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An active compound having antitumor activity was isolated from the root of Anthriscus sylvestris. Struc-
tural studies revealed that it was deoxypodophyllotoxin (DPPT), and its biological activity was evaluated
in HeLa human cervix carcinoma cells. Flow cytometric analysis showed that DPPT arrests the cell cycle in
the G2/M phase prior to apoptosis. The mechanisms of action of DPPT involve inhibition of tubulin poly-
merization, dysregulation of cyclin A and cyclin B1 expression, and activation of caspases-3 and -7.

© 2009 Elsevier Ltd. All rights reserved.

Cancer is a leading cause of human death and can be triggered
by environmental pollutants and genetic mutations. Traditional
medicines have been shown to contain anticancer drugs such as
camptothecin, taxol, and combretastatins.!~3 Anthriscus sylvestris,
a medicinal plant, has been used in Korea for the prevention and
treatment of various diseases, including bronchitis, and as an anal-
gesic. One compound in A. sylvestris that has biological activity is a
lignan, which has an estrogen-like chemical structure and func-
tions as an inhibitor of topoisomerase I1.*° Since topoisomerase II
inhibition is one therapeutic strategy for cancer, many researchers
have been interested in A. sylvestris. The major secondary metabo-
lites in A. sylvestris are sylvestrin, 5-methoxypsoralen, scopoletin,
falcarindiol,® rutin,” and epi-yangambin.* Although the anti-insec-
ticidal, antiviral, and antimitotic activities of A. sylvestris have been
characterized, its effect on apoptosis has not been determined.8-1°
Therefore, in this study, compounds from A. sylvestris that induce
apoptosis were examined.

The dried root of A. sylvestris produced in Jeonnam Gurye, Korea,
was purchased from a traditional medicine market in Seoul. Air-
dried roots of the plant (1.2 kg) were ground into a fine powder
and incubated with methanol (3 L, three times a day for 3 days)
at room temperature in a dark room. After filtering, the methanol
extracts were concentrated under reduced pressure with a rotor
evaporator (Eyela, Tokyo, Japan). The concentrate was re-sus-
pended with distilled water (1L) and freeze-dried using liquid
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nitrogen. The powdered methanol extract was re-suspended with
distilled water (1 L) and then fractioned with hexane, chloroform,
and ethyl acetate based on polarity. Each fraction was concentrated
as described above for the methanol extract. Of the hexane, chloro-
form, ethyl acetate, and water fractions from the methanol extract,
the chloroform fraction was subjected to further separation by col-
umn chromatography because it demonstrated the ability to
induce apoptosis (Supplementary Fig. 1).!! Apoptosis was analyzed
by fluorescent activated cell sorting (FACS).'? The chloroform frac-
tion was separated via open column chromatography on a silica gel
60 stationary phase column (70-230 mesh; Merck, Whitehouse
Station, NJ, USA); the compounds were purified by eluting with a
mixed solvent consisting of hexane, chloroform, and ethyl acetate
(3:1:2). Of the five fractions separated by column chromatography
(Supplementary Fig. 2),"" the second fraction (F2) showed strong
apoptotic activity. This fraction was separated further using pre-
parative high-performance liquid chromatography (HPLC; Varian,
Palo Alto, CA, USA) on a reversed-phase C18 column (Gemini,
5 um, 10 x 250 mm; Phenomenex, Torrance, CA, USA) with a UV/
VIS detector (Varian), a mobile phase of 70% methanol in water,
and a flow rate of 2.5 mL/min. The fraction collected at 11 min
(F26) consisted of a single compound that had the highest apopto-
tic activity (Supplementary Fig. 3).!' F26 (1 mg) was dissolved in a
deuterated solvent (150 puL) and transferred to a 2.5-mm NMR
tube. All nuclear magnetic resonance (NMR) experiments were
performed on an Avance 400 spectrometer system (9.4T; Bruker,
Karlsruhe, German) at 298 K.> Nineteen peaks were observed at
the '>C NMR spectrum'! (Supplementary Fig. 4), and their types
were determined in distortionless enhancement by polarization
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Figure 1. Effect of DPPT on microtubule assembly. (A) Tubulin in reaction buffer was incubated at 37 °C in the absence or presence of taxol (0.1 uM) or the indicated
concentration of DPPT. Absorbance was measured at 340 nm by spectrophotometry. (B) HeLa cells were treated with vehicle (DMSO), taxol (0.1 pM), or DPPT (0.25 uM) for
24 h. Microtubules were stained with an anti-o-tubulin antibody and an Alexa-Fluor 488-conjugated secondary antibody (Invitrogen, Carlsbad, CA, USA). The cellular
microtubules were observed using an FV-1000 spectral confocal microscope (Olympus, Tokyo, Japan).
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Figure 2. Effect of DPPT on cell cycle progression. HeLa cells were treated with DPPT (0.5 uM) for the indicated times and analyzed for propidium iodide stained-DNA content
by flow cytometry (FACS Calibur; Becton Dickinson Immunocytometry Systems, San Jose, CA, USA). Values indicate the percentage of the cell population at the phase of the
cell cycle. The 2 N (diploid) and 4 N (tetraploid) DNA content represent the G1 and G2/M phases of the cell cycle, respectively. The population of cells in the sub-G1 phase
represents cellular fragments due to apoptosis.
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transfer (DEPT) experiments. Direct correlations between the 'H
and '>C NMR data were determined by heteronuclear multiple
quantum coherence (HMQC). Partial structures of the compound
were obtained by interpreting correlation spectroscopy (COSY)
and heteronuclear multiple-bond correlation (HMBC) data (Sup-
plementary Fig. 5).!" Based on the total assignments from the 'H
and '>C NMR data (Supplementary Table 1),!! the structure of
the compound was determined to be deoxypodophyllotoxin
(DPPT).'* To verify these results, mass spectrometry was per-
formed.!> The spectrum indicated a strong sodium adduct peak
at m/z 421 [M+Na]* (Supplementary Fig. 6).!! A peak at m/z 819
was ascribed as being a dimer with a sodium adduct. The calcu-
lated molecular mass of 398 agreed with the NMR data and con-
firmed that the compound was DPPT.

All DPPT is a derivative of podophyllotoxin, a natural cyclolig-
nan, and is known to inhibit tubulin polymerization.'® To deter-
mine whether DPPT isolated from the roots of A. sylvestris has a
similar effect on tubulin, in vitro tubulin polymerization turbidity
assays were performed.!”” As shown in Figure 1A, when tubulin
was polymerized in the presence of GTP at 37 °C, the absorbance
at 340 nm increased with time. Addition of taxol, a reference com-
pound that stabilizes microtubules, caused a marked increase in
tubulin polymerization. In contrast, DPPT inhibited initiation of

A

Tubulin

-DPPT

+DPPT

tubulin polymerization in a concentration-dependent manner.
These data demonstrate that isolated DPPT binds directly to tubu-
lin, resulting in the inhibition of microtubule assembly. To extend
these findings, we investigated whether isolated DPPT affects
in vivo microtubular architecture (Fig. 1B). Microtubule assembly
was analyzed by indirect immunofluorescence staining using an
anti-tubulin antibody (Santa Cruz Biotechnology, Santa Cruz, CA,
USA). Untreated HeLa cells (control) showed diffuse staining
throughout the cytoplasm and dense perinuclear staining. Treat-
ment with taxol resulted in a distinctive microtubule bundle that
was likely due to stabilization of the rigid microtubule network.
DPPT treatment, however, resulted in a loss of the microtubule net-
work with short and peripheral bundles. These results suggest that
DPPT isolated from the roots of A. sylvestris prevents microtubule
assembly in vivo by inhibiting tubulin polymerization.

All Inhibition of tubulin polymerization has been implicated in
G2/M cell cycle arrest in various cancer cell lines.'® The effect of
isolated DPPT on cell cycle progression was determined by FACS
analysis in propidium iodide-stained Hela cells. As shown in
Figure 2, treatment with 0.5 uM DPPT led to a time-dependent
accumulation of cells in the G2/M phase with a concomitant
decrease in the population of G1 phase cells. G2/M phase arrest
was initially detectable after 12 h of treatment; 58.9% of the cells
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Figure 3. Effect of DPPT on the induction of cell death. (A) HeLa cells were treated with DPPT (0.5 pM) for 48 h. Microtubules (green) were stained with an anti-o-tubulin
antibody and an Alexa-Fluor 488-conjugated secondary antibody. Chromosomal DNA (red) was stained with TO-PRO-3® iodide (Molecular Probes, Inc., Eugene, OR, USA).
Arrows indicate the fragmented nuclei of apoptotic cells. (B) HeLa cells were seeded in 96-well culture plates and treated with various concentrations of DPPT for the
indicated periods of time. The cellular survival rate was measured using Cell Counting Kit-8.° Similar results were obtained from two other independent experiments.
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were in G2/M phase compared to 16.4% in untreated cultures.
Furthermore, the population of sub-G1 phase cells, a characteristic
of apoptotic cells, was observed after 24 h of DPPT treatment; at
time O, only ~0.2% of the cells were in sub-G1 phase, while
~4.5% and ~29.7% of the cells were in sub-G1 phase after 24 h
and 48 h, respectively. These data demonstrate that DPPT induces
G2/M arrest before accumulation of cells in sub-G1 phase in HeLa
cells.

To confirm the effect of DPPT on induction of apoptosis,
fragmentation of chromosomal DNA was analyzed (Fig. 3A).
Morphological changes were monitored by immunostaining with
an anti-tubulin antibody. DNA staining demonstrated breakdown
of nuclei and fragmentation of chromosomal DNA, both typical
morphological features of apoptosis, after DPPT treatment. We
next determined whether DPPT-induced apoptosis was associated
with anti-proliferative activity. HeLa cells were treated with vari-
ous concentrations of DPPT for 12, 24, and 48 h, and cell viability
was analyzed using a Cell Counting Kit-8.'° As shown in Figure
3B, a significant decrease in cell survival was observed after 24 h
with 0.25 uM DPPT compared to untreated control cells. A similar
effect was observed when cells were exposed to 0.1 uM taxol.

Cell cycle progression is well established to be tightly regulated
by the timing of the expression of cell cycle-specific cyclins. To
determine the mechanism of DPPT-induced G2/M cell cycle arrest,
we examined the effects of DPPT on the expression of cyclin A and
cyclin B1, which control cell cycle progression through the S and
G2/M phases, respectively. HeLa cells were treated with 0.5 uM
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Figure 4. Effect of DPPT on the expression of cell cycle and apoptosis regulatory
proteins. HeLa cells were treated with 0.5 uM DPPT for the indicated times. Whole
cell lysates were prepared and loaded for SDS-PAGE. After electrophoresis, proteins
were transferred to blots and immunoreacted with the indicated antibodies. (A)
Expression of S and G2/M regulatory proteins (cyclin A and cyclin B1). (B) Cleavage
of apoptosis regulatory proteins (cleaved caspase-3, caspase-7, and PARP). Full-
length PARP (116-kDa) and cleaved PARP (85-kDa) are indicated by arrows. GAPDH
was used as an internal loading control.

DPPT for various time periods, and whole cell lysates were
prepared for Western blot analysis.?° GAPDH, a housekeeping gene,
was used as an internal control. As shown in Figure 4A, treatment
with DPPT resulted in a decrease in cyclin A expression. A rapid in-
crease in cyclin B1 expression was observed within 3 h of DPPT
treatment that remained elevated for up to 24 h; the expression
of cyclin B1 returned to near control levels by 48 h. These data sug-
gest that DPPT-induced cell cycle arrest at the G2/M phase is asso-
ciated with its ability to alter the expression of cyclins A and B1.
Caspases are cysteinyl aspartate proteinases that cleave substrate
proteins at aspartate residues. Upon receiving an apoptotic signal,
the precursor caspases undergo proteolytic processing to generate
an active subunit. Among the 11 caspases characterized in humans,
caspase-3 and -7 are the main downstream effector caspases that
play essential roles in degrading the majority of key cellular com-
ponents in apoptotic cells.?! We therefore investigated the possible
involvement of caspases-3 or -7 in DPPT-induced apoptosis. The
activation of caspases was monitored through detection of their
proteolytic cleavage. Treatment of Hela cells with 0.5 uM DPPT
promoted time-dependent cleavage of both caspase-3 and cas-
pase-7 (Fig. 4B). The DNA repair enzyme poly(ADP-ribose)poly-
merase (PARP) is cleaved by caspase-3 or -7 from the full-length
116-kDa to an inactive 85-kDa form. To confirm the activation of
caspase-3 or -7 by DPPT, we examined the generation of the apop-
totic fragment of PARP. Western blot analysis revealed PARP cleav-
age 24 h after DPPT exposure; PARP cleavage due to DPPT was
more extensive by 48 h. These data demonstrate the involvement
of caspases-3 or -7 in DPPT-induced apoptosis.

Many ethnomedicines from plants contain biologically active
compounds such as lignans, which are similar to estrogen in struc-
ture and inhibit topoisomerase II. Lignans in A. sylvestris have anti-
insecticidal,?? antiviral, and antimitotic activities that may be
involved in the regulation of caspase-3,° control of plant rooting,*
antioxidant activity,?* and inhibition of cardiovascular alterations
and mortality due to endotoxins. Campothecin, a widely used anti-
cancer drug, contains an o-hydroxyl group on the lactone ring that
is crucial for its anticancer effects.?> The D-ring in DPPT, a five-
membered lactone ring, may similarly contribute to its biological
activity.

In summary, we isolated DPPT from the root of A. sylvestris. It
displayed antitumor activity in HeLa cervix carcinoma cells. The
mechanism of action of DPPT involve the inhibition of tubulin
polymerization and dysregulation of cyclin A and cyclin B1
expression, thus resulting in the mitotic cell cycle arrest, and
the activation of caspases-3 and -7, which promotes apoptotic
cell death.
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