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Aim: To define the in vitro cytotoxic activities of 4-demethyl-picropodophyllotoxin
7'-0-B-D-glucopyranoside (4DPG), a new podophyllotoxin glucoside. Methods:
Antiproliferation activity was measured in several tumor cell lines by using the
microculture tetrazolium MTT assays. Cell cycle distribution was analyzed using
flow cytometry and mitosis index assays. Furthermore, transmission electron
microscopy, TUNEL, DNA agarose electrophoresis, and activated caspase-3 were
used to analyze the induction of apoptotic cell death. Moreover, intracellular
changes in the cytoskeleton were detected using immunocytochemistry. Results:
4DPG effectively inhibited the proliferation of cancer cells (HeLa, CNE, SH-SY5Y,
and K562 cell lines). For the K562 cell line, the antiproliferation effect of ADPG was
much more potent than that of etoposide (IC, value: 7.79x10° mol/L for 4DPG vs
2.23x10°° mol/L for etoposide). Further, 4ADPG blocked the cell cycle in the mitotic
phase. The induction of apoptosis and elevated levels of activated caspase-3
were confirmed in cells treated with 4DPG. The microtubule skeleton of HeL a cells
was disrupted immediately after treatment with 4DPG. Conclusion: The cytotoxi-
city of 4DPG is due to its inhibition of the microtubule assembly of cancer cells at
a low concentration, thus inducing apoptosis. These properties qualify 4DPG to
be a potential antitumor drug.
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and has been proven to possess antineoplastic properties.

Introduction

Natural products have long been an important source of
treatments for cancer. At present, there are more than one
thousand plants that have been found to possess signifi-
cant anticancer properties. Although many molecules ob-
tained from plants have been shown to have antineoplastic
activity, a huge number of molecules still remain to be iso-
lated or studied in detail. Recently, traditional Chinese medi-
cines have attracted much interest, and evaluations of po-
tential antineoplastic herbal ingredients are currently being
carried out in laboratories®=!.

Of the natural compounds with anticancer properties,
podophyllotoxin occupies a very important position!. Podo-
phyllotoxin is a naturally occurring lignan, which is isolated
from the dried roots and rhizomes of Podophyllum plants,
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Although its unacceptable levels of cytotoxicity precluded
the use of podophyllotoxin as an anticancer drug, subse-
quent research aimed to abstract and synthesize new ana-
logues of podophyllotoxin, and analyzed podophyllotoxin’s
structure-function relationship and its mechanism of action.
Several decades’ efforts have proven that the cytotoxicity
of podophyllotoxin is due to its interaction with B-tubulin,
because it disrupts microtubule organization and leads to
mitotic arrest, in a manner that is similar to the action of
colchicines®®®l. Meanwhile, many analogues of podophyl-
lotoxin have been determined, and most exhibit pronounced
biological activity as strong antiviral or antineoplastic
agents®*. Among these molecules, etoposide is a nota-
bly successful derivative of podophyllotoxin®**, with
demonstrated efficacy against a broad spectrum of human
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malignancies, including testicular, germ cell, lung, and other
cancersi***7, Etoposide arrests cancer cell growth prior to
mitosis as a DNA topoisomerase Il inhibitor®2, whereas
podophyllotoxin has no inhibitory effect on this enzyme!??,
Conversely, an isomer of podophyllotoxin, picropodophyllo-
toxin, has no inhibitory effect on microtubules and appar-
ently lacks cytotoxicity™?>2¢1, After these observations were
made, little or no attention was paid to picropodophyllotoxin.
However, some recent studies on picropodophyllotoxin pro-
duced different and exciting results. Some derivatives of
picropodophyllotoxin have high levels of antiproliferation
activity against the L1210 cell line because they inhibit mi-
crotubule assembly™®l. The cyclolignan podophyllotoxin and
picropodophyllotoxin inhibit tyrosine phosphorylation of the
insulin-like growth factor-1 receptor (IGF-1R), but have no
effect on the highly homologous insulin receptor (IR) or
tyrosine kinases that are related to other major cancer-
relevant growth factor receptors, so they specifically inhibit
malignant cells®®#!. These results could cause more research
interest to be focused on the analogues of podophyllotoxin,
in order to identify the derivatives with the most potent and
specific antitumor activity (ie, to optimize the structure), or
to develop an alternative and renewable source of podo-
phyllotoxin.

Sinopodophyllum emodi (Wall) Ying, mainly distributed
over the Western region of the Qinling mountains of China,
is a type of Podophyllum. In the area in which it is grows, S
emodi has been used as a folk medicine to treat cancer and
various types of verrucosis, but the pharmacology of its
constituent ingredients has not been investigated. Our pre-
vious study revealed that 4-demethyl-picropodophyllotoxin
7'-O-p-D-glucopyranoside (4DPG) (Figure 1) is a novel podo-
phyllotoxin glucoside isolated from S emodi®®®. A signifi-
cant structural characteristic of 4DPG is that it belongs to
the picropodophyllin family. Therefore, as a herbal medicine
ingredient and a podophyllotoxin analogue with a quite dif-
ferent structure, we wondered what the biological activity of
this molecule would be.

In this study, we demonstrate that 4DPG is a highly
potent inhibitor of microtubule assembly, leading to mitotic
arrest, induction of apoptosis, and inhibition of the proli-
feration of malignant cells.

Materials and methods

Chemicals 4DPG was isolated from Sinopodophillum
emodi (Wall) Ying (Berberidaceae) by our group®”. The
extracted 4DPG was dissolved in methanol (0.01 mol/L) and
stored at room temperature.

Cell lines and cell culture A human cervical carcinoma
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Figure 1. Chemical structure of 4DPG.

cell line (HeLa), a human nasopharyngeal carcinoma cell line
(CNE) and a human neuroblastoma cell line (SH-SY5Y) were
grown in Dulbecco’s MEM (Hyclone, Logan, USA) and a
human chronic myelogenous leukemia cell line (K562) was
maintained in RPMI-1640, supplemented with 10% heat-
inactivated fetal calf serum (FCS), 100 U/mL penicillin and
100 pg/mL streptomycin in a humidified atmosphere (37 °C,
5%CO,).

Cytotoxicity assay The MTT assay to determine the
cytotoxicity of 4ADPG was performed as described previous-
Iy4, Briefly, cells were plated onto 96-well plates at 2x10°
cells per well for the HeLa, CNE, and SH-SY5Y cell lines or at
5x10° cells/well for the K562 cell line. After incubation with
medium containing 0.1% methanol, 2x10"° mol/L 4DPG and
etoposide (VVP-16) for 48 h, MTT (Sigma Chemical Co, St
Louis, USA) was added to cell cultures to a final concentra-
tion of 0.5 mg/mL and incubated at 37 °C for 4 h.  Then, the
adherent cells were solubilized with 200 mL dimethy! sulfox-
ide (Me,SO, Sigma), and K562 cells were exposed to 100 mL
0.04 N 2-propanolic hydrochloric acid. Absorbance at 570
nm was measured on a multiplate reader (Bio-Rad 550,
Hercules, USA).

In the same way, K562 cells treated with gradient con-
centrations of 4DPG and etoposide for 48 h were tested.
The drug concentration required to inhibit cell growth by
50% (ICy,) was determined by interpolation from dose-re-
sponse curves. All assays were carried out in quadruplicate.
The inhibition rate of cell proliferation was calculated by:

Dcontrol_o Dtreated

O
Inhibition rate (%) = x100%
ODconIroI
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Cell cycle analysis K562 cells were treated with 1x10°
mol/L, 1x10® mol/L,1x10" mol/L, and 1x10°® mol/L 4DPG,
respectively.  After incubation for 48 h, cells were collected
and fixed with 70% ethanol at 4 °C for 24 h, then stained with
50 pg/mL propidium iodide (Sigma). The cell cycle distribu-
tion from 10000 cells was collected by using the Epics flow
cytometer (Coulter Electronics, Fullerton, USA). Cell cycle
analysis was performed by using Multicycle software
(Phoenix Flow Systems, San Diego, USA).

The mitotic index was determined by Giemsa staining.
K562 cells were incubated with or without 1x10° mol/L 4DPG
for 48 h. Then, fixed cells were stained with Giemsa solution
and mitotic cells were counted per visual field. Quadrupli-
cate fields were measured.

DNA fragmentation assay K562 cells were exposed
to 0.01% methanol, 1x10°® mol/L 4DPG and 1x10® mol/L
etoposide for 48 h, and then cells were collected by
centrifugation. Total DNA was purified with a DNA isola-
tion kit (R&D Systems, Minneapolis, USA) according to the
manufacturer's protocol. The DNA was separated in 1.5%
agarose gel and visualized by ultraviolet illumination after
staining with ethidium bromide.

TUNEL assay After incubation with 1x10° mol/L 4DPG
for 12 h, 24 h, and 48 h, cells were rinsed three times with
phosphate-buffered saline (PBS) and fixed with methanol.
Based on the TUNEL protocol (Roche, Basel, Switzerland),
cells were permeabilized with 0.1% Triton X-100 in 0.1%
sodium citrate and then rinsed twice with PBS. The DNA
nick-labeling reaction was performed using 50 uL TUNEL
reaction mixture, including 45 pL enzyme solution and 5 pL
nucleotide mix at 37 °C for 60 min.  Then the samples were
rinsed three times with PBS and analyzed under a fluores-
cence microscope.

Morphology analysis by transmission electron micro-
scopy K562 cells treated with 1x10® mol/L 4DPG were washed
with PBS, centrifuged, and pre-fixed with 2.5% glutaralde-
hyde in 0.1 mol/L phosphate buffer at 4 °C for 2 h. The cells
were then rinsed thoroughly in phosphate buffer and post-
fixed in 1% OsQO, at 4 °C for 30 min. After being fixed, the
cells were pelleted in 2% agar, then cell blocks were prepared,
dehydrated through a graded ethanol series, and embedded
in Epon 812 (Spi supplies, West chester, USA). The ultra-
structure of cells was analyzed in ultrathin sections in a trans-
mission electron microscope (Hitachi H-600, Tokyo, Japan)
after the sections were stained with uranyl acetate and lead
citrate.

Caspase-3 cleavage assay After the K562 cells were
treated with 10°° mol/L 4DPG as described above, the cells
were fixed and incubated with cleaved caspase-3 (Asp175)
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antibody (Cell Signaling, Beverly, USA) as a primary
antibody, which specifically recognizes activated caspase-3
resulting from cleavage adjacent to Asp175, and then with
biotinylated goat antirabbit 1gG as a secondary antibody.
Finally, the cells were incubated with the ABC kit (\ector,
Peterborough, England) and visualized by incubation with
the colorigenic substrates (DAB, Promega, Madison, USA).

Indirect immunofluorescence staining Exponentially
growing HeLa cells were seeded into 96-well plates, then
after 12 h, the medium was replaced with complete medium
containing 10 mol/L 4DPG. After treatment with 4DPG for
1h,2h,3h,12h,24h, or 48 h, immunofluorescence staining
was performed. The cells were incubated with anti-o-tubulin
antibody (ZSBiO, Beijing, China) as a primary antibody, which
was followed by a secondary antibody, TRITC-conjugated
rabbit antimouse 1gG. After being washed three times with
PBS, the labeled cells were observed and photographed with
a fluorescence microscope (Olympus 1X70, Tokyo, Japan).

HeLa cells plated onto cover slips were treated with the
10 mol/L 4DPG for 24 h. As per the procedure described
earlier, the cytoskeletons of the adherent and suspension
cells were photographed on a confocal laser scanning bio-
logical microscope (Olympus Fluoview FV300).

Statistics Data were expressed as mean+SD and ana-
lyzed using two-way analysis of variance (ANOVA). The
differences between two groups were determined by using
the t-test, and statistical significance was set at P<0.05.

Results

Chemical structure of ADPG 4DPG, as a congener of
podophyllotoxin, has the same multiple ring structure;
however, it differs with respect to the composition and mi-
nor modifications of the podophyllotoxin rings, including
the steric orientation of a carbon-carbon bond and substitu-
tion on the ring. 4DPG has a hydroxy group in the 4-carbon
position, but podophyllotoxin has a methoxy group at this
position. Another site that differs is the 7'-carbon position,
which is substituted in podophyllotoxin with an unmodified
glucoside. Among the analogues of podophyllotoxin reported
previously, 4DPG is the isomer of the 4'-demethylpo
dophyllotoxin glucoside DMPGP2,

Effect of 4ADPG on proliferation of tumor cells As shown
in Figure 2, 4DPG induced a significant inhibition of prolif-
eration in the tested cell lines (SH-SY5Y, CNE, HelLa and
K562). Compared with etoposide, 4DPG had much more po-
tent cytotoxic effect on CNE and K562 cells.

After a 48 h-treatment, 4DPG had maximal cytotoxic ef-
fect on K562 cells at a concentration of 1x10® mol/L. The
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Figure 2. The inhibitory effect of 4DPG on the proliferation of
four tumor cell lines (SH-SY5Y, CNE, HelLa, K562) was measured by
MTT assays after treatment with 4DPG for 48 h. n=4. MeanzSD.
°P<0.01 vs VP-16.

maximal inhibition rate was 72.82%, and the 1C,, value was
7.79x10° mol/L (Figure 3). Under the same conditions, the
maximal effect on cell proliferation inhibition was observed
with etoposide at a concentration of 2.5x10 mol/L , which
inhibited 95.25% of cells, with an 1C,, value of 2.23x10°*mol/L
(data not shown).

Mitotic arrestwas induced by 4DPG treatment Asshown
in Figure 4, 4DPG caused a significant dose-dependent
accumulation of K562 cells in the G2/M and sub-GO0 phases,
and a decrease in the GO/G1 and S phases from 1x10° mol/L
to 1x10°mol/L at 48 h. The differences in cell cycle distribu-
tion between vehicle-treated K562 cells and 1x10®mol/L, 1x107
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Figure 4. The effect of 4ADPG on G2/M phase arrest and induction
of apoptosis in K562 cells was dose-dependent. K562 cells were
treated with 1x10°mol/L, 1x10® mol/L, 1x107 mol/L or 1x10°mol/L
4DPG for 48 h. The negative control was the vehicle-treated sample.

mol/L, 1x10°® mol/L treatment are statistically significant
(P<0.02).

To further characterize the cell cycle distribution, mitotic
index detection was performed. We found that approximately
50% of cells treated with 10 mol/L 4DPG for 48 h were
blocked in mitosis, which was consistent with the result from
flow cytometry, but for vehicle-treated cells, only 6.8% were
in mitosis (P<0.01).

4DPG induced apoptosis in K562 cells 4DPG treatment
resulted in the formation of a DNA ladder in K562 cells at
48 h (Figure 5), but etoposide did not produce the same
result. Additionally, as shown in Figure 6, the longer K562
cells were exposed to 1x10° mol/L 4DPG, the more cells that
had DNA strand breaks were labeled by TUNEL.
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Figure 3. Dose-response curve for the inhibition of cell proliferation. K562 cells were incubated with gradient concentrations of 4DPG for
48 h. n=4. Mean£SD. The inhibition value was calculated using the means of OD o @nd OD ateq-
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Figure 5. DNA fragmentation in K562 cells treated with 4DPG for
48 h. Lane A: 1 kb marker; lane B: normal control; lane C: treated with
1x10° mol/L etoposide for 48 h; lane D: treated with 1x10° mol/L
4DPG for 48 h.

Observations of ultrastructure showed that K562 cells
displayed the characteristics of apoptosis after the incuba-

tion of 1x10° mol/L 4DPG for 24 h and 48 h, respectively.
That is, some slim protuberances packed with the unit mem-
brane and numerous substances were released around the
cell; this was followed by increases of the structure of the
membrane in the cytoplasm, and the cytoplasm was sepa-
rated into several units in which a few vacuoles could be
seen; then, the nuclear membrane became unclear, and the
chromatin condensed and turned into single chromosome
spots (Figure 7).

4DPG induced the activation of caspase-3 As shown in
Figure 8, after incubation with 1x10°mol/L 4DPG for 12 h, the
number of activated caspase-3-positive cells had changed
little; however, the number had increased greatly after 24 h,
and further increased after 48 h.

4DPG inhibited microtubule polymerization At1hafter
1x10°mol/L 4DPG treatment, a marked inhibition of microtu-
bule assembly in HeLa cells was observed. Compared with
the vehicle-treated cells, the most significant change was
the disappearance of the bipolar mitotic spindles in the cell
division phase (Figure 9). Additionally, the results from con-
focal fluorescent microscopy further confirmed that 4ADPG

Figure 6. DNA breaks induced by 1x10-°* mol/L 4DPG were detected by TUNEL. (A) Vehicle-treated K562 cells (only cells involved in mitosis
were positively labeled); (B) after 12 h exposure, the chromatin in a few cells condensed and broke; (C) after 24 h exposure, many more cells
were positively labeled; (D) after 48 h exposure, condensed and separated chromatins were dispersed in the cytoplasm (x400).
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Figure 7.

Ultrastructural photomicrographs of K652 cells after treatment with 1x10-*mol/L 4DPG, visualized by transmission electron

microscopy. (A) Normal control, the nucleolus and nuclear membrane were clear, chromatin was dispersed and uncondensed (x5000); (B) after
4DPG treatment for 24 h, the nucleolus disappeared and the nuclear chromatin was condensed (x3500); (C) after treatment with 4DPG for 48 h,
the nuclear membrane was becoming unclear, and the chromatin was condensed and separated. Cells displayed the characteristics of apoptosis

and mitosis (x5 000).
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Figure 8. The percentage of activated caspase-3 in K562 cells
increased greatly with increased exposure to 1x10° mol/L 4DPG.
n=4. MeanSD. °P<0.01 vs 0 h.

disrupted normal microtubule polymerization (Figure 10).

Discussion

By screening new potential antitumor agents using a
cytotoxicity assay, we identified 4DPG as an agent that pos-
sessed antiproliferative properties. 4DPG has been found to
have an extensive and significant inhibitory effect on the
proliferation of various carcinoma cell lines. In this study,
we found that compared with etoposide, 4DPG is much more
potent in some cell lines, such as HeLa and K562. The ICg,
value of 4DPG on K562 cells was 2-3 orders of magnitude
lower than that of etoposide. The cytotoxic effect of 4DPG
on K562 cells is dose-dependent. Furthermore, regarding
the effect of 4DPG on the cell cycle distribution, 4DPG was
found to cause significant mitotic arrest in K562 cells. These

findings regarding the picro derivatives are different from
those reported previously, which considered that these com-
pounds lacked biological activity and that the C-8a,
C-8'Btrans configuration is of crucial importance for biologi-
cal activity™. However, recent studies on a new derivative
of picropodophyllotoxin, 4-amino-4 deoxypicropodophyllo-
toxin, have proven that it exerts antitumor activity through
inhibiting microtubule assembly®?. These results suggest
that the modification of picropodophyllotoxin with a free
hydroxy group in the 4-position or substitution at the 7'-
position can also produce molecules with high levels of bio-
logical activity. Moreover, the specific inhibitive effect of
tyrosine phosphorylation of IGF-1R and malignant cell growth
by picropodophyllotoxin that was observed by Girnita and
coworkers provide another perspective on this molecule®?%,
These new discoveries suggest that picro derivatives retain
a high biological activity and could become an important
family of anticancer agents.

In the podophyllotoxin family, there are two well-investi-
gated mechanisms that cause cytotoxicity!. The first is the
inhibition of microtubule polymerization (eg, podophyllo-
toxin®®l) and the second is the inhibition of topoisomerase I1
(eg, etoposide™®). As shown in Figure 8, after just 1 h expo-
sure to 4DPG, the fibroid microtubule skeleton in normal HeLa
cells was broken and the tubulin-o tagged by TRITC was
distributed in the cytoplasm homogeneously.  These ob-
servations indicate that the cytotoxicity of 4DPG is caused
by disrupting the microtubule assembly, which interferes
with mitosis at low concentrations. This property is similar
to that of podophyllotoxin, indicating that 4DPG is a new
antimicrotubule agent. However, reports regarding the ef-
fectiveness of podophyllotoxin and picropodophyllotoxin
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as inhibitors of IGF-1R suggest that there is another pos-
sible mechanism by which podophyllotoxin inhibits malig-
nant cell proliferation at the same time as it interferes with
microtubule assembly™!. It could be necessary to carry out
a study to determine whether 4DPG also possesses this
activity.

Microtubules are important cytoskeletal components in-
volved in the regulation of cell proliferation, differentiation,

1006

Figure 9. Observations of the course of micro-
tubule depolymerization in the 4DPG-treated
HelLa cells (0 h-48 h) by using immunofluores-
cence techniques. The microtubule skeleton of
HeLa cells after being treated with 10-° mol/L 4DPG
for 0 h, 1 h,2h,3h,12 h, 24 h and 48 h,
respectively (A-G). The microtubules of cells were
almost totally depolymerized in the first 2 h and
TRITC-labeled tubulin-o. was dispersed in the cy-
toplasm (x400, HelLa cells).

and apoptosisi®d. Microtubule-targeted agents, in particu-
lar taxanes®®, have been shown clinically to exert a high
level of anticancer activity, and they have also been shown
to be promoters of apoptosis in cancer cells®. In the present
study, the apoptosis-inducing effects of 4DPG were also
proven by several observations, including ultrastructure
changes, DNA strand breaking and fragmentation, and a
subdiploid peak. Apoptosis induced by antimicrotubule
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Figure 10. Comparison of the changes in the microtubules of HeLa cells in the control and the 4DPG-treated groups by using confocal
immunofluorescence microscopy. (A) The microtubules of normal cells were fibroid and interweaved. (B) When treated with 1x107° mol/L
4DPG for 24 h, the microtubules of the adherent cells were depolymerized. (C) When treated with 1x10-° mol/L 4DPG for 24 h, most of the

suspension cells also disappeared(HeLa cells).

agents is a very complex progress. Many proteins involved
in these signal pathways have yet to be identified, and many
questions about the process remain unanswered®¢-%1_ |t
is conceivable that different microtubule binding sites and
different disruptions caused by antimicrotubule agents trig-
ger different protein kinase signal pathways. The present
study demonstrated clearly that activated caspase-3
increased greatly after treatment with 4DPG for 24 h. This
result is quite consistent with the observations gained from
TUNEL, suggesting that 4DPG causes the induction of
apoptosis through a caspase-3-dependent signaling
pathway. The other proteins involved in this apoptotic sig-
naling pathway also need to be determined.

In summary, our results demonstrate that 4DPG has a
powerful cytotoxic activity at very low concentrations (<0.01
pumol/L), through interrupting microtubule assembly. It is
worth noting that 4DPG is a natural podophyllotoxin gluco-
side with a unique structure. These findings about the bio-
logical activity and mechanism of 4DPG are not only valu-
able additions to the body of information regarding the struc-
ture-activity relationships in the podophyllotoxin family, but
also suggest a way forward for exploring natural antitumor
products.
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