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Abstract. Deoxypodophyllotoxin (DPT) is a natural chemical 
that has been demonstrated to inhibit cellular viability and 
motility in various cancer cell types. Although previous 
studies have indicated that programmed cell death and cell 
cycle arrest are involved in the suppression of glioma develop-
ment by DPT, the underlying mechanism has not been fully 
explored. Different methods were used to the elucidate the 
mechanisms of DPT that inhibit the malignant behavior of 
glioma cells. Cellular viability was assessed by MTT assay. 
Relative protein and mRNA expression levels were detected 
by western blot analysis and reverse transcription-quantitative 
polymerase chain reaction analyses, respectively. Cell cycle 
distribution and the apoptosis rate were detected by flow 
cytometry. Hochest 33258 staining was also performed to 
detect apoptosis. Transwell assays without and with Matrigel 
were used to assess migration and invasion abilities, respec-
tively. It was determined that DPT suppressed cellular viability 
by inducing cell cycle arrest at the G1/S phase by targeting the 
phosphatidylinositol 4,5-bisphosphate 3-kinase (PI3K)/RAC-α 
serine/threonine-protein kinase (Akt)-cyclin-dependent 
kinase inhibitor 1-cyclin-dependent kinase 2/cyclin E 
signaling cascades. Additionally, DPT significantly enhanced 
apoptosis by attenuating the PI3K/Akt-mediated suppres-
sion of Bcl-2-associated agonist of cell death expression, 
which was accompanied by an increased apoptosis regulator 

BAX/apoptosis regulator Bcl-2 ratio. Furthermore, DPT 
downregulated the invasiveness of glioma cells by hindering 
PI3K/Akt-matrix metalloproteinase (MMP)9/MMP2 signaling 
pathways. In conclusion, DPT effectively inhibited the expres-
sion of PI3K and downregulated PI3K/Akt-mediated signaling 
pathways to prevent glioblastoma progression.

Introduction

Gliomas, the most common type of primary malignant brain 
tumor, are divided into four histopathological grades desig-
nated I-IV (1), by the World Health Organization (WHO) 
grading system. The most malignant type of glioma, WHO grade 
IV, also known as glioblastoma or glioblastoma multiforme 
(GBM), has a high rate of recurrence and poor prognosis due 
to the invasiveness of the tumors (2). Although great advances 
in surgery, and radio- and chemotherapies have been made 
over the last decade, GBM remains incurable and invariably 
recurs (3). The activation of phosphatidylinositol 4,5-bispho-
sphate 3-kinase (PI3K)/RAC-α serine/threonine-protein 
kinase (Akt) and other intracellular signaling pathways has 
been demonstrated to ultimately result in cellular proliferation, 
migration and a decrease in GBM cell apoptosis (4). Therefore, 
it is important to explore the mechanisms of novel chemicals 
to increase the understanding of tumorigenesis and offer novel 
therapeutics that may hinder GBM progression.

The PI3K/Akt signaling pathway, activated by growth 
factors and other extracellular stimuli, regulates many 
biological processes, including cell growth, survival, metabo-
lism and invasion (5,6). The epidermal growth factor receptor 
(EGFR)-activated PI3K/Akt signaling pathway has been 
associated with poor prognosis and the frequent recurrence of 
GBM (4,7,8). Although numerous small molecular inhibitors 
targeting PI3K/Akt have been developed, the preclinical and 
clinical efficacy of these inhibitors in GBM is limited (9,10). 
Possible reasons for the limited treatment effect include poor infil-
tration of molecules through the blood brain barrier and genetic 
heterogenicity. Hence, the need for novel inhibitors targeting 
the PI3K/Akt axis which is emerging. Deoxypodophyllotoxin 
(DPT), considered as Anthriscus sylvestris L. Hoffm's 
main lignan constituent (Fig. 1A), is a natural chemical that 
has multiple antitumor effects, including the prevention of 
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microtubule assembly by binding to tubulin directly (11-13), 
the promotion of cell cycle arrest via the accumulation of 
phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase and 
dual‑specificity protein phosphatase PTEN (PTEN) (14), the 
induction of apoptosis-activating caspases (15-18) and the 
stimulation of cytoskeleton remodeling with the activation 
of 5'-AMP-activated protein kinase-associated signaling 
pathways (19). Notably, DPT promoted caspase-dependent 
apoptosis via the suppression of the insulin-like growth factor 1 
receptor/PI3K/Akt signaling pathway in non-small cell lung 
cancer cells (20). DPT induced cytoprotective autophagy to 
counteract apoptosis by inhibiting the PI3K/Akt/serine/thre-
onine-protein kinase mTOR (mTOR) axis in osteosarcoma 
cells (21). Additionally, DPT inhibited cellular growth by 
hindering the PI3K/mTOR signaling pathway in breast cancer 
cells (22). However, the molecular mechanisms involved in 
these DPT effects have not been fully characterized in GBM. 
Therefore, our research group investigated the mechanism 
involved in DPT-antagonized malignant gliomas.

Recently, Guerram et al reported that DPT promoted 
G2/M arrest and induced apoptosis via caspase-dependent 
pathways (23). Ma et al demonstrated that DPT triggered 
parthanatos in GBM cells via induction of excessive 
ROS (24). The different mechanisms underlying suppres-
sion of GBM progression by DPT inssssdicated that the 
details of DPT inhibition require further investigation in 
GBM. In addition, Park et al revealed that DPT (also known 
as anthricin) treatment reduced the phosphorylation of 
pY1131-IGF1R, pTyr458-PI3K (p85) and pSer473-Akt, and 
led to caspase-dependent apoptosis in A549 human non-small 
lung cancer cells (20), indicating that DPT targeted to the 
upstream regulators of Akt including IGF1R and inactivated 
the PI3K/AKT pathways. However, the possibility of DPT 
targeting PI3K directly cannot be rule out. Furthermore, 
Kim et al demonstrated DPT induced both apoptosis and 
autophagy via inhibition of PI3K/AKT/mTOR signaling 
cascades in osteosarcoma U2OS cells (21), providing rational 
evidence that DPT suppressed the PI3K/AKT signaling path-
ways in GBM. Considering that the molecular mechanisms 
involved in DPT suppression are complex, the Akt pathway 
was investigated to explore details of DPT in glioma.

In the present study, the authors hypothesized that DPT 
may suppress cell growth and invasiveness while inducing 
apoptosis with the inhibition of the PI3K/Akt signaling 
pathways in GBM cells.

Materials and methods

Cell culture. Normal human astrocytes (HAs; cat. no. CC-2565) 
were obtained from Lonza Group, Ltd. (Basel, Switzerland). 
U87 MG, glioblastoma of unknown origin, was purchased 
from the American Type Culture Collection (ATCC; 
cat. no. HTB-14; Manassas, VA, USA). Human glioblastoma 
cell lines, U251 (cat. no. KCB200965YJ), was purchased 
from Kunming Institute of Zoology, Chinese Academy of 
Sciences (Kunming, China). Normal HAs were cultured in 
Astrocytes Growth Medium (AGM; Lonza Group) supple-
mented with 0.03% fetal bovine serum (FBS; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA). U87 and U251 cells were 
cultured in Dulbecco's modified Eagle's medium (DMEM; 

Thermo Fisher Scientific, Inc.) supplemented with 10% FBS. 
The cells were maintained at 37˚C in an incubator with a 
humidified atmosphere of 5% CO2 and 95% air.

Chemicals. DPT (cat. no. CFN99888) was purchased 
from Wuhan ChemFaces Biochemical Co., Ltd. (Wuhan, 
China). LY294002 (cat. no. L9908_SIGMA) and dimethyl 
sulfoxide (DMSO) (cat. no. D2650) were purchased from 
Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).

MTT assays. Normal HAs, U87 and U251 cells (1x104/well) 
were seeded in 100 µl AGM containing 0.03% FBS or DMEM 
containing 10% FBS in 96-well plates; 24 h later, the medium 
was replaced with 100 µl medium containing the indicated 
concentrations of DPT, and then the cells were incubated for 
12, 24, 36 or 48 h. The cellular viability was assessed by the 
modified tetrazolium salt MTT assay. MTT solution [10 µl; 
5 mg/ml in phosphate-buffered saline (PBS)] was added to 
each well. After 4 h of incubation at 37˚C, the medium was 
replaced with 0.15 ml DMSO. Finally, the optical densities 
at 490 nm were assessed using a microplate reader (Bio-Rad 
Laboratories, Inc., Hercules, CA, USA) after incubating the 
cells for a further 5 min at 37˚C.

Cell cycle analysis by flow cytometry. U87 cells were incu-
bated with the indicated concentration of DPT for 24 h. The 
cells were then collected, washed with PBS and suspended in a 
staining buffer [10 µg/ml propidium iodide (PI), 0.5% Tween‑20 
and 0.1% RNase in PBS]. The cells were analyzed using a 
FACSVantage flow cytometer with the CellQuest acquisition 
and analysis software program (both BD Biosciences, San 
Jose, CA, USA). Gating was set to exclude cell debris, doublets 
and clumps.

Cell apoptosis analysis. Cells were washed twice with cold 
PBS, then re-suspended in binding buffer at a concentration of 
1x106 cells/ml. Annexin V‑fluorescein isothiocyanate (FITC; 
5 µl) and 10 µl PI (both BD Biosciences, San Jose, CA, USA) 
were then added and the cells were incubated in the dark at 
room temperature for 15 min. Finally, 400 µl binding buffer 
was added to each tube and the apoptosis rate was assessed by 
flow cytometry within 1 h.

Hochest 33258 staining. U87 cells were incubated with the indi-
cated concentrations of DPT for 24 h. Following incubation, the 
cells were fixed with 4% polyoxymethylene, washed twice with 
PBS, incubated with 10 µg/ml Hochest 33258 (cat. no. B2883; 
Merck KGaA, Darmstadt, Germany) for 5 min at room 
temperature and washed with PBS three times. Cells were 
observed with a fluorescence microscope.

Cell migration and invasion assay. Migration and invasion 
assays were performed using modified Boyden chambers with 
polycarbonate nucleopore membranes (Cell Biolabs, Inc., 
San Diego, CA, USA). Precoated filters (6.5 mm in diameter, 
8-µm pore size) were used for migration and invasion assays. 
Matrigel (100 µg/cm2) was rehydrated with 100 µl medium for 
invasion assays. Cells (1x105) in 100 µl DMEM supplemented 
with 0.1% bovine serum albumin (BSA) were seeded into 
the upper part of each chamber, whereas the lower chambers 
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were filled with 600 µl DMEM containing 10% FBS. After 
incubating the cells for 24 h at 37˚C, non‑invasive cells were 
removed from the upper surface of the filter with a cotton 
swab, and the invasive cells on the lower surface of filter were 
fixed, stained, photographed and counted under high‑power 
magnification.

cDNA synthesis and reverse transcription‑quantitative 
polymerase chain reaction (RT‑qPCR). Total RNA was 
isolated using TRIzol reagent (Thermo Fisher Scientific, Inc.). 
Total RNA (2 µg) was used for the synthesis of First-Strand 
cDNA using M-MLV reverse transcriptase (Thermo Fisher 
Scientific, Inc.). qPCR was performed using the SYBR‑Green 
Mix (Applied Biosystems; Thermo Fisher Scientific, Inc.). The 
reactions were performed with a 7500 Fast Real-Time PCR 
System (Applied Biosystems China, Inc., Beijing, China). 
Relative gene expression was normalized to β-actin and 
reported as 2-ΔΔCq (25). The sequences of the RT-PCR primers 
are listed in Table I.

Western blot analysis. To determine the expression of protein, 
whole-cell extracts (lysates) were prepared from 1x106 cells 
using a lysis buffer [20 mM Tris (pH 7.4), 250 mM sodium 
chloride, 0.1% Triton X-100, 2 mM EDTA, 10 µM ED 
leupeptin, 10 µM ED aprotinin, 0.5 mM phenylmethylsulfonyl 
fluoride, 4 mM sodium orthovanadate and 1 mM dithioth-
reitol]. Proteins (80 µg/lane) were resolved using SDS-PAGE 
on 10% gels. Then proteins were electrotransferred to poly-
vinylidene difluoride membranes (Bio-Rad Laboratories, 
Inc.), which were blocked with 5% skim milk in TBS-T 
[20 mM Tris (pH 7.6), 137 mM NaCl and 0.05% Tween‑20] 
for 1 h at room temperature. The proteins were incubated 
with specific antibodies: p110 PI3K (cat. no. sc-293172), 
p85 PI3K (cat. no. sc-374534), Akt (cat. no. sc-377457), 
phosphor Ser 473-Akt (cat. no. sc-52940), phosphor 
Thr 308-Akt (cat. no. sc-135650), p21 (cat. no. sc-817), 
cyclin-dependent kinase 2 (CDK2; cat. no. sc-70829), 
cyclin E (cat. no. sc-248), Bcl2-associated agonist of 
cell death (Bad; cat. no. sc-8044), apoptosis regulator 
BAX (Bax; cat. no. sc-7480), apoptosis regulator Bcl2 
(Bcl2; cat. no. sc-509), matrix metalloproteinase (MMP)2 

(cat. no. sc-13594), MMP9 (cat. no. sc-21736) and 
GAPDH (cat. no. sc-47724) all from Santa Cruz Biotechnology, 
Inc. (Dallas, TX, USA) at 4˚C. The dilution of these anti-
bodies was 1:1,000. Total PI3K expression was determined 
with PI3KCA polyclonal antibody (cat. no. bs-2067R) from 
Bioss Inc. (Boston, MA, USA). GAPDH served as the loading 
control. All proteins on polyvinylidene difluoride membranes 
were detected by enhanced chemiluminescence (Pierce; 
Thermo Fisher Scientific, Inc.).

Statistical analysis. Data from at least three independent 
experiments are presented as the mean ± standard devia-
tion (SD). Statistical comparisons were performed using 
one-way analysis of variance (ANOVA). Dunnett's multiple 
comparisons test was performed to compare the mean of each 
group with the mean of the control group. P<0.05 indicated 
that the difference between groups was statistically significant.

Results

DPT suppresses cellular viability by inhibiting PI3K/Akt in 
GBM cells. GBM cells U87 and U251 cells, and normal HAs 
were treated with different concentrations of DPT at different 
time-points. MTT assays were used to assess cell viability. As 
revealed in Fig. 1B, DPT markedly inhibited the growth of 
U87 and U251 at 30 µm/l, whereas DPT did not suppress the 
growth of normal HAs. The phosphorylation of Akt at Thr308 
and Ser473, and total Akt expression in GBM cells were also 
examined. As revealed in Fig. 1C, DPT inhibited the phos-
phorylation of Akt at Thr308 and Ser473 in a dose-dependent 
manner, whereas no difference was observed in total Akt 
expression. To confirm the result, the PI3K/Akt inhibitor, 
LY294002, was used to treat GBM cells alone or combined 
with DPT. The phosphorylation of Akt at Thr308 and Ser473 
markedly dropped in cells treated with DPT alone, LY294002 
alone and DPT combined with LY294002 compared with the 
control group, which was treated only with DMSO (Fig. 1D). 
Notably, phosphorylation of Akt decreased the most in cells 
post-treated with DPT combined with LY294002. The data, at 
least in part, indicated that DPT impaired GBM cell viability 
through the inhibition of the PI3K/Akt signaling pathway.

Table I. Primer sequences for the reverse transcription-quantitative polymerase chain reaction analysis.

 Primers
 --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Gene Forward (5'-3') Reverse (5'-3')

p21 AGTCAGTTCCTTGTGGAGCC AGGAGAACACGGGATGAGGA
Cyclin E CCATCATGCCGAGGGAGC AAGGCCGAAGCAGCAAGTAT
CDK2 GCCATTCTCATCGGGTCCTC ATTTGCAGCCCAGGAGGATT
MMP2 CGCATCTGGGGCTTTAAACAT TCAGCACAAACAGGTTGCAG
MMP9 CGACGTCTTCCAGTACCGAG TTGTATCCGGCAAACTGGCT
BAD CCAACCTCTGGGCAGCACAGC TTTGCCGCATCTGCGTTGCTGT
BCL-2 GGTGAACTGGGGGAGGATTG GGCAGGCATGTTGACTTCAC
BAX AGCTGAGCGAGTGTCTCAAG GTCCAATGTCCAGCCCATGA
β-actin TCGTGCGTGACATTAAGGAG ATGCCAGGGTACATGGTGGT
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DPT induces G1/S phase arrest in GBM cells due to regulation 
of the p21‑CDK2/cyclin E signaling pathway. To further inves-
tigate the mechanisms by which DPT inhibited the growth of 
GBM cells, U87 cells were exposed to various concentrations 
of DPT for 24 h, and then cell cycle analysis was performed. 
The percentage of cells in the G1 phase increased and that of 
cells in the S phase decreased in a dose-dependent manner 
in cells treated with DPT compared to the cells treated with 
DMSO (Fig. 2A and B), indicating that DPT arrested cells 
at the G1 phase of the cell cycle. The key regulators of the 
G1/S checkpoint, CDK2 and cyclin E, were also examined in 
DPT-treated GBM cells. Western blot analysis revealed that the 
protein expression of CDK2 and cyclin E in U87 cells and U251 
cells notably decreased as DPT exposure increased (Fig. 2C). 
The protein expression of p21, the dominant regulator of the 
CDK2/cyclin E signaling pathway, markedly increased, which 
was accompanied by a decrease in CDK2 and cyclin E protein 
expression. Furthermore, relative mRNA levels of p21, CDK2 
and cyclin E were assessed using RT-qPCR. As revealed in 
Fig. 2D, the relative mRNA level of p21 increased while that 
of CDK2 and cyclin E decreased in cells treated with DPT 

in a dose-dependent manner. The results indicated that DPT 
arrested GBM cells at the G1 phase, leading to the suppres-
sion of cellular viability via the p21/CDK2/cyclin E signaling 
pathway.

DPT promotes the apoptosis of GBM cells suppressing Bcl‑2. 
To identify whether DPT induced GBM cell apoptosis, the apop-
totic ratio was examined by Hochest 33258 staining and flow 
cytometry. Condensed chromatin was clearly observed in U87 
cells and U251 cells as DPT concentration increased (Fig. 3A). 
Compared with U87 cells treated with DMSO, apoptosis in 
cells treated with DPT markedly increased (Fig. 3B). Since 
Akt is a key mediator of cell survival through the suppres-
sion of pro-apoptotic proteins, including Bad and Bax (26), a 
western blot analysis was performed to further explore altera-
tion of apoptosis regulators Bad, Bax and Bcl-2. As revealed in 
Fig. 3C, the protein expression of Bad and Bax increased while 
the protein expression of Bcl-2 was markedly reduced along 
with increase in the dose of DPT. Additionally, RT-qPCR was 
performed to detect the mRNA levels of Bad, Bax and Bcl-2. 
In line with the alterations observed in the protein levels, DPT 

Figure 1. DPT inhibits the growth of GBM cells by downregulating the PI3K/Akt signaling pathway. (A) The structure of DPT. (B) HAs, U87 and U251 cells 
were cultured with indicated concentrations of DPT for indicated time-points in 96-well plates. MTT assays were performed and the results were presented 
as the mean ± standard deviation of three experiments performed in triplicate. **P<0.01. (C) U87 and U251 cells were treated with DMSO or the indicated 
concentration of DPT for 24 h. The expression of p85-PI3K, p110-PI3K, p-AktThr308, p-AktSer473 and total Akt were detected by western blot analysis. (D) U87 
and U251 cells were treated with 20 µM LY294002 (inh), DPT or LY294002 combined with DPT. Cell lysates were detected with antibodies by western blot-
ting. Con, control; DM, DMSO; DPT, deoxypodophyllotoxin; GBM, glioblastoma; HAs, human astrocytes; p-, phosphorylated.
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promoted relative mRNA expression levels of Bad and Bax, 
while inhibiting that of Bcl-2 (Fig. 3D). These data indicated 
that DPT increased cell death by blocking Bcl-2-mediated 
survival pathways.

DPT impedes the migration and invasion of GBM cells by 
suppressing MMP2 and MMP9 expression. Previous studies 

have revealed that DPT inhibited motility in various cancer 
cells (27) and aortic smooth muscle cells (28), therefore, 
the authors of the present study investigated whether the 
DPT-induced suppression of invasive GBM cells was mediated 
by MMPs. The suppression of invasive and migratory GBM cells 
was analyzed by Transwell assays with or without Matrigel. As 
revealed in Fig. 4A and B, DPT markedly reduced the migration 

Figure 2. DPT induces cell cycle arrest in the G1 phase. (A) U87 cells (B) and U251 cells were incubated with DMSO or DPT for 24 h. Cells were analyzed 
using flow cytometry. Experiments were performed in triplicate. (C) U87 and U251 cells were treated with indicated concentrations of DPT for 24 h and the 
expression of indicated proteins were detected by western blotting. (D) The relative mRNA levels of p21, CDK2 and cyclin E were analyzed using reverse 
transcription-quantitative polymerase chain reaction analysis. Results were presented as the mean ± standard deviation of three experiments preformed in 
triplicate. **P<0.01. DPT, deoxypodophyllotoxin; p21, cyclin-dependent kinase inhibitor 1; CDK2, cyclin-dependent kinase 2; DMSO, dimethyl sulfoxide.
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and invasion of U87 cells in a dose-dependent manner. Similar 
results were observed in U251 cells (Fig. 4C and D). Given 
the frequency of upregulation of MMP2 and MMP9 expres-
sion by aberrant activity of the PI3K/Akt signaling pathway 
in cancer (29), the authors explored the underlying mechanism 
of decreased motility and invasiveness. Consistent with the 
results of the Transwell assays, Fig. 4E and F revealed that the 
expression of MMP2 and MMP9 decreased in cells treated 
with DPT in a dose-dependent manner. Similar results were 

observed when relative mRNA levels of MMP2 and MMP9 
were examined in cells treated with DPT compared with 
the control cells (Fig. 4G). According to these results, DPT 
decreased the migratory and invasive abilities of GBM cells 
by suppressing MMP2 and MMP9 expression.

DPT attenuates GBM progression via the PI3K/Akt‑mediated 
signaling pathways. Since hyper-activation of PI3K/Akt 
signaling pathways have been demonstrated to instigate the 

Figure 3. DPT promotes apoptosis in GBM cells. (A) U87 cells and U251 cells were pre-incubated with DPT for 24 h. Then cells were stained with Hoechst 33258 
and observed with a fluorescence microscope (magnification, x200). (B) The apoptosis of U87 cells using flow cytometry. (C) U87 and U251 cells were treated 
with indicated concentrations of DPT for 24 h. The expression of indicated proteins were detected by western blot analysis. (D) U87 and U251 cells were 
treated with indicated concentrations of DPT for 24 h. Relative mRNA levels of Bad, Bax and Bcl-2 were detected using reverse transcription-quantitative 
polymerase chain reaction analysis, and results were presented as the mean ± standard deviation of three experiments preformed in triplicate. **P<0.01. DPT, 
deoxypodophyllotoxin; Bad, Bcl-2-associated agonist of cell death; Bax, apoptosis regulator BAX; Bcl-2, apoptosis regulator Bcl-2; GBM, glioblastoma.
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rapid growth, survival and invasion of GBM cells, inhibition 
of PI3K expression may lead to GBM cell death and hinder 
GBM progression. To determine whether deactivation of 
the PI3K/Akt signaling pathway by DPT retarded glioma 
tumorigenesis, U87 cells were treated with 10 µM DPT, 20 µM 
LY294002 or a combination of the two. Then the lysate was 
assessed with western blotting. Fig. 5A revealed that DPT 
and pan-PI3K inhibitor LY294002 dephosphorylated Akt 
on Thr308 and Ser473, whereas no change was observed in 
the expression of Akt, PI3K p85 subunit, PI3K p110 subunit 
and total PI3K. Moreover, the effect of Akt Thr308 and 
Ser473 dephosphorylation was amplified in cells treated 
with LY294002 and DPT, compared with that in cells treated 

with DPT or LY294002 alone (Fig. 5B). As anticipated, the 
protein expression levels of total Akt, the catalytic subunit 
of PI3K-p110α, the regulatory subunit of PI3K-p85, and total 
PI3K were not altered following DPT alone, LY294002 alone 
or combination treatment. Compared with the control cells, 
the CDK-interacting protein p21, demonstrated the greatest 
increase while CDK2 and cyclin E expression levels decreased 
the most in cells following the combination treatment. The 
most evident increase in the expression of proapoptotic 
proteins, Bad and Bax, and the most evident decrease in the 
expression of the antiapoptotic protein, Bcl‑2, were identified 
in cells treated with DPT and LY294002 together. Similarly, 
the protein expression of MMP2 and MMP9 decreased the 

Figure 4. DPT suppresses the invasiveness capacity of GBM cells. U87 and U251 cells were pre-incubated with DPT for 24 h. In U87 cells, (A) migration was 
assessed by Transwell assay without Matrigel and (B) invasion was assessed by Transwell assay with Matrigel. In U251 cells, (C) migration was assessed by 
Transwell assay without Matrigel and (D) invasion was assessed by Transwell assay with Matrigel. (E) U87 and (F) U251 cells were treated with indicated 
concentrations of DPT for 24 h, and the expression of indicated proteins in (E) U87 and (F) U251 cells were detected using western blotting. (G) Relative 
mRNA levels of MMP2 and MMP9 were detected using reverse transcription-quantitative polymerase chain reaction analysis. Results were presented as 
the mean ± standard deviation of three experiments preformed in triplicate. **P<0.01. MMP, matrix metalloproteinase; DPT, deoxypodophyllotoxin; GBM, 
glioblastoma; DMSO, dimethyl sulfoxide.
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most in cells treated with a combination of the agents compared 
with the control cells.

In brief, these results indicated that DPT inhibited GBM 
progression via the PI3K/Akt signaling pathways. The poten-
tial mechanisms are summarized in Fig. 5C.

Discussion

The present study was designed to determine whether deoxy-
podophyllotoxin (DPT) can act as an antitumor agent by 
preventing glioblastoma multiforme (GBM) progression and 
to elucidate the molecular mechanisms of this effect. The 
principal research findings of the current study are as follows: 
i) DPT impaired the viability and invasion of, and induced the 
apoptosis of GBM cells; and ii) the molecular mechanisms 
involved include PI3K/Akt signaling pathway suppression.

GBM, WHO grade IV, is an aggressive brain tumor, which 
cannot be cured due to the invasive nature of the tumor. 
Current standard therapies for GBM include surgical resec-
tions, chemotherapies and radiotherapies. The median overall 
survival remains nearly 15 months after receiving standard-
ized treatment from time of diagnosis (30). The occurrence and 
development of GBM is frequently associated with molecular 
changes in receptor-tyrosine kinase (RTK) signaling pathways, 
PI3K/Akt signaling pathways, cellular tumor antigen p53 
signaling pathways, retinoblastoma-associated protein-depen-
dent signaling through the cell cycle (31). The PI3K family are 
lipid kinases consisting of a catalytic subunit, p110 and a regu-
latory subunit, p85, situated downstream of RTKs. Following 
the activation of RTKs, Akt has been demonstrated to regulate 
multiple cellular processes, including proliferation, invasion, 
metabolism and survival (32). The Akt protein contains two 

Figure 5. DPT attenuates GBM progression via PI3K/Akt-mediated signaling pathways. (A) U87 cells were treated with DPT alone or LY294002 alone. 
Proteins in the cell lysate were detected with indicated antibodies by western blotting. (B) U87 cells were treated with DPT alone, 20 µM LY294002 alone or 
LY294002 combined with DPT. Proteins in the cell lysate were detected with indicated antibodies by western blotting. (C) The proposed mechanisms of DPT, 
which allow it to suppress GBM cells via the PI3K/Akt signaling pathways. Con, Control; DM, DMSO; DPT, deoxypodophyllotoxin; GBM, glioblastoma; 
inhibitor (inh), LY294002, RETRACTED
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phosphorylation sites, Thr308 and Ser473, which need to be 
phosphorylated by phosphoinositide-dependent kinase 1 and 
rapamycin-insensitive complex, respectively, to complete Akt 
activation (4). Akt phosphorylation is widely considered to be 
a marker reflecting PI3K activity. The phosphatase, PTEN, has 
been revealed to serve as a negative regulator of the PI3K/Akt 
signaling pathway. Abnormally activating mutants in the 
PI3K/Akt signaling pathway have been identified in ~10% 
of GBM (33) and it is hypothesized that accurately targeted 
strategies could be effective in patients with GBM.

An increasing number of studies have demonstrated that 
DPT causes cell cycle arrest, growth inhibition and cytoskeletal 
remodeling in various cancer cell lines, while the study of DPT 
in GBM cells has been limited, Guerram et al (23) reported 
that DPT promoted G2/M arrest and promoted apoptosis via 
caspase-dependent signaling pathways. Ma et al (24) demonstrated 
that DPT triggered parthanatos in GBM cells via the induction 
of excessive reactive oxygen species production. In accordance 
with a previous study, which revealed that a novel derivative of 
DPT enhanced cell cycle arrest in the G1/S phase (34), the results 
of the present study demonstrated that DPT interferes with cell 
proliferation by arresting the cell cycle in the G1/S phase. The 
cell cycle was arrested in different phases than in a previous 
study (23), suggesting that different mechanisms underlying 
DPT-induced cellular growth inhibition could be activated 
concurrently in GBM cells. One hallmark of cancer cells is the 
failure of cell cycle checkpoints. It is widely accepted that the 
CDK2/cyclin E complex serves a critical role in the G1 phase and 
in the G1-S phase transition by allowing the expression of genes 
that drive G1 progression. Constitutive activation of PI3K/Akt 
signaling cascades and reduced p21 protein expression were 
revealed to be common in GBM cells, contributing to improper 
progression of the cell cycle (35).

In the present study, the data revealed that DPT signifi-
cantly increased the levels of p21, but decreased levels of 
CDK2 and cyclin E and Akt dephosphorylation in GBM cells. 
Therefore, PI3K/Akt/p21/CDK2/cyclin E signaling pathways 
were involved in DPT-induced G1/S phase arrest of the cell 
cycle in GBM cells.

The pro‑apoptotic protein, Bad, was identified as a positive 
regulator of programmed cell death. The promotion of Bad 
expression and an increased Bax/Bcl-2 ratio were involved 
in apoptosis in multiple human cancers, such as GBM (36). 
Therefore, the connection between apoptotic regulator proteins 
and the phosphorylation of Akt was also investigated in this 
study. Phospho-Akt markedly decreased as Bad expression was 
increased and the ratio of Bax/Bcl-2 increased in cells following 
DPT treatment, indicating that DPT promoted cell death through 
the inhibition of Akt phosphorylation. These results were consis-
tent with those of a previous study, which revealed that extracts 
of Artocarpus communis induced mitochondria-associated 
apoptosis in GBM cells (37). The finding that DPT triggered 
mitochondria-mediated apoptosis via the dephosphorylation of 
Akt broadened our knowledge of DPT in GBM progression.

GBM cells infiltrate into normal brain tissues and the 
vascular systems, preventing complete resection of all malig-
nant cells. Hyperactivation of PI3K, together with deletions 
or mutations of PTEN have resulted in glycogen synthase 
kinase-3 β phosphorylation and the nuclear translocation of 
β-catenin (38). Additionally, the activated PI3K/Akt signaling 

pathway increased the expression and activity of MMP9 and 
MMP2, giving cells the proteolytic capability to invade normal 
brain tissues (39). The authors of the present study investigated 
the mechanisms underlying DPT-induced suppression of the 
migration and invasion of GBM cells. DPT robustly inhibited 
the invasiveness of GBM cells, and the expression of MMP2 
and MMP9 significantly decreased, as expected. In agreement 
with these results, previous studies reported that the suppres-
sion of Akt hindered the migration and invasion of GBM cells 
by reducing MMP2 and MMP9 expression (40,41).

PI3K is generally classified into three classes according to 
their substrate specificity and subsequence homology, among 
which, class I is the most vital to

tumorigenesis and tumor progression. Class I consists of 
a catalytic subunit p110 and a regulator subunit p85. Lacking 
kinase activity, p85 functions as an adaptor, connecting with 
p110 to activate protein tyrosine kinase. Different p110 forms 
and two forms of p85 (p85α and p85β) have been identified. 
p110α and p110β interact with p85α, and p110α has also been 
revealed to interact with p85β in vitro. Notably, p110γ does 
not interact with the p85 subunit and has been revealed to be 
activated by α and βγ heterotrimeric G proteins (42,43). The 
subsequent conformation change releases the catalytic subunit 
p110, phosphorylating PIP2 into PIP3. Subsequently, PIP3 
recruits Akt to inner membranes and phosphorylates Akt on 
Thr308 and Ser473. Thr308 located in the activation of the 
catalytic protein kinase core, and Ser473 within a C-terminal 
hydrophobic motif is required for the maximal activation 
of Akt (44). While the PI3K p110α isoform is expressed 
universally, the PI3K p110γ isoform is mainly expressed in 
leukocytes (45,46). As a result of the differential distribution 
of PI3K isoforms, p110α‑specific antibody was appropriate 
for investigating the effects of DPT on the PI3K expression 
in glioma cell lines. A previous study revealed that PI3K 
inhibitors, including pan-PI3K inhibitors, isoform-selective 
PI3K inhibitors and dual PI3K/mTOR inhibitors, inhibited 
PI3K expression (46). The present results revealed that DPT 
impaired the activity of PI3K without reducing the catalytic 
subunit of PI3K, p110α, the regulatory subunit of PI3K, 
p85 and total PI3K expression in agreement with previous 
research. It is expected that phosphorylation of Thr308 has 
similar changes with that of Ser473 in cells undergoing the 
same treatment. DPT attenuated the phosphorylation of Akt 
at Thr308 and at Ser473 without hindering the expression 
of the p85 or p110 subunits of PI3K, indicating that DPT 
suppressed the activation of PI3K instead of the expression of 
PI3K. There are several possible explanations for the attenu-
ation. First, DPT can disrupt the binding of activated RTKs 
to regulatory subunit p85 directly, leading to maintenance of 
inhibitory interactions between p85 and the p110 subunit (47).
Second, DPT may obstruct the stimulation of catalytic subunit 
p110 by activated RAS independently of p85 (48). In addition, 
G-protein-coupled receptors activating RAS induce PI3K by 
binding to the p110 subunit (49). Interruption of the association 
of G-protein-coupled receptors and RAS by DPT cannot be 
excluded. Mechanisms underlying DPT dephosphorylation of 
Akt require further investigation.

It was also determined that the combination of DPT and the 
pan-PI3K inhibitor, LY294002, enhanced the suppression of 
Akt activation. However, interactions between DPT and PI3K 
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inhibitors, including pan-PI3K inhibitors, isoform-selective 
PI3K inhibitors and dual PI3K/mTOR inhibitors, require further 
elucidation. In addition, experiments with human GBM xeno-
grafts are critical for exploring the safety and efficacy of DPT.

In conclusion, the present study demonstrated that DPT 
exhibited an inhibitory effect on cellular growth and inva-
sion and promoted apoptosis in GBM cells by suppressing 
the PI3K/Akt signaling pathway. However, it is necessary to 
confirm the antitumor effect of DPT using a xenograft tumor 
model. The authors hypothesize that DPT can be used as a 
starting compound to develop novel therapeutic agents.
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