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Abstract Forkhead box class O 3a (FOXO3a) is an

important direct target of the phosphatidylinositol 3-kinase

(PI3K)/protein B(Akt) pathway, mediating signal trans-

duction in regulating cell survival and cell-cycle progres-

sion. Recent reports have shown that FOXO3a inhibits cell-

cycle progression at the G1/S transition by controlling

transcription of the cyclin-dependent kinase inhibitor

p27kip1, which is frequently down-regulated in human

cancers, including human glioma. In this study we inves-

tigated the status of FOXO3a expression and related sig-

naling in human glioma in order to test its potential value

as a therapeutic target for this disease. Immunohisto-

chemistry, western blot, RT-PCR, and immunofluorescence

staining analysis were performed on specimens from 70

cases of human glioma and on U87MG and T98G glioma

cells. Our data showed FOXO3a expression is directly

correlated with the malignant grade of glioma. More

importantly, low expression of FOXO3a was associated

with poor patient outcome. In vitro, FOXO3a modulated

the cell cycle by transcriptional regulation of p27kip1.

Administration of the PI3K pharmacological inhibitor

LY294002 abrogated this effect by regulating FOXO3a

expression and subcellular localization. Our results sug-

gested that FOXO3a may be a favorable independent

prognostic indicator of glioma. Gene therapeutic approa-

ches aimed at PI3K or at pharmacological inhibitors of

PI3K to down-regulate P-FOXO3a expression could be

developed for management of glioma.

Keywords FOXO3a � p27kip1 � Glioma � Prognosis �
PI3K/Akt

Abbreviations

FOXO3a Forkhead box class O 3a

PI3K Phosphatidylinositol 3-kinase

PTEN Phosphatase and tensin homolog deleted on

chromosome 10

EGFR Epidermal growth factor receptor

CDK4 Cyclin-dependent kinase 4

CDK6 Cyclin-dependent kinase 6

PCNA Proliferating cell nuclear antigen

RT-PCR Reverse transcriptase polymerase chain

reaction

GAPDH Glyceraldehyde-3-phosphate dehydrogenase

PI Propidium iodide

FITC Fluorescein isothiocyanate

CML Myelogenous leukemia

DMSO Dimethyl sulfoxide

Introduction

Glioma is one of the most common primary tumors of the

central nervous system. Despite recent advances in both

diagnostic modalities and therapeutic strategies, glioma
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remains one of the deadliest human cancers. Five-year

survival of patients with glioma is among the lowest for all

cancers [1, 2]. In patients with glioblastoma multiforme,

the median survival duration ranges from 9 to 12 months

[2]. It is, therefore, necessary to intensify our efforts to

better understand the mechanism of glioma development

and to develop novel targeted approaches for management

of this disease. An example of a target-specific molecular

therapy of glioma is temozolomide, which alters levels of

Bax (pro-apoptotic) and Bcl-2 (anti-apoptotic) proteins and

results in increased Bax/Bcl-2 ratio [3]. Temozolomide,

also, can be safely combined with several chemothera-

peutic agents to increase time to progression, quality of

life, and overall survival for some patients [4]. Truly,

increasing knowledge of the genetic control of cellular

proliferation and of modulation of the signaling pathways

that are aberrant in glioma has the potential to provide an

effective and better approach for its management.

The FOXO transcription factors play an evolutionarily

conserved role in the control of metabolism, proliferation,

survival, stress resistance, and longevity [5–7]. Expression

of FOXO proteins can induce cell-cycle arrest in many cell

types [5–7]. FOXO3a (previously termed FKHRL1), a

member of the FOXO subclass of the forkhead transcription

factors mediating signal transduction in regulating cell

survival and cell-cycle progression, is an important direct

target of the PI3K/Akt pathway. When PI3K and Akt are

active, FOXO3a is directly phosphorylated by Akt [8]. By

binding to the nuclear importer, active FOXO3a translocates

to the nucleus, binds to DNA, and promotes the transcription

of its target genes, for example p27kip1 and Bim [6]. How-

ever, activated Akt regulates transcription of FOXO3a target

genes by modulation of FOXO3a activity by phosphory-

lating its three conserved serine/threonine residues (Thr-32,

Ser-253, and Ser-315), leading to the release of FOXO3a

from DNA and its translocation to the cytoplasm, which

reduces transcription levels of p27kip1 [6, 9].

P27kip1, a member of the Cip/Kip family, can bind

multiple cyclin-CDK complexes, including D-type cyclins

CDK4 and CDK6 and E-type cyclin CDK2; thus, p27kip1 is

a major regulator of G1–S transition in the cell cycle [10,

11]. The activity of p27kip1 is controlled by its concentra-

tion, distribution among different cellular complexes, and

its cellular location [10, 11]. It has been shown that p27kip1

protein is frequently reduced in human cancers, including

high-grade astrocytomas [12]. All these studies indicate

that p27kip1 protein levels may be associated with the

development of human cancers and seem to be an impor-

tant marker of cancer progression.

However, to the best of our knowledge, the status of

FOXO3a expression in human glioma, including its pos-

sible clinical significance and its correlation with p27kip1,

has not been examined. In this study, therefore, we

investigated the hypothesis that p27kip1 gene expression is

regulated by FOXO3a, which itself is controlled by PI3K/

Akt in human glioma. To evaluate the proposed hypothesis,

we used immunohistochemical analysis to examine

FOXO3a and p27kip1 protein levels in specimens of glioma

and normal brain tissues and compared the findings with

clinical outcomes. More importantly, we studied the effect

of PI3K inhibitor LY294002 on the cell cycle in vitro to

explore the potential value of activated FOXO3a as a

therapeutic target for human glioma.

Materials and methods

Pathological samples

All the investigations described in this study were con-

ducted after informed consent was obtained and in accor-

dance with an institutional review board (IRB) protocol

approved by the Partners Human Research Committee at

the Affiliated Hospital of Nantong University. Fresh frozen

primary human tissue samples of 70 WHO grade II, III, and

IV astrocytomas were obtained from the pathology files of

the Department of Pathology at the Affiliated Hospital of

Nantong University from 2000–2006 under the auspices of

an IRB-approved human subjects study protocol. All

tumors were from patients with newly diagnosed glioma

who had received no therapy before sample collection.

Formalin-fixed, paraffin-embedded sections were prepared

for all tissues and reviewed by a neuropathologist. Normal

brain specimens were acquired from ten patients under-

going surgery for epilepsy and were reviewed to verify the

absence of tumor.

Antibodies

The antibodies used for immunohistochemistry in this

study included: anti-p27kip1 (Santa Cruz Biotechnology,

CA, USA), anti-FOXO3a (Cell Signaling Technology,

Beverly, MA, USA), and anti-Ki-67 (Santa Cruz Biotech-

nology). Antibodies for western blotting, immunofluores-

cence, and immunoprecipitation included: anti-p27kip1

(Santa Cruz Biotechnology), anti-FOXO3a (Cell Signaling

Technology), anti-phospho-FOXO3a (thr32) (Upstate Cell

Signaling Solution, Lake, Placid, USA), anti-PCNA (Santa

Cruz Biotechnology), anti-phospho-Akt (ser473) (Cell

Signaling Technology), anti-CyclinD1 (Santa Cruz Bio-

technology), anti-CDK4 (Santa Cruz Biotechnology), anti-

CDK6 (Santa Cruz Biotechnology), anti-b-actin (Sigma

Chemicals, St Louis, MO, USA), anti-a-tublin (Santa Cruz

Biotechnology), anti-Lamin B (Santa Cruz Biotechnology),
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anti-PTEN (Abcam, Hong Kong, China), and anti-EGFR

(ZSGB-Bio, China).

Immunohistochemistry

Serial consecutive sections 5 lm thick were mounted on

glass slides coated with 10% polylysine. Sections were

dewaxed in xylene and rehydrated in graded ethanol.

Endogenous peroxidase activity was blocked by immersion

in 0.3% methanolic peroxide for 30 min. Immunoreactivity

was enhanced by microwaving, by incubating the tissue

sections for 10 min in 0.1 M citrate buffer. Immunostain-

ing was performed using the avidin biotin peroxidase

complex method and antigen–antibody reactions were

visualized with the chromogen diaminobenzadine.

Evaluation of the results of immunohistochemical

staining

Stained sections were observed under a microscope. Two

independent pathologists (YW and LZ) evaluated the

immunostaining. At least ten high-power fields were ran-

domly chosen and at least 300 cells/field was counted in

each section. FOXO3a, p27kip, and Ki-67 indexes were

determined as the percentage of immunostained cells.

PTEN staining was scored according to a previously

established scale of 0–2 [13]. Tumor cells were graded ‘‘2’’

if their staining intensity was equal to or greater than that

of vascular endothelium and ‘‘1’’ if their staining intensity

was diminished relative to the endothelium. An expression

score of ‘‘0’’ was given if staining was absent compared

with control sections. EGFR was scored on a scale of 0–2

(0?, no staining; 1?, mild intensity cytoplasmic staining;

and 2?, strong cytoplasmic staining).

Cell cultures

The human glioblastoma cell lines U87MG and T98G,

which were purchased from Cell Library, China academy

of Science, were cultured in DMEM (GibCo BRL, Grand

Island, NY, USA) with 10% fetal bovine serum, 2 mM

L-glutamine, 100 U/mL penicillin–streptomycin mixture

(GibCo BRL) at 37�C and 5% CO2.

Cell cycle analysis

For cell-cycle analysis, cells were fixed in 70% ethanol for

1 h at 4�C and then incubated with 1 mg/mL RNase A for

30 min at 37�C. Subsequently, cells were stained with

propidium iodide (50 lg/mL PI; Becton–Dickinson, San

Jose, CA, USA) in PBS, 0.5% Tween-20, and analyzed

using a Becton–Dickinson BD FACScan flow cytometer

and Cell Quest acquisition and analysis software. Gating

was set to exclude cell debris, cell doublets, and cell

clumps.

Cell fractionation, immunoblot analysis

Subcellular fractionation was performed as described.

Briefly, cell pellets from a culture were incubated in a

hypotonic buffer (10 mM HEPES [pH 7.2], 10 mM KCl,

1.5 mM MgCl2, 0.1 mM EGTA, 20 mM NaF, 100 lM

Na3VO4, and protease inhibitor mixture) for 30 min at 4�C

on a rocking platform. Cells were homogenized (Dounce,

30 strokes), and their nuclei were pelleted by centrifugation

(10 min 9 14,000 rcf, 4�C). The supernatant was saved as

the cytosolic fraction, and nuclear pellets were incubated in

nuclear lysis buffer (10 mM Tris–HCl (pH 7.5), 150 mM

NaCl, 5 mM EDTA, and 1% Triton X-100) for 1 h at 4�C

on a rocking platform. The nuclear fraction was collected

by centrifugation (10 min 9 14,000 rcf, 4�C).

Prior to immunoblotting, cells were washed twice with

ice-cold PBS, resuspensed in 2 9 lysis buffer (50 mM

Tris–HCl, 120 mM NaCl, 0.5% Nonidet P-40, 100 mM

NaF, 200 lM Na3VO4, and protease inhibitor mixture),

and incubated for 20 min at 4�C while rocking. Lysates

were cleared by centrifugation (10 min 9 12,000 rpm,

4�C) and 50 lg total protein was resolved by SDS–PAGE

and transferred on to a poly(vinylidene difluoride) mem-

brane filter (Immbilon; Millipore). The membranes were

first blocked and then incubated with the primary antibody

described above for 2 h at room temperature. After wash-

ing three times, filters were incubated with horseradish

peroxidase-conjugated human anti-mouse or anti-rabbit

antibodies (Pierce) for 1 h at room temperature. Immuno-

complexes were detected with an enhanced chemilumi-

nescence system (NEN Life Science Products, Boston,

MA, USA).

RNA isolation and reverse transcriptase PCR (RT-PCR)

analysis

Total RNA of U87MG cells were extracted using a Trizol

extraction kit according to the manufacturer’s procedure.

Total RNA was reverse-transcribed using the ThermoScript

RT-PCR system (Invitrogen). Primer pairs for p27kip1 were

sense, 50-CAGAATCACAAACCCCTA-30 and antisense,

50-TGTTTTGAGTAGAAGAAT-30. Cycling conditions

were: 94�C for 45 s, 47.5�C for 45 s, 72�C for 30 s, and a

total of 30 cycles. Glyceraldehyde-3-phosphate dehydro-

genase (GAPDH) was used as internal control and was

detected using the primers sense, 50-TGATGACATCAA

GAAGGTGGTGAAG-30 and antisense, 50-TCCTTGGA

GGCCATGTGGGCCAT-30. Cycling conditions were:

94�C for 30 s, 55�C for 30 s, 72�C for 30 s, and a total of 28

cycles. After amplification, the products were separated on
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an agarose (1.5%) gel (cast in the presence of ethidium

bromide) and visualized under UV light.

Immunofluorescence staining

The cells were washed with PBS, fixed with 4% parafor-

maldehyde (1 h), permeabilized with 0.1% Triton X-100

(15 min), and blocked for nonspecific binding in phosphate-

buffered saline (PBS), 3% milk for 30 min. FOXO3a and

p27kip1 in U87MG cells were stained with FOXO3a and

p27kip1 antibody at 4�C overnight. After three washes with

PBS, samples were treated with fluorescein isothiocyanate

(FITC) conjugated goat-anti-rabbit IgG (The Jackson Lab-

oratory) for 30 min at 37�C. For DNA staining, samples were

incubated with Hoechst 33342 dye (1 lg/ml, 10 min) after

incubation with secondary antibodies. The fluorescence was

detected by use of a Leica fluorescence microscope (Ger-

many). All assays were performed three times in duplicate.

Statistical analysis

The statistical significance of means was calculated by use

of Student’s t test. The nonparametric Spearman’s rank

correlation coefficient was used to evaluate the strength of

the relationship between FOXO3a and Ki-67 expression.

The v2 and Fisher exact tests were used to compare the

expression of all proteins as groups (positive versus nega-

tive) with various clinical pathological parameters. Survival

analysis was undertaken using the Kaplan–Meier method

and curves were compared using log-rank test. P \ 0.05

was required for statistical significance. All computations

were carried out by use of SPSS13.0 statistical software.

Densitometric analyses

The density of specific bands was measured with a com-

puter-assisted image-analysis system (Adobe Systems, San

Jose, CA, USA) and normalized against GAPDH level.

Differences between the control and treatment groups were

calculated and expressed as relative increases setting the

control as 1. Values were obtained from at least three

independent reactions.

Results

Clinical significance of FOXO3a expression in glioma

Expression of FOXO3a directly correlates with the grade

of glioma

We examined the expression and intracellular location of

FOXO3a protein in 70 specimens of glioma. In 55 of the

FOXO3a-positive tumors, FOXO3a immunoreactivity was

predominantly located in the nuclear compartments; a

weaker cytoplasmic reaction was observed in a variable

number of glial cells (Fig. 1a). The percentage of

FOXO3a-positive tumor cells ranged from 0.13 to 63.86%

(mean ± SD, 23.53 ± 19.34%; Table 2). Using 5% as a

cutoff, we found significantly higher levels of FOXO3a in

low-grade astrocytomas (grade II) than in anaplastic

astrocytomas (grade III; P \ 0.001) and glioblastoma

multiforme (grade IV; P \ 0.001). Table 1 shows that

91.2% of grade II tumors were positive for FOXO3a

expression. However, the percentages of FOXO3a-positive

glial cells in grade III and grade IV tumors were 70.8 and

58.3%, respectively. Thus, FOXO3a positive expression

was significantly associated with pathologic stage of the

glioma (P \ 0.05; Table 1). On other hand, no significant

difference was seen regarding patients’ age (P = 0.796),

gender (P = 0.834), KPS score (P = 0.508), tumor loca-

tion (P = 0.456), type of surgery (P = 0.890), tumor

diameter (P = 0.677), vessel density (P = 0.801), or

necrosis (P = 0.446; Table 1).

To confirm the specificity of the immunohistochemical

results, we performed western blot analysis for six glioma

tissues (two cases of each stage group), for which freshly

frozen materials were available. Expression of FOXO3a

and p27kip1 were examined by western blot analysis, which

showed accordant results with immunohistochemistry. As

shown in Fig. 1b, an immunoreactive band of FOXO3a

was seen in all six cases, FOXO3a expression was signif-

icantly higher in grade II tumors than in grade IV tumors. It

has been well established that FOXO3a controls p27kip1

protein level in several cancers [13, 14]. As expected, a

reduced level of p27kip1 protein was directly associated

with malignancy of glioma. These results indicated that

down-regulation of FOXO3a expression resulted in

reduced p27kip1 expression in a subset of the glioma sam-

ples. Amount of b-actin, a housekeeping protein, was

demonstrated to be rather constant among the samples.

Three independent experiments were performed for each

assayed variable.

Correlation between FOXO3a and different biological

markers in glioma

p27kip1 is a potent regulator of the G1/S transition by

inhibiting CDK activity [11, 12]. Several reports have

revealed that FOXO3a-induced cell cycle arrest either

correlates with, or in one case is dependent upon, p27kip1

expression [14–17]. To determine the physiological or

pathological relationship among expression of FOXO3a,

p27kip1, and proliferation index Ki-67 in glioma, we also

examined the levels of p27kip1 and Ki-67 by immunohis-

tochemical staining (Fig. 1a; Table 2). In most specimens,
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the proportion of p27kip1-positive tumor cells was similar

to the proportion of FOXO3a-positive tumor cells but

opposite to that of Ki-67-positive tumor cells. As contin-

uous variables, FOXO3a expression was positively asso-

ciated with p27kip1 (Spearman’s r = 0.845, P \ 0.001) and

was negatively associated with Ki-67 expression (Spear-

man’s r = -0.555, P \ 0.001) in all cases of glioma

analyzed. There was also a marked correlation between

p27kip1 and Ki-67 (Spearman’s r = -0.647, P \ 0.001)

(Fig. 2c).

Both amplification of epidermal growth factor receptor

(EGFR) and activation of PI3K feature prominently in

glioma. Activation of PI3K that occurs as a consequence of

EGFR amplification should respond to inhibitors of EGFR.

PI3K may also be activated independently of EGFR

through gain-of-function mutations in PI3K or by inacti-

vation of the lipid phosphatase PTEN, a negative regulator

of PI3K [18–20]. FOXO3a function, downstream of the

PI3K signaling pathway, is as a direct substrate of the

protein kinase Akt [21]. So we also detected the relation-

ships between FOXO3a and PTEN and between FOXO3a

and EGFR. Figure 3b graphically illustrates the existence

of a direct relationship between FOXO3a level (%) and the

intensity of PTEN expression (P = 0.001). However, there

was no significant correlation between FOXO3a expression

and EGFR status (P = 0.23).

Correlation between FOXO3a expression and patients’

survival

Currently, prognostic evaluation is mainly based on the

traditional method including clinical stage, tumor site, and

histopathologic grade. Recent studies have suggested that

other factors, for example molecular and cellular charac-

teristics of the primary tumors, may improve our ability to

prognosticate. As Table 2 shows, mean amounts of

FOXO3a and p27kip1 were 23.53 ± 19.34% and

28.84 ± 25.15%, respectively. Based on these mean

amounts, patients were divided into two groups by

FOXO3a: high FOXO3a expressers ([23.5%) and low

FOXO3a expressers (B23.5%). Survival analysis was

restricted to 52 patients with available complete follow-up

data and results of FOXO3a expression. By using Kaplan–

Meier analysis, patients in the low expression FOXO3a

group were significantly associated with poor overall sur-

vival (P \ 0.001; Fig. 4a). Furthermore, by reviewing each

grade of tumor separately we found FOXO3a index was

similarly a significant predictor in grades II and III

Fig. 1 Expression of FOXO3a

and p27kip1 in human glioma. a
Immunohistochemistry for

FOXO3a, p27kip1, and Ki-67

were performed as described in

Materials and methods. a–c
High FOXO3a and p27kip1

expression in tumor cell nuclei

was documented in grade II

tumors, whereas Ki-67 staining

showed the level was low. d–f
High levels of proliferation and

Ki-67 expression are seen in

grade IV tumors. In contrast,

low levels of Foxo3a and

p27kip1 were observed in grade

IV tumors. b Western blot

analysis of FOXO3a, p27kip1,

and PCNA in glioma tissues.

Western blots of six samples of

the respective grades of glioma

tissues immunoblotted against

FOXO3a, p27kip1, and PCNA.

In all the samples tested,

FOXO3a expression levels were

significantly higher in low

potential malignancy tissues

than in malignant tissues.

b-Actin was used as a control

for protein load and integrity
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(P \ 0.0001; Fig. 4b, c). In the grade IV group there were

too few patients to perform any valid statistical compari-

sons in relation to FOXO3a status (P = 0.061; Fig. 4d).

However, the trend was for better survival in patients with

FOXO3a high expression tumors. Previous study has

indicated that p27kip1 was an independent prognostic fac-

tor; thus, the combined phenotypes of two proteins were

analyzed subsequently. Patients with the phenotype

FOXO3a [ 23.5% and p27kip1 [ 28.8% had better overall

survival than others (P = 0.010; Fig. 4e). Multivariate

analysis using the Cox’s proportional hazards model

showed that FOXO3a protein was an independent prog-

nostic indicator for patients’ overall survival (P \ 0.0001;

Table 3).

Biological significance of FOXO3a expression

in glioma

FOXO3a regulates cell cycle by transcriptional regulation

of p27kip1 in proliferating cells

Previous studies showed that ectopic expression of acti-

vated FOXO3a led to cell cycle arrest in which induction of

p27kip1 by FOXO3a seemed to play an important role [17].

We examined the kinetics of FOXO3a during cell-cycle

progression in glioma. U87MG and T98G cells were G1-

arrested by serum starvation for 48 h, which increased cells

in the G1 phase from 48 to 86% (date not shown). Western

blot revealed that FOXO3a protein level increased after

serum withdrawal and peaked at 48 h. At the same time,

expression of p27kip1 was also up-regulated (Fig. 5a). Upon

serum addition and release from G1, the abundance of

FOXO3a and p27kip1 declined with similar kinetics and

were reduced markedly 24 h after serum stimulation

(Fig. 5b). Using RT-PCR analysis, we determined whether

changes in p27kip1 protein could account for the effect of

FOXO3a transcriptional regulation. In agreement with the

findings of p27kip1 protein expression, p27kip1 mRNA

expression increased with serum deprivation and declined

after serum stimulation (Fig. 5c, d). In addition to the tight

control of p27kip1 abundance, there is also important reg-

ulation at the level of p27kip1 subcellular localization.

Following serum administration, FOXO3a and p27kip1

significantly decreased in the nuclear fraction in a time-

dependent manner (Fig. 5e). These data suggested that

FOXO3a regulated transcriptional expression of p27kip1 in

proliferating glioma cells in vitro.

Table 1 Correlation between FOXO3a expression and clinicopath-

ologic variables

Variable Total FOXO3a expression P*

\5%, n (%) C5%, n (%)

Gender

Female 31 7 (22.58) 24 (77.42) NS

Male 39 8 (20.51) 31 (79.49)

Age

\40 26 6 (23.08) 20 (76.920 NS

C40 44 9 (24.45) 35 (79.55)

KPS

C80 50 12 (24.00) 38 (76.00) NS

\80 16 3 (18.75) 13 (81.25)

Unknown 4 0 (0.00) 4 (100.00)

Tumor location

Frontal 26 5 (19.23) 21 (80.77) NS

Parietal 6 0 (0.00) 6 (100.00)

Occipital 3 0 (0.00) 3 (100.00)

Temporal 15 4 (26.67) 11 (73.33)

Unknown 20 6 (30.00) 14 (70.00)

Surgery

Biopsy 12 2 (16.67) 10 (83.33) NS

Partial resection 21 5 (23.81) 16 (76.19)

Gross total resection 37 8 (21.62) 29 (78.38)

Tumor diameter

\4 cm 36 7 (19.44) 29 (80.56) NS

C4 cm 34 8 (23.53) 36 (76.47)

Vessel density

Normal 40 9 (22.50) 31 (77.50) NS

Increased 30 6 (22.00) 24 (80.00)

Necrosis

Absence 52 10 (19.23) 42 (80.77) NS

Presence 18 5 (27.78) 13 (72.22)

WHO grade

II 34 3 (8.82) 31 (91.18) \0.05

III 24 7 (29.17) 17 (70.83)

IV 12 5 (41.67) 7 (58.33)

* Correlation was analyzed by use of Fisher’s exact test. KPS Kar-

nofsky performance scale; NS not significant

Table 2 The expression of

FOXO3a, p27kip1 and Ki-67 in

gliomas of different grade

* F = 35.673, P \ 0.001,

** F = 37.453, P \ 0.001,

*** F = 22.237, P \ 0.001

Pathologic

disease grade

Number Positive cells, mean%

FOXO3a* p27kip1** Ki-67***

II 34 37.66 ± 16.89 47.47 ± 23.00 18.37 ± 19.01

III 24 11.45 ± 10.53 12.41 ± 10.13 50.29 ± 23.08

IV 12 7.67 ± 6.99 8.91 ± 8.53 59.57 ± 26.96

Total 70 23.53 ± 19.34 28.84 ± 25.15 36.78 ± 28.35
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Fig. 2 Graphical representation

of relationships among

FOXO3a, p27kip1, and Ki-67

expression in glioma. a The

relationship between FOXO3a

and p27kip1. b The relationship

between FOXO3a and Ki-67.

c The relationship between

p27kip1 and Ki-67

Fig. 3 Correlation between

FOXO3a levels and PTEN

intensity and between FOXO3a

levels and EGFR intensity in

glioma tissues.

a Immunohistochemistry for

PTEN and EGFR was

performed as described in

Materials and methods. a, d
strongly cytoplasmic PTEN and

EGFR immunostaining, b, e
moderate cytoplasmic PTEN

and EGFR immunostaining, c, f
no immunostaining of PTEN

and EGFR. b Boxplots

depicting FOXO3a levels in

glioma samples with PTEN and

EGFR staining of different

intensity. Black horizontal line,

median value for each group;

gray box, middle 50% of the

values, lying between 25 and

75%; horizontal gray lines
represent the minimum and

maximum values observed in

each group. Statistical analysis

was performed by use of the

Kruskal–Wallis test
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Inhibition of the PI3K/Akt pathway leads to G1 arrest

through retention of activated FOXO3a

FOXO3a is a major molecule in the PI3K/Akt signaling

pathway which plays an important role in promoting cell

survival and proliferation [22–24]. This transcription factor

resides in the nucleus, where it is a positive regulator of

gene expression. However, upon phosphorylation,

FOXO3a is transported out of the nucleus and sequestered

in the cytosol, where it is bound to the protein 14-3-3 [8].

In an attempt to investigate the mechanism of the PI3K/Akt

pathway in the regulation of glioma cell proliferation, we

examined the effect exerted by the PI3K pharmacologic

inhibitor LY294002.

After synchronization by serum starvation for 48 h,

U87MG cells were incubated in medium containing 10%

FBS for the indicated times. On serum addition, the cells

were transformed from the G1 phase to the S phase

whereas exposure to 50 lM LY294002 for 24 h blocked

proliferation and caused cells to accumulate in the G1

phase of the cell cycle, as assessed by flow cytometric

analysis (Table 4). By western blot analysis, we observed

that serine473-phosphorylation of Akt and threonine32-

phosphorylation of FOXO3a were down-regulated after

treatment with LY294002. Figure 6a, suggests that

LY294002 could help to retain a greater amount of

FOXO3a in the activated form to inhibit cancer cell

growth. Therefore, we further investigated the location of

FOXO3a by LY294002 treatment, which is related to its

activation state.

In response to LY294002 treatment for 24 h, FOXO3a

was largely redistributed to the nucleus and the amount in

Fig. 4 Overall survival curves according to FOXO3a (a–d) and

FOXO3a/p27kip1 (e) expression. On the basis of mean FOXO3a

percentages, patients were divided into two groups: high FOXO3a

expressers ([23.5%) and low FOXO3a expressers (B23.5%). Patients

were also divided into two groups according to p27kip1 expression:

high p27kip1 expressers ([28.8%) and low p27kip1expressers

(B28.8%). a–d Patients in the low expression FOXO3a group were

significantly associated with short overall survival. e Patients with the

phenotype FOXO3a [ 23.5% and p27kip1 [ 28.8% had better cumu-

lative survival than others

Table 3 Multivariate analysis with Cox regression model

Variable Relative risk (95% CI) P

Grade IV 2.283 (1.014–5.141) 0.046

Age C40 0.783 (0.324–1.892) 0.587

Gender Men 2.116 (1.030–4.349) 0.041

KPS C80 0.621 (0.281–1.369) 0.238

FOXO3a High 16.922 (4.686–61.106) \0.0001

CI confidence interval; KPS Karnofsky performance scale
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the cytoplasm declined. The levels of compartment-specific

lamin B in the nucleus and tubulin in the cytosol were not

changed. To confirm these results, we also tested the sub-

cellular distribution of FOXO3a by immunofluorescence

analysis in U87MG cells either in the absence or presence

of LY294002. Similarly, expression of FOXO3a seemed to

be mainly nuclear in location after administration of

LY294002 for 24 h (Fig. 6d).There is broad consensus that

activated FOXO3a resides in the nucleus and could func-

tion to promote the transcription of cell-cycle inhibitors [9,

15]. As expected, it also caused a parallel change in the

distribution of p27kip1 (Fig. 6c, d). These findings sug-

gested that the PI3K/Akt pathway controlled glioma cell

proliferation by regulating FOXO3a expression and sub-

cellular localization.

Progression through the G1-S transition is mainly reg-

ulated by sequential activation of CDK4, CDK6, and, later,

CDK2 by D-type cyclins in mid-to-late G1 [25]. The Cip/

Kip family of cyclin kinase inhibitors bind all CDKs and

may prevent their activation or directly inhibit their kinase

activity [25]. Therefore, we evaluated the effect of inhi-

bition of PI3K on these important cell-cycle regulatory

Fig. 5 FOXO3a modulates serum-dependent transcriptional regula-

tion of p27kip1 in glioma cells. a and c U87MG and T98G cells were

synchronized by serum starvation for 0–72 h. Whole cell lysates or

total mRNA was prepared as described in Materials and methods.

FOXO3a and p27kip1 protein and p27kip1 mRNA expression were

evaluated by western blotting (a) and RT-PCR (c), respectively. b and

d U87MG and T98G cells were synchronized by serum starvation for

48 h. After the addition of medium containing 10% FBS for the

indicated times, FOXO3a and p27kip1 protein (b) and p27kip1 mRNA

(d) expression were determined. e U87MG cells were incubated in

serum-free media as described in b. Nuclear and cytosolic proteins

were immunoblotted for FOXO3a and p27kip1. The levels of lamin B

and a-tubulin in the nuclear and cytosolic fractions, respectively, were

also immunoblotted to confirm the purity of the subcellular fractions.

Each immunoblot shown is representative of three experiments with

similar results. Reduced expression of FOXO3a in the nucleus was

observed 4 h after serum addition; in contrast, expression of FOXO3a

was increased in cytoplasm. Similar results were observed for

expression of p27kip1

Table 4 Flow cytometric analysis of U87MG cells following serum, DMSO, and LY294002 treatment

0 h 4 h 8 h 12 h 24 h 48 h

Serum G0/G1 85.37 ± 3.87 87.52 ± 3.70 86.59 ± 4.48 82.13 ± 1.50 40.76 ± 8.82 64.68 ± 9.65

S 8.34 ± 4.23 5.25 ± 3.86 5.14 ± 3.15 12.94 ± 2.44 37.67 ± 2.51 20.55 ± 7.95

Serum ? DMSO G0/G1 80.16 ± 9.14 78.29 ± 11.51 80.54 ± 7.16 80.04 ± 5.85 51.09 ± 1.94 68.29 ± 4.18

S 12.64 ± 5.46 10.99 ± 7.42 7.17 ± 3.31 11 ± 1.89 31.97 ± 2.46 18.70 ± 6.22

Serum ? LY294002 G0/G1 76.82 ± 5.99 78.62 ± 11.74 80.12 ± 9.77 84.40 ± 5.85 88.99 ± 2.28 89.06 ± 0.48

S 13.56 ± 4.66 10.90 ± 7.54 5.43 ± 1.11 3.21 ± 0.69 4.04 ± 1.32 4.30 ± 1.19

DMSO dimethyl sulfoxide
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molecules. Inhibition of the PI3K/Akt pathway by

LY294002 resulted in significant accumulation of p27kip1,

at both the mRNA and protein levels (Fig. 6a, b), and

sequentially induced a striking depletion of CDK4, CDK6,

and cyclin D1 protein levels in U87MG cells (Fig. 6d).

These events were consistent with the observed

accumulation of cells in G1 phase of the cell cycle

(Table 3) and up-regulation of FOXO3a expression

(Fig. 6a).

Taken together, our data suggested that targeted inhi-

bition PI3K in human glioma cancer cells caused activation

of transcription factor FOXO3a, which, in turn, activated

Fig. 6 Inhibition of PI3K induces FOXO3a activation and translo-

cation in U87MG cells. a and b After synchronization by serum

starvation for 48 h, U87MG cells were treated with serum, DMSO, or

50 lM LY294002 and cells were collected at the times indicated for

western blot and/or RT-PCR. Details of the experiments are given in

Materials and methods. After incubation with LY294002 for 24 h we

found a significant decrease in the percentage of S phase, and P-Akt,

P-FOXO3a, FOXO3a, p27kip1, and b-actin were visualized by western

blot. Results from RT-PCR analysis are mean ± standard deviation

from three independent experiments; *P \ 0.05. c U87MG cells were

incubated in the absence and presence of LY294002 for 24 h.

Samples of cytoplasmic or nuclear extracts, isolated at the times

indicated, were subjected to immunoblot analysis for FOXO3a and

p27kip1. The levels of lamin B and a-tubulin in the nuclear and

cytosolic fractions, respectively, also were immunoblotted to confirm

the purity of the subcellular fractions. Each immunoblot shown is

representative of three experiments with similar results. d Immuno-

fluorescence gave a result similar to that from western blot. After

treatment with LY294002 the proteins FOXO3a and p27kip1 were

accumulated in the nucleus. e Following incubation of cells with

LY294002 for 24 h, levels of the proteins CDK4, CDK6, and cyclin

D1 were assessed by western blot analysis
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transcription of target gene p27kip1 which is involved in

cell-cycle regulation.

Discussion

It is conceivable that neoplasms occur as a result of

acquired alterations in oncogenes and tumor suppressor

genes regulating signal transduction pathways involved in

cell proliferation and differentiation, and cell-cycle control.

The CKI p27kip1, which belongs to the second group of

cyclin-dependent kinase inhibitors (CDKI), the Cip/Kip

family, is one of the most important cell-cycle inhibitors,

and its expression has the character of a tumor-suppressor

gene. Loss of p27kip1 protein expression may result in

tumor development and/or progression [26]. Regulation of

p27kip1 levels was thought to occur predominantly at the

post-transcriptional level, through the regulation of ubiq-

uitin-mediated degradation. Recent data show FOXO3a

directly regulates p27kip1 transcription [14, 16, 17], sug-

gesting that reduced p27kip1 levels after a proliferative

stimulus may also be associated with FOXO3a.

FOXO3a is a member of a large family of forkhead

transcription factors. About 40 different forkhead tran-

scription factors have been identified to date in mammalian

cells. Forkhead proteins have been assigned to 17 sub-

families ranging from FOXA to FOXQ [27]. Of these, the

FOXO factors are the only ones known to date to be reg-

ulated by the PKB/Akt pathway, and others clearly func-

tion in distinct, cellular processes. FOXO transcription

factors have been implicated in a remarkable number of

diverse cellular processes from development and metabo-

lism, to stress and aging, to proliferation and programmed

cell death [28, 29]. The ability of FOXOs to control cell

survival and cell death suggests that FOXOs may function

as tumor suppressors. Indeed, loss of FOXO function has

been observed in a number of human cancers and may be a

common feature of carcinogenesis. Accili et al. [5] had

found that FOXO3a is a key tumor suppressor in breast

cancer. Recently, Hu and colleagues [30] showed that

down-regulation of FOXO3a by FOXO3a-siRNA in human

breast cancer MDAMB cell lines induced cell proliferation

and tumorigenesis in nude mice and that ectopic expression

of FOXO3a in the cells inhibited tumorigenesis in nude

mice, suggesting that FOXO3a has general suppression

effects for tumorigenesis in vivo. In this study, we provided

a novel insight that FOXO3a is a critical prognosis variable

for human glioma.

First, we used immunohistochemical analysis to assess

FOXO3a expression in glioma cases. FOXO3a was

detected in 78.6% of all cases if a 5% cutoff was used to

define positivity. Our data also showed FOXO3a levels

were significantly higher in grade II tumors than in grade

IV tumors. These findings suggested that alteration of

expression of FOXO3a protein could affect tumor devel-

opment. Reduced expression of FOXO3a was closely

associated with the glioma malignancy. Malignant con-

version of tumors is a complex process that may be regu-

lated, at least in part, by reduced expression of FOXO3a. In

all cases of glioma analyzed, FOXO3a expression was

positively correlated with p27kip1 expression but inversely

associated with cell proliferation identified by Ki-67

expression, a marker of cell proliferation expressed spe-

cifically in the cell nucleus from late G1 to S phase

(Fig. 2a, b). These results were consistent with a previous

study on breast cancer [5]. Taken together, our observa-

tions supported the concept that FOXO3a, as a regulator of

p27kip1, might contribute to the progression of glioma.

The possible role of FOXO3a protein on glioma

patients’ prognosis, is still unclear. In our preliminary

survival analysis, patients with low expression of FOXO3a

were significantly associated with poor overall survival. In

recent years, a growing body of literature has revealed

reduced levels of p27kip1 protein in various tumor types;

this has been characterized as an independent factor of poor

prognosis [31]. When FOXO3a and p27kip1 were com-

bined, patients with the phenotype of FOXO3a (high)/

p27kip1 (high) showed more favorable overall survival than

other phenotypes of FOXO3a/p27kip1 (P \ 0.001; Fig. 4).

Collectively, our results indicated that FOXO3a aberrations

in glioma portended particularly aggressive clinical

behavior. But this early finding needed to be confirmed

with a larger group of patients.

Oncogenic signaling cascades and molecular events

contribute to loss of FOXO function. FOXOs can be

deregulated through genetic defects on the one hand and

posttranslational modifications on the other hand. Thus,

each type of cancer might harbor an individual signature of

FOXO deregulation determining its unique phenotype. For

example, inhibitory phosphorylation of FOXOs by mito-

genic signaling cascades, e.g. PI3K/Akt, has been observed

in various human cancers.

Akt is a critical determinant of tumorigenesis, affecting

the growth and survival of cancer cells by phosphorylating

a series of substrates [32]. There is broad consensus that

Akt-dependent phosphorylation is crucial to preventing

FOXO3a displacement to the nucleus where they would

otherwise function to promote the transcription of cell

cycle inhibitors, for example p27kip1 [9, 15]. From our

series of studies, we found that LY294002 significantly

inhibited the phosphorylation and activation of Akt,

resulting in lower levels of P-FOXO3a (Fig. 6a). More

important, LY294002-treatment caused FOXO3a nuclear

accumulation compared with control groups. These results

suggested that LY294002 regulated the activity of

FOXO3a by regulating its phosphorylation and subcellular
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location. It is known that FOXO3a regulates the tran-

scription of p27kip1 by binding to its promoter [33]. Indeed,

we found that p27kip1 expression was increased by

LY294002 treatment, whereas alteration of the level of

p27kip1 protein by LY294002 treatment could also be

because of the altered activity of proteasome as observed in

other agent treatments [34] and, as such, requires further

investigation.

According to these results, we believe that chemother-

apeutics such as PI3K inhibitor or PI3K siRNA which save

FOXO3a from inactivating phosphorylation were likely to

have broad applications for treating patients with glioma.

The possibly best-established example is treatment of

chronic myelogenous leukemia (CML) with the tyrosine

kinase inhibitor STI571 (gleevec), which inhibits PI3K/Akt

and thus FOXO3a phosphorylation and restores its tran-

scriptional activity as reflected by Bim upregulation [35,

36]. Similarly, it has been shown that treatment of human

osteosarcoma cells with the PI3K/Akt inhibitor grifolin

reduces the fraction of phosphorylated and inactivated

FOXOs, thereby increasing the rate of apoptosis [37, 38].

Besides the PI3K/Akt pathway, additional mitogenic

cascades have been found to impair FOXO function in

cancer. Inactivation of FOXOs because of overexpressed

Ikkb was reported in breast cancers lacking activation of

the PI3K/Akt cascade. Hu et al. [30] and Hu and Hung [39]

reported that the level of Ikkb/NF-jB activation was

directly correlated with the amount of phosphorylated

FOXO3a in the cytoplasm. Furthermore, both the tran-

scriptional activity and protein expression of FOXO3a have

been shown to be impaired after ERK activation. Overex-

pression of ERK in the human hepatoma cell line Hep-3BX

significantly reduced the nuclear content of FOXO3a, and

its total cellular expression. ERK phosphorylates FOXO3a

on Ser294, Ser344, and Ser425, which results in FOXO3a

translocation into the cytosol and MDM2-mediated ubiq-

uitination. It is still possible that other signaling pathways

regulate FOXO3a function in glioma cells as reported in

other cell lines; further studies will be needed to address

this finding more completely.

In conclusion, we showed large variations of FOXO3a

expression and showed a close correlation with p27kip1 and

cell proliferation in glioma. FOXO3a was an independent

prognostic factor for a subset of patients with glioma. So

expression of FOXO3a is likely to be a useful tool for both

diagnostic and possibly prognostic applications in glioma.

Gene therapeutic approaches aimed at FOXO3a may be

developed for management of glioma.
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