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A B S T R A C T

Background: Deoxypodophyllotoxin (DPT) is a semi-synthetic compound derived from the extract of

Dysosma versipellis (Hance) M. Cheng, one of the most popular Chinese herbal medicines. The present

study evaluates the in vitro cytotoxicity of DPT on a wide panel of human cancer cell lines and

investigates its molecular mechanism of action on high grade glioma U-87 MG and SF126 cells.

Methods: The growth inhibitory effect of DPT on different types of human cancer cells was measured

by the Cell Counting Kit-8 (CCK-8) assay. For the elucidation of the nature of the cellular response to

DPT-treatment; flow cytometry-based assays, light and fluorescent microscopy, caspase colorimetric

and inhibition assays, and Western blot analysis were performed.

Results: Our data show that DPT possesses a potent growth-inhibitory action, with IC50 values in

nanomolar ranges. Cell cycle analysis revealed G2/M phase arrest in a dose- and time-dependent manner

before cell death occurred. Additional studies indicated that DPT induced G2 arrest in U-87 MG cells by

decreasing the expression of Cdc2, cyclin B1, and Cdc25C proteins. In contrast, DPT failed to down-

regulate these cell cycle regulatory molecules in SF126 glioblastoma cells and stopped the cell cycle at M

phase. Interestingly, morphological changes and biochemical markers such as phosphatydylserine

externalization, DNA fragmentation, and caspase activation, confirmed that DPT-treatment resulted in

an induction of apoptosis in both examined cell lines via caspase-dependent pathways.

Conclusions: Taken together, our data demonstrated that DPT possesses a potent in vitro cytotoxic

activity and exerts its effect via G2/M arrest and apoptosis.
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Introduction

Cancer is a leading cause of human deaths worldwide because
of its high incidence and mortality rates. Of all cancer types,
glioblastoma multiforme (GBM), the most common malignant
primary brain tumor [1], represents the most aggressive and
difficult-to-treat cancer in the world accounting for approximately
12–15% of all intracranial neoplasms [2]. The overall annual
incidence of GBM is 3.1/100,000 persons [3]. Although enormous
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advances in treating other cancers have been made [4], only
modest advancements in the treatment of GBM have occurred in
the past 25 years with a median survival time of approximately
12 months [5].

Deoxypodophyllotoxin (DPT), a semi-synthetic compound
derived from the extract of Dysosma versipellis (Hance) M. Cheng,
is an interesting compound correlated to podophyllotoxin (Fig. 1A),
a cyclolignan with important antineoplastic and antiviral proper-
ties [6]. D. versipellis is one of the most popular Chinese herbal
medicines. It is a rare and vulnerable perennial herb [7] belonging
to Berberidaceae [8] mainly growing in areas of Zhejiang, Jiangxi
and Hubei [9]. In traditional Chinese medicine, the plant’s rhizome
and roots have long been used to treat cough, tuberculosis,
parotitis, fracture, rheumatoid arthritis, lumbago, skelalgia, and
y Elsevier Urban & Partner Sp. z o.o. All rights reserved.
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snake bites [10,11]. Previous studies have indicated that consti-
tuents and extracts of this traditional Chinese medicinal plant
possess potent growth inhibitory properties against different types
of tumors [12–14]. In recent decades, D. versipoellis has attracted
the interest of the pharmaceutical industry due to the presence
of podophyllotoxin, an aryltetralin lignan used as the starting
material for the preparation of the well-known cytostatic agents:
etoposide and teniposide [6,15–17] which are used in combination
therapies with other drugs for the treatment of a variety of
malignancies.

Although there has been some research on DPT, its antitumor
activity as well as the specific mechanism by which it exerts its
cytotoxic effect against high grade glioma cells, have not been
investigated before. The present study aimed to evaluate the in

vitro antiproliferative activity of DPT against various human cancer
cell lines and to investigate its molecular mechanism of action on
glioblastoma-derived U-87 MG and SF126 cells. The concentration
and time dependence of the DPT effect was also examined.

Materials and methods

Drugs

DPT (MW 398 g/mol) was provided by China Pharmaceutical
University Research Institute of Pharmaceutical Chemistry. It was
obtained as a white powder of high purity (>98%). A 10�2 M stock
solution of DPT was prepared in dimethyl sulfoxide (DMSO,
Sigma). Etoposide was purchased from the National Institute for
Food and Drug Control (NIFDC, China). Paclitaxel (30 mg/5 ml) was
purchased from Shenzhen Main Luck Pharmaceuticals Inc. (China).
All drugs were diluted in serum-free media.

Cells and culture conditions

Human glioblastoma-astrocytoma, epithelial-like cell line U-87
MG and gastric carcinoma SGC-7901 cells were maintained in
DMEM medium. The culture medium for human glioblastoma
SF126 cells was MEM medium. BGC-823 (gastric carcinoma), HO-
8910 (ovarian carcinoma), and JeG-3 (human choriocarcinoma)
cells were grown in RPMI 1640. Human ovarian cancer SK-0V-3
cell line was maintained in McCoy’5A medium. Human colon
carcinoma HT-29 cells were maintained in DMEM/F12 (1:1)
medium. The culture medium for MDA-MB-231 cells (breast
carcinoma) was Leibovitz’s L-15 medium. Media were supple-
mented with 10% (v/v) fetal bovine serum.

Except U-87 MG cells which were procured from American
Type Culture Collection (ATCC, Rockville, MD); all other cell lines
were obtained from the Cell Bank of Shanghai Institute of Cell
Biology, Chinese Academy of Sciences (Shanghai, China).

In vitro cytotoxicity screening

The chemosensitivity of the different tumor cell lines to DPT
and etoposide was evaluated in vitro with a Cell Counting Kit-8
(CCK-8) test. In brief, cells in logarithmic growth phase were plated
at a density of 2000–10,000 cells per well in 96 well plates. After
24 h in culture, cells were exposed to various concentrations of the
test drugs (three wells per concentration) for 72 h. At the end of the
incubation period, cell proliferation was assessed using the CCK-8
assay. The absorbance intensity of each well was measured at
450 nm with Bio-Rad 680 microplate reader (Bio-Rad Laboratories,
Hercules, CA, USA).

The inhibitory rate of cell proliferation was calculated as:
(ODcontrol � ODtreated sample)/ODcontrol � 100. The 50% inhibitory
concentrations (IC50) were calculated using the dose–response
fitted curves (Origin Labs OriginPro v8.0).
Cell cycle analysis

The antitumor action of DPT was studied on brain tumor U-87
MG and SF126 cell lines. After DPT-treatment, cells were harvested,
washed with phosphate buffered saline (PBS) and fixed in ice-cold
70% (v/v) ethanol at 4 8C overnight. The fixed cells were then
centrifuged at 1000 � g for 5 min, washed with PBS and
resuspended in staining buffer containing RNase and propidium
iodide (PI). After incubation for 30 min in the dark, cell cycle
distribution was determined by flow cytometry. Data were
acquired using CellQuest software and cell cycle analysis was
performed using ModFit LT software.

Morphological analysis of DPT-treated cells by light microscopy

U-87 MG and SF126 cells were grown in 60-mm culture dishes
under standard culture conditions. After 24 h in culture, cells
were treated with DPT (90 nM) and incubated for lengths of time
ranging from 12 to 36 h. Control cells without DPT-treatment
were incubated under identical conditions. Morphological changes
were observed by phase contrast microscopy (Olympus IX71,
Tokyo, Japan).

Immunocytochemistry

Cells attached to coverslips were either untreated or treated
with DPT for 12 and 36 h. After treatment, cells were fixed with 4%
paraformaldehyde, permeabilized in 0.1% Triton X-100 and
washed with phosphate buffered saline Tween 20 (PBST). Non-
specific sites were then blocked by 2% bovine serum albumin
(BSA). A mouse monoclonal antibody against a-tubulin was
incubated with cells for 1 h at room temperature. Cells were then
washed with PBST to remove excess antibody and then probed
with Alexa-Fluor 488-conjugated secondary antibody. Nuclear
DNA was stained with Hoechst 33258 dye (Invitrogen, CA, USA).
The images were captured with an Olympus IX71 fluorescence
microscope (Tokyo, Japan).

Annexin-V/PI binding assay

Flow cytometric analysis with Annexin V-FITC Apoptosis
Detection Kit I (BD Biosciences Pharmingen, San Diego, CA) was
performed according to the manufacturer’s instructions to evaluate
Annexin-V/PI positivity. Cells were sorted by flow cytometry using a
FACS flow cytometer (Becton Dickinson, San Jose, CA, USA).

Determination of caspase activity

The activity of caspase-3, -8, and -9 was determined using
Caspase Activity Assay Kits following the protocol of the manufac-
turer. Briefly, glioblastoma cells treated with or without DPT were
collected, lysed in a lysis buffer and clarified by centrifugation. After
protein quantification by the Bradford assay; cell lysates were mixed
with the assay buffer and 10 ml of the substrate: Ac-DEVD-pNA
(caspase-3), Ac-IETD-pNA (caspase-8), and Ac-LEHD-pNA (caspase-
9), and incubated for 2 h at 37 8C. Wells containing 90 ml of assay
buffer and 10 ml of substrate were used as blank while untreated-
cells extract was used as negative control. Absorbance was
measured at 405 nm with a Tecan Safire microplate spectropho-
tometer using Magellan software. Caspase activity was calculated
after subtracting the average absorbance of blank wells.

Caspase inhibition assay

To confirm the involvement of caspases in DPT-induced apoptosis,
DPT-treated cells viability was assessed after pretreatment of
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glioblastoma cells with a broad-spectrum inhibitor of caspases; z-
VAD-fmk (Merck Biosciences, Schwalbach, Germany). Briefly, cells
were seeded in 96-well plates at appropriate seeding densities.
Following 24 h growth, cells were either untreated or pretreated with
100 mM pan-caspase inhibitor (z-VAD-fmk) for 4 h, followed by
exposure to DPT (90 nM) for a further 36 h. Cell viability was then
measured using a CCK-8 assay.

Mitochondrial membrane potential (JC-1) assay

The loss of mitochondrial membrane potential (DCm) is a
hallmark for apoptosis [18]. JC-1 (5,50,6,60-tetrachloro-1,10,3,30-
tetraethylbenzimidazolylcarbocyanine iodide) dye was used to
monitor mitochondrial membrane potential. Briefly, U-87 MG and
SF126 cells were seeded in 6-well plates. After being allowed to
adhere, cells were treated with DPT (90 nM) for 12, 24 and 36 h.
Following treatment, cells were washed with PBS and incubated with
JC-1 reagent in the dark for 30 min at 37 8C in complete medium.
Cells were then washed twice with JC-1 staining buffer and 2 ml of
medium were added to each well. Thereafter, the cells were analyzed
under a fluorescent microscope (Olympus IX71, Tokyo, Japan).

Protein extraction and Western blotting

After DPT exposure, cells were washed with ice-cold PBS and
proteins were extracted using the KeyGEN Total Protein Extraction
Kit following the manufacturer’s instructions. Protein concentra-
tions were determined by the BCA method. Extracts were stored at
�80 8C until use.

For Western blot analysis, equal amounts of proteins were
electrophoresed on 10% sodium dodecylsulfate polyacrylamide gel
electrophoresis (SDS-PAGE) gels and transferred to polyvinylidene
difluoride (PVDF) membranes (0.22 mm, Bio-Rad Laboratories,
Hercules, CA, USA) by electroblotting. Protein signals on PVDF
membranes were assessed with the ChemiDoc XRS imaging
densitometer (Bio-Rad), using the Quantity One software program
(Bio-Rad Laboratories, CA, USA).

Statistical analysis

Results were expressed as mean � standard deviation (SD) of
separate experiments (n = 3) and statistically compared with the
control group using Student t-test. A value of p < 0.05 was considered
to be statistically significant.

Results

DPT induced growth inhibition of human cancer cell lines in vitro

In this study, a panel of human cancer cell lines of different
origins was used to evaluate the in vitro growth inhibition action of
Table 1
Antiproliferative activity data of DPT against different human cancer cell lines.

Cell lines Origin DPT IC50 (nM

SF126 Glioblastoma 13.95 � 0.19 

U-87 MG Glioblastoma 15.06 � 0.46 

SGC-7901 Gastric carcinoma 19.72 � 0.46 

BGC-823 Gastric carcinoma 26.72 � 2.39 

HO-8910 Ovarian carcinoma 21.57 � 0.81 

SK-0V-3 Ovarian carcinoma 25.15 � 0.04 

HT-29 Colon carcinoma 18.72 � 0.33 

MDA-MB-231 Breast carcinoma 21.80 � 1.53 

JeG-3 Choriocarcinoma 25.25 � 0.62 

a Values, expressed as IC50 (50% growth inhibition), are given in nanomole (nM) and
b VP-16: Etoposide.
DPT. The results, expressed as the concentration of the compounds
required to inhibit cell growth by 50% (IC50), are summarized in
Table 1. The in vitro screening results showed that DPT possesses a
considerable cytotoxic activity since it has inhibited the growth of
all tested cancer cell lines with IC50 concentrations ranging
between 13.95 and 26.72 nM while etoposide was less effective
(IC50 � 73.57 nM) (Table 1).

DPT induced morphological changes of U-87 MG and SF126 brain

tumor cells

Cells treated with DPT (90 nM) show dramatic changes noted in
morphology with nuclear condensation, cells size which became
smaller, apparition of rounded cell bodies, loss of adhesion,
sporadical distribution, and interrupted cell membranes. Cells
detached within 24 h. After 36 h, cells became sparse under field of
vision. There was a clear concentration- and time-response
tendency. Meanwhile, the untreated tumor cells exhibited typical
growth patterns and normal morphology (Fig. 1B). The chromatin
condensation, membrane blebbing, and loss of overall cell shape,
observed among the two cell lines, indicate the possibility of
apoptosis occurrence.

DPT inhibited microtubule assembly

The effect of DPT on glioblastoma cells was compared to that of
the reference anti-tubulin compound Paclitaxel which was used as
a polymerization positive-control. As shown in Fig. 1C.a, the
microtubule network exhibited normal arrangement and organi-
zation in untreated cells. Twelve hours after DPT-treatment
(30 nM), dramatic changes in microtubule assembly were ob-
served. Indeed, DPT significantly induced cellular microtubule
depolymerization with short microtubules in the cytoplasm. Cells
have lost their normal cellular shape and became round (Fig. 1C.b).
Nuclear fragmentation and chromatin condensation, known as the
classic characteristics of apoptosis, were clearly observed after
36 h (Fig. 1C.c). In contrast, treatment with a microtubule
stabilizer, paclitaxel, dramatically promoted tubulin polymeriza-
tion with an increase in the density of cellular microtubules
compared to the control cells (Fig. 1C.d and e).

Alteration of the cell cycle

Flow cytometric analysis showed that U-87 MG and SF126 cells
treated with DPT were dose- and time-dependently arrested in
the G2/M phase of the cell cycle. (Fig. 2A–D). Furthermore, a
typical apoptosis-related hypodiploid DNA content peak (sub-G1)
was detected in the DPT-treated cells after 24 h. This peak
markedly increased after 36 h; about 31.88% and 37.80% of SF126
and U-87 MG cells, respectively, were in the apoptotic phase
(Fig. 2C and D).
)a VP-16b IC50 (nM)a VP-16 IC50/DPT IC50

701.95 � 53.39 50.32

588.31 � 48.64 39.06

5465.59 � 2125.91 277.16

9481.53 � 1664.08 354.85

3327.90 � 264.32 154.28

2161.79 � 437.20 85.96

16,162.57 � 5480.62 863.39

434.72 � 34.20 19.94

73.57 � 60.34 2.91

 are mean � SD of three independent experiments.



Fig. 1. DPT induces microtubule disassembly and DNA fragmentation. (A) Chemical structures of podophyllotoxin, deoxypodophyllotoxin (DPT) and etoposide. (B) Following

DPT-treatment for different lengths of time as indicated, U-87 MG and SF126 cells were observed under an inverted light microscope. Magnification: �10. (C) Cells grown on

coverslips were treated with DPT (30 nM) and Paclitaxel for 12 and 36 h, fixed and immunostained. Microtubules (green) were stained by incubation with a monoclonal anti-

a-tubulin antibody for 1 h and then with Alexa-Fluor 488-conjugated secondary antibody. Chromosomal DNA (blue) was counterstained with Hoechst 33258 dye.

Magnification: �20. (a) Control, (b) DPT-12 h, (c) DPT-36 h, (d) paclitaxel-12 h, (e) paclitaxel-36 h. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)
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DPT induced changes in the expression of G2/M regulatory proteins

Western blot analysis was performed to examine the expres-
sion of the main cell cycle regulatory proteins at the G2/M
boundary, including p21, cyclin B1, Cdc2, and Cdc25C. The results
showed that DPT up-regulated p21 protein levels in both
glioblastoma treated-cell lines in a time-dependent manner
(Fig. 2E and F). Meanwhile, the levels of cyclin B1, Cdc2, and
Cdc25C proteins started to decrease after 24 h and almost
disappeared after 36 h in U-87 MG cells (Fig. 2E and F). On the
other hand, DPT up-regulated cyclin B1 protein after 12 h, and had
no effect on the expression of Cdc2 in SF126 cells. The Cdc25’s
mitotic migration band was detected in SF126 cells 12 h after
DPT-treatment (Fig. 2E and F).

DPT induced apoptosis through the activation of caspase-8

and caspase-9

To further investigate the action of DPT on U-87 MG and SF126
brain tumor cells, Annexin V/propidium iodide (PI) double staining
assay was performed to check whether DPT could induce apoptosis.
Early apoptosis is detected by positive staining for Annexin V-FITC
(Annexin V+/PI�) while later stage apoptosis indicating a complete
loss of membrane integrity and DNA damage shows positive staining
for both Annexin V and PI (Annexin V+/PI+) [19,20].

Quantitative analysis using Annexin V/PI binding assay after
36 h of DPT-treatment (30, 60 and 90 nM) resulted in 50.53%,
70.01% and 73.09% (U-87 MG), and 41.74%, 44.44%, and
49.46% (SF126) Annexin-positive apoptotic cells compared with
1.72% (U-87 MG), and 3.36% (SF126) spontaneous apoptosis in
negative control (Fig. 3A). Detailed results have been summarized
in Table 2.

To examine whether DPT-induced U-87 MG and SF126 cell
death is dependent upon caspases, we evaluated its effect for the
activation of the main caspases-3, -8, and -9 [21].

We firstly examined the effect of DPT on caspase-3, a
downstream executioner of caspase-8 and -9 [22]. Compared to
the control group, incubation of U-87 MG and SF126 cells with DPT
resulted in the activation of caspase-3 in a dose- and time-
dependent manner (Fig. 3B). The activation of caspase 3 was also
confirmed by the Western blot results via examining PARP which is
an endogenous substrate for caspase 3 and an early marker of



Fig. 2. DPT induces G2/M phase arrest in U-87 MG and SF126 cell lines. (A, C) SF126; (B, D) U-87 MG: Following DPT treatment, cells were analyzed for PI-stained DNA content

by flow cytometry. (E) Cells were treated with DPT for various periods of time as indicated. At each time point, expressions of cyclin B1, Cdc2, Cdc25C, and p21 proteins were

analyzed by Western blotting. (F) Relative band intensities (normalized to b-actin) shown in E were measured using Quantity One software. Values are plotted as the

mean � SD (n = 3).
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apoptosis. Western blot analysis revealed that DPT induced the
cleavage of PARP (116 kDa) into its smaller fragment (85 kDa)
(Fig. 4C and D).

To understand the mechanism by which caspase-3 was
activated by DPT, we further investigated its effect on the activity
of caspase-8 and -9, upstream activators of caspase-3. Our results
demonstrate that DPT induces the activation of these caspases in
both glioblastoma cell lines.

DPT-treatment dissipated the mitochondrial membrane potential

(DCm) and reduced the expression of anti-apoptotic molecules

Bcl-2 and Bcl-xL

To further characterize DPT-induced apoptosis in U-87 MG and
SF126 glioblastoma cells, we examined the change of the
mitochondrial membrane potential using JC-1 staining assay
[23]. This cationic mitochondrial vital dye exhibits potential-
dependent accumulation in mitochondria, as represented by a shift
of fluorescence emission from orange-red in normal polarized
mitochondria to green in abnormal depolarized ones (apoptotic
cells) [24]. As shown in Fig. 4A, DPT induced a dramatic change
of JC-1 color with cells emitting orange-red fluorescence in non-
treated control samples whereas DPT-treated cells emitted green
fluorescence suggesting that DPT induced a severe damage to
mitochondria. In order to quantify the mitochondrial depolariza-
tion induced by DPT, we used FACS analysis with JC-1 staining to
examine the change in DCm. Data shown in Fig. 4B indicate a
significant increase (p < 0.05) in the percentage of cells with
depolarized mitochondria upon DPT-treatment. These results
are consistent with the fluorescent microscopy observations.
Furthermore, analysis of the cellular levels of Bcl-2 and Bcl-xL
proteins showed that DPT resulted in a down-regulation of these
anti-apoptotic molecules (Fig. 4C and D).

Discussion

The microtubules are an attractive target for many chemother-
apeutic agents [25–27]. In this paper, we evaluated the in vitro

antiproliferative activity of a plant-derived semi-synthetic com-
pound, DPT. Its predicted effectiveness is based on structural
analogy with podophyllotoxin, a potent antitumor agent known
to depolymerize microtubules. The in vitro cytotoxicity study
revealed that DPT has a potent growth-inhibitory effect against
brain, colon, gastric, breast, and ovarian cancer cells. Indeed, our
results showed that DPT possesses broad-spectrum ability at the
nanomolar range to inhibit the growth of a wide panel of human
cancer cell lines. It is noteworthy that its action was more potent
than that of the well-known cytostatic agent; etoposide.

To gain further insight into the mode of action, DPT was assayed
for its effect on glioblastoma U-87 MG and SF126 cell lines. Based
on flow cytometric analysis, DPT has been shown to induce G2/M
phase arrest in a time- and dose-dependent manner. The cell cycle
is a highly regulated process involving cyclins and cyclin-
dependent kinases such as cyclin B1 and Cdc2 which play a key
role in regulating the phosphorylation or dephosphorylation of
different proteins [28]. Indeed, the Cdc2/cyclin B complex is one



Fig. 3. DPT induces apoptosis via caspase-8 and -9 dependent pathways. (A) After incubation for 36 h with DPT and Paclitaxel (positive control), cells were harvested, washed with

PBS, stained with Annexin V-FITC and PI, and analyzed by flow cytometry. (B) Caspase-3; (C) caspase-8; (D) caspase-9: After treatment, cells were collected and lysed. The activities

of caspase-3, -8 and -9 were detected by their enzymatic cleavage of specific colorimetric substrates: DEVD-pNA, IETD-pNA and LEHD-pNA, respectively. (E) Cells were either

untreated or pretreated with 100 mM of pan-caspase inhibitor z-VAD-fmk for 4 h, then treated with DPT for a further 36 h. The cell survival was determined by CCK-8 assay. Each

bar represents the mean � SD of data from three independent experiments. * p < 0.05, ** p < 0.01 versus control. # p < 0.05 compared to DPT alone within the treated groups.
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of the major regulators governing the G2 to M progression or
apoptosis [29]. Cells with a suppressed cyclin B1/Cdc2 activity
would be arrested in the G2 phase, whereas cells with an elevated
cyclin B1/Cdc2 activity would tend to be favored to enter and
proceed through mitosis [30]. Induction of mitosis and meiosis
(M phase) in the eukaryotic cell cycle requires activation of the
Cdc2/cyclin B complex by the protein phosphatase Cdc25 [31]. In
addition to cyclin B1, Cdc2, and Cdc25C; p21 protein functions as a
regulator of cell cycle progression. It has been previously reported
that p21 induces cell cycle arrest [32] and its activation has been
shown to participate in G0/G1 as well as G2/M phase arrest of cell
cycle [33,34]. DPT-treated U-87 MG and SF126 cells showed an
increase expression of p21 protein. Since FACS analysis could
not distinguish between cell populations in G2 and M phase,
modifications in the expression of G2/M cell cycle regulatory
proteins induced by DPT were analyzed using Western blotting.
Results revealed that U-87 MG glioblastoma cells showed G2 phase
arrest after DPT-treatment. In this cell line, DPT reduced the
cellular levels of both Cdc2 and cyclin B1 proteins. In addition,
the decreased level of Cdc25C by DPT may inhibit the action of
Cdc2. In contrast, DPT failed to down-regulate Cdc2 and rather up-
regulated cyclin B1 in SF126 glioblastoma cells which suggest that
Table 2
Annexin V/PI assay data after 36 h of DPT-treatment.

Cell lines Control Paclita

SF126 Live cells 94.41 � 0.35 44.24 

Early apoptotic cells 0.51 � 0.08 5.65 

Late apoptotic cells 1.72 � 1.53 33.52 

U-87 MG Live cells 94.58 � 1.81 63.06 

Early apoptotic cells 1.06 � 0.54 3.19 

Late apoptotic cells 1.49 � 0.63 24.21 

Results are given in % and are mean � SD of three independent experiments.
a Paclitaxel (90 nM) was used as a positive control.
DPT induced M phase arrest in these cells. Therefore, a potential
mechanism for DPT-induced G2 arrest in U-87 MG glioblastoma
cells was through a decrease of the total protein levels of Cdc2,
cyclin B1, and Cdc25C. The decrease of the expression of these
proteins by DPT inhibited these glioblastoma cells from entering
M phase. On the other hand, DPT-induced M arrest in SF126
glioblastoma cells might be due to up-regulated expression of
cyclin B1.

Microtubules—key components of the cytoskeleton—have been
shown to play a crucial role in the development and maintenance
of cell shape, transport of vesicles, mitochondria and other
components throughout cells, in cell division and cell signaling
[26]. Since DPT arrested glioblastoma cells at G2/M phase of
the cell cycle, we wondered whether our compound interferes
with microtubule assembly. Data from immunofluorescence
microscopy clearly demonstrate that DPT strongly depolymerizes
microtubules.

It is widely accepted that microtubule-interfering agents
produce apoptosis by causing cell cycle arrest [35]. The various
morphological and molecular events that may occur during
apoptosis have already been identified [36]. In addition to the
effect of DPT on the cell cycle, we found that it also provokes
xela DPT

30 nM 60 nM 90 nM

� 16.64 49.86 � 3.62 41.14 � 7.25 38.28 � 7.74

� 0.23 2.1 � 0.12 3.35 � 1.64 7.18 � 1.00

� 5.52 34.21 � 7.57 43.47 � 5.01 44.38 � 1.96

� 0.06 48.63 � 2.67 29.79 � 1.97 28.06 � 4.09

� 4.01 3.41 � 4.67 3.76 � 4.23 2.03 � 1.75

� 4.16 39.51 � 6.10 61.00 � 3.20 64.73 � 7.21



Fig. 4. DPT-treatment leads to mitochondrial membrane depolarization, down-regulation of anti-apoptotic proteins Bcl-2 and Bcl-xL and cleavage of PARP. (A) Cells were

seeded in 6-well plate for 24 h. Following treatment with DPT, cells were washed with PBS and incubated with 1 ml/well of JC-1 dye for 30 min at 37 8C. Pictures were taken

under a fluorescent microscope. Magnification: �20. (B) Percentages of glioblastoma cells with depolarised mitochondria determined by flow cytometry. (C) Cells were

treated with DPT for the indicated time course and the whole cell lysates were analyzed for the anti-apoptotic proteins Bcl-2 and Bcl-xL and for the cleaved form of PARP by

Western blotting. (D) Relative band intensities (normalized to b-actin) shown in B were measured using Quantity One software. Values are plotted as the mean � SD (n = 3). *

p < 0.05, ** p < 0.01, *** p < 0.001 versus control. (For interpretation of the references to color in the text, the reader is referred to the web version of this article.)
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apoptosis, as indicated by an increase in the sub-G1 population,
DNA fragmentation and Annexin V positivity (Figs. 1C, 2C, D and
3A; Table 2). Our results from caspase activity assay and Western
blot analysis also showed that DPT promotes the activation of
caspase-3 (Fig. 3B) which is accompanied by the cleavage of its
well-known substrate PARP into a 85 kDa C-terminal fragment
(Fig. 4C), indicating that the mechanism of DPT-induced apoptosis
involves a caspase-mediated pathway [37]. This was confirmed by
the fact that inhibition of caspases activity by a general caspase
inhibitor (z-VAD-fmk) prevented DPT-induced growth inhibition
of glioblastoma cells. We also observed the induction of caspase-8
and -9 after DPT exposure in a dose- and time-dependent manner
(Fig. 3C and D). Furthermore, we detected a loss of mitochondrial
membrane potential (Fig. 4A) and a down-regulation of the cellular
levels of anti-apoptotic proteins Bcl-2 and Bcl-xL (Fig. 4C and D).
Therefore, DPT triggers cell death via both the extrinsic and
intrinsic apoptotic pathways.

In summary, our study demonstrates, for the first time, that the
antitumor effect of DPT is time-, dose, and cell line-dependent.
Hence from these data it can be concluded that DPT has not only
shown a significant in vitro cytotoxic activity but has provided an
insight for future direction in the development of such molecules.
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