELL_CYCLE 12

KEGG_ENDOCYTOSIS 14

KEGG_CYTOKINE_CYTOKINE_ 17
RECEPTOR_INTERAERACTION

KEGG_PHOSPHATIDYLINOSITOL_ 9
SIGNALING_SY_SYSTEM

BIOCARTA_ARF_PATHWAY 5
KEGG_SMALL_CELL_LUNG_CANCER 9

KEGG_CHRONIC_MYELOID_LEUKEMIA 8

KEGG_FOCAL_ADHESION 13

KEGG_GNRH_SIGNALING_PATHWAY 9

4 .36E-08 RB1,ABL1, CDK6, SKP2, CBL,
CBLB, PIK3R1,RACI1, AKT3,
ITGA6,FN1, LAMB2, MAX, RUNXI,
MAPKS8, MMP2, FGF2, FGF5, FGF14,
LEF1, TCF7, WNT5A, FZD6,

RALA, GLI2, MMP1

RB1,ABL1, CDK6, SKP2, CDC25B,
MCM2, MCM3, MCM4, CDC20,
ESPL1, E2F4,RBL2

CBL, CBLB, PIP5K1C, PIP5K1A,
AP2M1, AP2A1, EEA1, SMURF2,
NEDD4,PARD6B,ACAP3,LDLRAPI,
LDLR, VPS36

IL1A,IL6R, IL6ST, IL11, LEPR,
PRLR, TNFRSF10D, TNFRSF10C,
CCL2,CXCL2,CXCL3,BMPR2,
TNFRSF9, TNFRSF21, TNFRSF11B,
TNFESF14, CD70

PIK3R1, PIPSK1C, PIPSK1A,
ITPR1, SYNJ2, INPPSA, OCRL,
INPP4B, DGKE

RB1,ABLI, PIK3R1,RACI, POLRIA

RB1, CDK6, SKP2, PIK3R1,AKT3,
ITGA6,FNI1,LAMB2, MAX

RB1,ABL1,CDK6,CBL, CBLB,
PIK3R1, AKT3, RUNX1

PIK3R1,RACI1,AKT3, ITGAG,
FN1,LAMB2, MAPKS, PIP5K1C,
ELK1, THBS1, ARHGAPS,
COL1A1, COL5A2

MAPK8, MMP2, ITPR1, ELK1,
MAP2K4,ADCYS8,ADCY7,
ADCY6,GNAIl

3.78E-04

3.78E-04

3.78E-04

4.51E-04

4.79E-04

7.38E-04

1.66E-03

1.93E-03

2.05E-03

(Fig. 4). Moreover, NC group cells which were treated
with TMZ alone showed slightly increased apoptotic cells
compared with CON group cells, but the differences did not
reach statistical significance.

Differential gene induction and pathway enrichment analysis
in PPMID gene silencing U-87MG cells treated with TMZ.
To investigate the mechanisms of changes in cell biology
when PPM1D gene silenced U-87MG cells were treated with
TMZ, both KD and NC cells were conducted with a whole
genome-based transcriptional analysis. Compared with

NC group, 367 genes were upregulated and 444 genes were
downregulated. Then all the differentially expressed genes
were confirmed with gene pathway enrichment analysis, based
on all known KEGG pathway genes. The analysis algorithm
ranks all genes by their significance of differential expression
and then looks for groups of biologically relevant genes that
are enriched at either the top or bottom of the ranked list. The
statistical significance of a pathway was examined by a permu-
tation procedure and showed as a nominal P-value according
to the enrichment score. The ten most significant differential
expression pathways and genes were listed in Fig. 5 and Table I,
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Figure 5. Pathway enrichment analysis. The differentially expressed genes were confirmed with gene pathway enrichment analysis. The ten most significant
differential expression pathways and genes are listed, based on an ascending P-value. Cancer in KEGG pathway was the most significant differential expression
pathway. The level of significance of the difference between the two groups is indicated with a P-value of 4.36E-08 in cancer pathway.
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Figure 6. Gene network construction. Pathway in cancer in KEGG was confirmed in gene network construction. The relationship between PPM1D and the
26 differential genes is shown. Green and red round dots represent downregulated gene and upregulated gene, respectively. The gray represent added gene. The
size of the dot represents the significance of the difference.
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Figure 7. Western blot analysis of some differential genes. When adminis-
tered with TMZ, glioma cells with PPM1D silencing showed significantly
increased protein expression levels in MAPKS and PIK3R1, while RB1 pro-
tein expression was decreased. The expression of AKT3 was not significantly
different. The immunoblots were quantified with software and the data were
repeated for at least three times in different experiments (n=3, P<0.05).

based on an ascending P-value. Cancer in KEGG pathway was
the most significant differential expression pathway with a
P-value of 4.36E-08.

To further analyze the PPMI1D effects when U-87MG
cells were administered with TMZ, the most significant
differential expression pathway in cancer in KEGG pathway
was confirmed in gene network construction. The relationship
between PPM1D and the 26 differential genes is shown in
Fig. 6. IGFRIR, PIK3R1, MAPKS, and EP300 are core genes
in the network.

Western blotting. Several target genes deemed biologically
interesting because of their differential expression levels in
glioma cells in pathways in cancer were validated by western
blot analysis. As shown in Fig. 7, MAPKS and PIK3R1 protein
expression levels in KD group were increased by 64.1% and
261.6%, respectively, relative to the expression level in NC
group. It was consistent with that detected in gene expression
profiling. RB1 protein expression was decreased by 61.5%
compared with NC group. The expression of AKT3 was not
significantly different.
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Discussion

Malignant gliomas account for close to 50% of all CNS
tumors. The median survival of patients with GBM remains
close to 1 year from the time of diagnosis in spite of surgical
resection followed by radiotherapy and chemotherapy (1). The
average five year survival is less than 3%, leading to the fact
that GBM is the most lethal form of brain tumor (19). Such
poor outcome has led to the exploration of a wide variety of
novel therapies, and some of them have been incorporated as
a standard of care for patients with GBM. TMZ is approved
for use as first-line treatment for patients with primary and
recurrent high-grade gliomas. It has been shown that TMZ
combined with radiotherapy can improve the 2-year survival
rate from 10.4% with radiotherapy alone to 26.5% in patients
with GBM and radiotherapy (1). Whereas the efficacy of TMZ
is encouraging, additional prolongation of survival remains
a challenge. GBM shows chemoresistance shortly after the
initiation of treatment. Additionally, recent studies suggest that
60-75% of patients with GBM derive no benefit from treatment
with TMZ (2). Thus, exploring alternative therapeutic strate-
gies is required.

TMZ is an alkylating agent that binds to DNA and
interferes with replication, resulting in the insertion of DNA
strand breaks and, ultimately, cell death (3). p53 facilitates
favorable antitumor drug response through a variety of key
cellular functions, including cell cycle arrest, senescence, and
apoptosis (4). p53 status in addition to MGMT plays a role in
chemotherapy resistance to TMZ. p53 wild-type glioma cells
are significantly more sensitive than pS3-mutated glioma cells
to apoptosis induced by TMZ (18). GBM patients with low
mutant p53 expression have higher progression-free survival
time and may have longer life expectancy in comparison with
the high mutant p53 expression group (6). Initially identi-
fied as a p53-regulated allele located on 17q23-24, PPM1D
is a member of the protein phosphatase 2C (PP2C) family
and expressed in a p53-dependent manner (7). PPMI1D can
negatively regulate key DNA damage response proteins such
as p53, ATM, and p38MAPK and control cell cycle check-
points in response to DNA damage (20). PPM1D is frequently
amplified and overexpressed in many cancers, including
gliomas, breast cancers, neuroblastomas, ovarian clear cell
adenocarcinomas, and medulloblastomas (8-13). PPM1D is
recognized as a novel oncogene and is widely believed to be
a promising therapeutic target for cancers (21,22). In addition,
we found that PPM1D may serve as an oncogene important
to astrocytoma progression, especially in astrocytomas with
wild-type p53 (8). However, whether PPM1D plays a role in
TMZ-induced DNA damage through regulating p53 functions
has not been clarified yet.

In the current study, we demonstrated that PPM1D
silencing can increase the antiproliferative activity of TMZ in
glioma cells. Cell cycle and apoptosis analyses showed that
the decreased proliferative activity was partly due to increased
cell apoptosis. It has been reported that U87-MG cells with
p53 wild-type are sensitive to apoptosis induced by TMZ (18).
However, it was shown that although TMZ-treated cells under-
went cell cycle arrest, the apoptotic cells were few and did
not significantly increase throughout the 10 days after TMZ
treatment (17). In addition, it was reported that there was no
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significant difference in the rate of apoptosis 72 h after treat-
ment with either DMSO control or 0.1 mmol/l TMZ, though
TMZ reduced cell viability and caused cell cycle arrest (16).
TMZ induced autophagic, but not apoptotic processes in
glioma cells. Our results established that apoptotic cells
were few when TMZ was administrated alone. However,
PPMID silencing could significantly induce cell apoptosis in
TMZ-treated cells. Cell cycle arrest is one of the important
mechanisms through which TMZ exerts antitumor effects.
In this study, we found that PPM1D silencing combined
with TMZ could induce significantly increased G,/M cells
and decreased G cells. Glioma cells with PPM1D silencing
are more sensitive to TMZ induced apoptosis and cell cycle
is arrested in G,/M. Therefore, our results established that
PPMI1D controls cell cycle checkpoints in response to TMZ-
induced DNA damage.

To investigate the mechanisms of changes in cell biology
when PPM1D gene silencing U-87MG cells were treated
with TMZ, cells were assessed with microarray-based gene
expression profile. Our results demonstrated that many genes
attribute to the different changes when PPM1D silencing
glioma cells were treated with TMZ. Pathway in cancer was
the most significant pathway. Our results proved that PPM1D
is associated with glioma development, which is consistent
with the fact that PPM1D is recognized as a novel oncogene
in many cancers (21,22). PPM1D was initially identified
as a p53-regulated allele and can negatively regulate key
DNA damage response proteins such as p53, ATM, and
p38MAPK (20). The most significant network arose around
the IGFR1R, PIK3R1, MAPKS8 and EP300, when glioma
cells were treated with combination of PPMI1D silencing and
TMZ. Accumulating evidence has shown that GBM frequently
displays hyperactivation of the AKT pathway (23,24) and
endogenous AKT kinase activity can be activated in response
to clinically relevant concentrations of TMZ (25,26). Over
80% of GBMs have an acquired alteration in the RTK/PI3K/
AKT pathway (27). It has been detected that PPM1D knocked
out mesenchymal stem cells may be attributed to increases in
the pAKT/AKT ratio and PI3K/AKT signaling axis (28).

Our microarray-based gene expression profile and western
blot results detected that PIK3R1 is upregulated and RB1
protein expression was decreased when PPMID silencing
glioma cells were treated with TMZ. However, AKT3 protein
expression levels were not different between the two groups.
It was proved that Rb was a substrate of PI3K/Akt signaling
pathway (29). Activation of PI3K/AKT pathway contributed to
promote Rb phosphorylation and degradation (30). It has been
previously shown that inhibition of PI3K/Akt/mTOR-mediated
signaling in glioblastoma cell lines strongly amplifies cell
death induced by radiotherapy and a wide range of chemother-
apeutics. As a regulatory subunit of phosphoinositide-3-kinase
(PI3K), PIK3R1 target the PI3K/AKT pathway. However, our
results showed different tendency of change of PIK3R1. Thus,
PPM1D may not regulate PI3K/AKT signaling axis through
PIK3R1 (31).

It has been demonstrated that downregulated expression
of COX-2, Aktl and PIK3R1 could upregulate p53 and exert
proliferation and invasion inhibition effects on U251 cells (32).
We infer it should be partly due to the different status of p53.
The exact mechanism still remains to be explored.
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