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ABSTRACT: The natural chalcones and their derivatives exhibit many biological activities, such as anti-inflammatory and
antitumoral. However, the precise mechanisms of action of benzochalcone derivatives are currently unknown. Here, a set of
benzochalcones was synthesized, and the molecular mechanisms underlying inhibition of tumor growth were investigated.
Colony-forming assays revealed that among tested compounds, 2-hydroxy-4-methoxy-2’,3'-benzochalcone (HymnPro) most
effectively inhibited the clonogenicity of Capan-1 human pancreatic cancer cells. HymnPro inhibited cell proliferation in several
human solid tumor cell lines and suppressed xenografted tumor growth in nude mice. Mechanistically, HymnPro induced cell
cycle arrest at the G,/M phase, followed by an increase in apoptotic cell death. These events were associated with the inhibition
of tubulin polymerization through binding of HymnPro to tubulin, leading to the formation of abnormal mono- or multipolar
mitotic microtubule structures accompanied by spherical arrangement of multinucleated chromosomes. Furthermore, HymnPro
activated caspase-2, caspase-9, caspase-3, and caspase-7 and increased the cleavage of poly(ADP-ribose) polymerase (PARP).
HymnPro increased the phosphorylation of JNK1/2, Erk1/2, and p38 kinase. Pretreatment with SP600125, U0126, or SB600125
abrogated HymnPro-induced activation of caspases-3 and caspase-7 and the cleavage of PARP, suggesting that MAPK signalings
are involved in HymnPro-induced apoptosis. It was concluded that a novel HymnPro compound exerts antitumor activity by
disrupting microtubule assembly, which leads to mitotic arrest and sequential activation of the caspase pathway, resulting in

apoptosis.
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B INTRODUCTION

Many clinically successful anticancer agents are derived from
naturally occurring compounds. Flavonoids are polyphenolic
compounds found in many edible plants, for example, fruits and
vegetables. Flavonoids display diverse pharmacologic activities,
including antioxidative, anti-inflammatory, and antitumorigenic
properties.” Flavonoids contain a common C6—C3—C6
skeleton, which consists of three rings (A, C, and B rings),
and they can be divided into several classes, for example,
chalcones, flavonols, flavones, flavanones, anthocyanidins, and
isoflavonoids, on the basis of their structural substituents. Of
these, chalcones (1,3-diphenyl-2-propene-1-ones) are open-
chain flavonoids bearing two aromatic rin%s (A and B rings)
linked by a three-carbon enone moiety.” Several naturally
occurring or synthesized forms of chalcone have multiple
biological properties, including antitumor activities.” As
chalcones are easy to synthesize and contain excellent leading
skeletons, intensive studies have documented synthetic
modifications of chalcones to enhance their bioactivity and
therapeutic efficacy.” However, very little is known about the
antitumor activity of benzochalcone derivatives.
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Microtubules are long, hollow, cylindrical polymers com-
posed of a- and f-tubulin dimers. They are highly dynamic
structures that are regulated by polymerization and depolyme-
rization of tubulin, and this dynamic instability property is
important for carrying out many cellular functions of
microtubules.” In interphase cells, microtubules are involved
in multiple cellular processes, such as maintenance of cell
structure, cell motility, and vesicle transportation. When cells
enter into mitosis, microtubules are reorganized into a mitotic
spindle, which is required for the congression of chromosomes.
Bipolar attachment of mitotic microtubules to sister kinet-
ochores aligns chromosomes at the cell equator during
metaphase, and depolymerization of tubulin plays an essential
role in accurate segregation of sister chromatids during
anaphase. Disruption of microtubule dynamics or formation
of abnormal mitotic microtubules prevents rearrangement of
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Figure 1. Effect of benzochalcone derivatives on the inhibition of clonogenicity of Capan-1 cells. (A) Structures of novel benzochalcone derivatives.
(B) Capan-1 cells (5 x 10°/well) were seeded and cultured in the absence or presence of benzochalcone derivatives (0, 5, 10, and 20 zM). After 7
days of treatment, colonies were stained with crystal violet and quantified by densitometry. Similar results were obtained from two other independent

experiments.

the microtubule network, which can induce cell cycle arrest in
M phase and trigger cell death.> One of the approaches to
developing anticancer drugs is to inhibit mitosis by disrupting
microtubule networks because continuous mitotic division of
proliferating cancer cells is more sensitive to inhibition of
mitosis than normal cells.* Antimitotic agents interacting with
microtubules can be grouped into three major classes, as
distinguished by the binding site on tubulin: taxane, vinca
alkaloids, and colchicines sites. Taxanes stabilize tubulin
polymers by blocking disassembly of tubulin, whereas vinca
alkaloids and colchicines prevent the assembly of tubulin. A
large number of antimitotic agents targeting tubulin are in
active clinical development.’

In the present study, we examined the molecular basis of the
antitumor activity of six benzochalcone derivatives and found
that (E)-1-(2-hydroxy-4-methoxyphenyl)-3-(naphthalen-1-yl)-
prop-2-en-1-one (2-hydroxy-4-methoxy-2',3'-benzochalcone;
designated HymnPro) can inhibit microtubule polymerization
and thereby disrupt microtubule dynamics during mitosis,
exerting an antitumor activity in vitro and in vivo. We also
obtained evidence that caspase activation is followed by mitotic
arrest and plays an important role in HymnPro-induced cell
death. These novel effects of the HymnPro compound may
provide new insights into the molecular mechanisms
responsible for the antitumor effects of benzochalcone
derivatives.

B MATERIALS AND METHODS

Reagents. Benzochalcone derivatives were synthesized as
described previously.® The pan-caspase inhibitor zVAD-fmk (Z-Val-
Ala-Asp [OMe]-FMK), the MEK1 inhibitor U0126, the JNK inhibitor
SP600125, and the p38 kinase inhibitor SB203580 were purchased
from Calbiochem (San Diego, CA, USA). Other chemicals were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

Clonogenic Long-Term Survival Assay. Capan-1 cells were
counted and plated onto 24-well tissue culture plates (BD Falcon;
Becton Dickson Immunocytometry System) (5 X 10° cells/well) in
DMEM supplemented with 10% FBS. After attachment, the cells were
treated with benzochalcone derivatives for 7 days. The cells were then
fixed with 6% glutaraldehyde and stained with 0.1% crystal violet, as
described previously.”

Cell Viability Assay. Cells were seeded onto 96-well plates (2 X
10°® cells/well) and treated with various concentrations of HymnPro
for the indicated lengths of time. Cell viability was measured using a
Cell Counting Kit-8 (Dojindo Molecular Technologies, Gaithersburg,
MD, USA) according to the manufacturer’s instructions.

Xenograft Tumor Growth in Nude Mice. Capan-1 cells (3 x 10°
cells in 200 uL of 2% dimethyl sulfoxide (DMSO)/8% ethanol) were
inoculated subcutaneously into the right flank of S—6-week-old
athymic nude mice (Korea Research Institute of Bioscience and
Biotechnology, Daejeon, Korea). Tumor growth was measured at
intervals of 2—S5 days with calipers. The tumor volume was calculated
as (L X W?)/2, where L is the length and W is the width in
millimeters. When the tumors reached a mean volume of
approximately 100 mm®, 100 uL of vehicle (2% DMSO/8% ethanol)
or HymnPro (10 mg/kg in 2% DMSO/8% ethanol) was injected
intraperitoneally daily. Mice were killed by exposure to CO, on day 42
to compare the size of cutaneous xenograft tumors.

Cell Cycle Analysis. Cellular DNA content was analyzed by flow
cytometry as described previously.® Briefly, Capan-1 cells were
collected after 12 or 24 h of exposure to 20 yuM HymnPro, fixed in
70% ethanol, washed twice with phosphate-buffered saline (PBS), and
stained with a S0 pg/mL propidium iodide (PI) solution containing
0.1% Triton X-100, 0.1 mM ethylenediaminetetraacetic acid (EDTA),
and 50 pug/mL RNase A. Fluorescence was measured and analyzed
using a FACSCalibur flow cytometer (Becton Dickinson Immunocy-
tometry Systems, San Jose, CA, USA).

Western Blot Analysis. Cells were lysed in a buffer consisting of
20 mM HEPES (pH 7.2), 1% Triton X-100, 10% glycerol, 150 mM
NaCl, 10 ug/mL leupeptin, and 1 mM phenylmethanesulfonyl fluoride
(PMSF). The protein extracts (20 ug each) were separated by 10%
sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
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Figure 2. Effect of HymnPro on tumor growth. (A) Cell viability assay. Capan-1, Mia-PaCa2, and HCT116 cells were treated with different
concentrations (1—20 M) of HymnPro for 24 or 48 h, and cell viability was measured using a Cell Counting Kit-8. Statistical difference was
determined by the Turkey—Kramer multiple-comparisons test. Error bars indicate SD; *, P < 0.0S; *3%, P < 0.001 compared with untreated control
(0 uM); #, P < 0.0S; ##, P < 0.001. (B) Xenograft tumor growth in vivo. Capan-1 cells were injected subcutaneously into the right flank of each nude
mouse. After 18 days, mice were administered vehicle (2% DMSO/8% ethanol) or HymnPro (20 mg/kg) daily. The mean volumes of xenograft
tumors were measured at intervals of 2—5 days with calipers. Error bars indicate SD. Tumor-bearing nude mice were killed, and tumors were isolated

42 days postimplantation (inset).

PAGE) and transferred to nitrocellulose membranes. The blots were
incubated with the corresponding primary antibodies and developed
using an enhanced chemiluminescence detection system (Amersham
Pharmacia Biotech, Piscataway, NJ, USA).

Microtubule Assembly Assay. The in vitro polymerization of
tubulin was examined by the HTS-Tubulin Polymerization Assay kit
(Cytoskeleton, Denver, CO, USA) according to the manufacturer’s
instructions. Tubulin polymerization was monitored spectrophoto-
metrically at 340 nm with gentle plate agitation. The absorbance values
were measured at 30 s intervals for 60 min using a SpectraMAX 190
plate reader (Molecular Devices, Toronto, ON, Canada). For
measurement of in vivo microtubule assembly, soluble tubulin dimers
and insoluble polymerized tubulin were separated and subjected to
Western blotting as described previously.”

Immunofluorescence Microscopy. Capan-1 cells plated on
coverslips were treated with either DMSO (vehicle) or 20 uM
HymnPro for 24 h. They were then fixed with 4% paraformaldehyde
and permeabilized using 0.1% Triton X-100, as described previously.®
Primary antibody specific to a-tubulin, pericentrin, or cleaved caspase-
7 (Aspl98) was added and incubated for 2 h followed by an
AlexaFluor 488-conjugated a-tubulin antibody (Invitrogen, Carlsbad,
CA, USA) or AlexaFluor S$5S-conjugated pericentrin or cleaved
caspase-7 (Invitrogen) secondary antibody incubation for 30 min.
Nuclear DNA was stained with Hoechst 33258 (Sigma-Aldrich).
Labeled cells were examined under an EVOSfl fluorescence
microscope (Advanced Microscopy Group, Bothell, WA, USA).

Quantification of Apoptotic Cells by Annexin V Staining.
Capan-1 cells (1 X 10° cells/sample) were treated with 20 uM
HymnPro for 24, 48, or 72 h. The cells were incubated with Cy3-
conjugated Annexin V according to the manufacturer’s instructions
(BD Pharmingen, San Diego, CA, USA). Cy3-positive cells (apoptotic
cells) were analyzed by flow cytometry using a FACSCalibur flow
cytometer (Becton Dickinson Immunocytometry Systems).

DNA Fragmentation Assay. For detecting DNA fragmentation
using agarose gel electrophoresis, cells were treated with 20 uM
HymnPro for 12, 24, or 48 h. Fragmented DNA was prepared using
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the Quick Apoptosis DNA Ladder Detection Kit (BioVision Inc,
Mountain View, CA, USA) according to the manufacturer’s
instructions. After precipitation with 0.3 M sodium acetate (pH S.5)
and ethanol, DNA was dissolved in 10 mM Tris/EDTA (pH 8.0)
buffer and then subjected to 1.2% agarose gel electrophoresis. DNA
was stained with ethidium bromide and visualized with UV light
illumination. For detection of in situ internucleosomal DNA
fragmentation, Capan-1 cells grown on glass coverslips were treated
with 20 #M HymnPro for 48 h. Terminal deoxynucleotidyltransferase-
mediated dUTP nick-end labeling (TUNEL) assays were performed
using the ApoBrdU in situ DNA Fragmentation Assay Kit (BioVision
Inc.) according to the manufacturer’s instructions. The images were
acquired using an EVOSf1 fluorescence microscope.

Statistical Analysis. Each experiment was performed at least three
times. The data are plotted as means with SD. Statistical comparisons
were made by a one-way ANOVA followed by the Turkey—Kramer
multipl- comparisons test using GraphPad InStat v3.0 software. A p
value of <0.05 was considered statistically significant.

B RESULTS

Effect of Benzochalcone Derivatives on the Clonoge-
nicity of Capan-1 Pancreatic Cancer Cells. To assess
benzochalcones for antitumor activity, six benzochalcone
derivatives that have not been evaluated before were
synthesized (Figure 1A) and tested for their capacity to inhibit
tumor cell growth by determining long-term clonogenic
survival. Exponentially growing Capan-1 cells were exposed to
different concentrations of benzochalcones for 7 days, and the
ability of individual cells to proliferate into viable colonies was
examined. Colony formation assays revealed that 2-hydroxy-4-
methoxy-2',3’-benzochalcone (DK-49) exhibited the most
potent activity, with an ICy, value of 5.2 uM (Figure 1B). In
contrast, 2-hydroxy-4,6’-dimethoxy-2,3'-benzochalcone (DK-
50), 2-hydroxy-2'-methoxy-S,6-benzochalcone (DK-54), and 2-
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Figure 3. Effect of HymnPro on cell cycle progression. (A, B) Capan-1 cells (1 X 10° cells/sample) were treated with increasing concentrations of
HymnPro for 24 h or with 20 uM HymnPro for various lengths of time. Cells were harvested, fixed with ethanol, and stained with propidium iodide
(PI). The cellular DNA content was then determined by flow cytometry. M1, sub-G1 phase; M2, G1 phase; M3, S phase; M4, G2/M phase. (C)
Capan-1 cells were treated with 20 uM HymnPro for various lengths of time, and whole-cell lysates were subjected to Western blotting using
antibodies against the indicated proteins. GAPDH-specific antibody was used as an internal control to show equal protein loading.

hydroxy-4'-methoxy-3,4-benzochalcone (DK-56) showed no
obvious inhibitory effects. We designated DK-49 as HymnPro,
and further study focused on characterizing the molecular
mechanism(s) underlying HymnPro-induced antitumor activ-
ity.

Effect of HymnPro on Tumor Cell Viability. To
determine the antitumor activity of HymnPro in cancer cells,
exponentially growing cancer cells, including human pancreatic
cancer (Capan-1 and Mia-PaCa2) and human colon cancer
(HCT116) cells, were exposed to various concentrations of
HymnPro for 24 or 48 h, and cell viability assay was performed
using a Cell Counting Kit-8. As shown in Figure 2A, HymnPro
reduced cell viability in a dose- and time-dependent manner in
pancreatic and colon cancer cells.

To evaluate whether HymnPro inhibits tumor growth in
vivo, Capan-1 cells were inoculated subcutaneously into the
flanks of athymic nude mice. At 18 days postimplantation,
tumor-bearing mice were administered HymnPro (10 mg/kg)
intraperitoneally once a day. Inhibition of tumor growth by
HymnPro began to be observed after day 31, as compared to
the vehicle-treated control group (Figure 2B). On day 42, the
tumor sizes of the control and HymnPro-treated groups were
1479 + 230 and 681 + 78 mm’, respectively, accounting for a
549% inhibition of tumor growth in the HymnPro-treated group.

Effect of HymnPro on Cell Cycle Progression. To
investigate whether HymnPro affects cell cycle progression, the
cell cycle profile of Capan-1 cells was analyzed by flow
cytometry. Treatment with HymnPro for 24 h led to an
accumulation of cells in the G,/M phase, from 29.4 to 85.4%,
with a concomitant decrease in G; and S phase cells (Figure
3A). A population of sub-G; phase cells, a characteristic of
apoptotic cells, was evident at 46 h after exposure to 20 uM
HymnPro; at time 0 h, only ~0.2% of the cells were in sub-G1

12591

phase, whereas ~6.2 and ~24.9% of the cells were in sub-G1
phase after 46 and 72 h, respectively (Figure 3B). These data
demonstrate that HymnPro induces cell cycle arrest at the G,/
M phase, followed by cell death, probably through induction of
apoptosis in Capan-1 cells.

The Cdkl/cyclin B1 complex controls both entry into and
exit from mitosis. Phosphorylation of Cdkl on TyrlS and
phosphorylation of Cdc25C phosphatase on Ser216 negatively
regulates the activation of the Cdkl/cyclin B1 complex.'” To
determine whether HymnPro-induced G,/M arrest is asso-
ciated with defects in G,-to-M phase progression, the protein
levels of cyclins and the phosphorylation statuses of Cdkl and
Cdc25C were examined by Western blotting. Treatment with
20 M HymnPro increased cyclin B1 levels, but slowly reduced
cyclin D1 and cyclin A levels for 48 h, whereas cyclin E levels
were transiently increased (Figure 3C). Phosphorylation of
Cdkl (TyrlS) decreased markedly from 6 h, and almost none
could be detected after 12 h of HymnPro treatment.
Phosphorylation of Cdc25C (Ser216) also steadily decreased
with HymnPro treatment. Notably, the phosphorylation of
aurora kinases (Aurora A, B, and C) and polo-like kinase 1
(PLK1), hallmarks of the G,/M phase, continuously increased
after 6 h of HymnPro exposure. These data suggest that
HymnPro-induced G,/M arrest was not due to defects in G,-
to-M phase progression, but instead seemed to be associated
with aberrant execution of mitosis.

Effect of HymnPro on the Inhibition of Tubulin
Polymerization. Previous studies have demonstrated that
the disruption of microtubule dynamics induces activation of
the Cdkl/cyclin B1 complex and arrests the cell cycle in early
mitosis.” Because several synthetic chalcones show inhibitory
effects on tubulin polymerization,"" we hypothesized that

dx.doi.org/10.1021/jf4034688 | J. Agric. Food Chem. 2013, 61, 12588—12597
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HymnPro could affect tubulin polymerization to induce mitotic
arrest.

To test this hypothesis, we tested the effect of HymnPro on
the inhibition of tubulin assembly using an in vitro microtubule
assembly assay. When tubulin was polymerized in the presence
of GTP, the optical density at 340 nm increased in a time-
dependent manner (Figure 4A). Addition of paclitaxel, a
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Figure 4. Effect of HymnPro on the inhibition of tubulin
polymerization. (A) In vitro tubulin polymerization assay. Tubulin in
reaction buffer was incubated at 37 °C without (w/o) or with 1 mM
GTP either in the absence or in the presence of 20 M HymnPro.
Paclitaxel (S uM) or nocodazole (5 yM) was used as a positive or
negative reference compound, respectively. The increase in absorbance
was measured at 340 nm as a function of time by spectrophotometry.
(B) Capan-1 cells were treated with 0.1% DMSO (vehicle) or 20 uM
HymnPro, 2 uM paclitaxel, 2 M nocodazole, or 50 nM colchicines for
24 h. The cells were lysed in hypotonic buffer followed by
centrifugation at 12000 rpm for 30 min. The particulate fraction (P)
containing insoluble polymerized tubulin and the supernatant fraction
(S) containing unpolymerized tubulin were separated and subjected to
Western blotting with anti-a-tubulin antibody. Actin was used as a
control for the particulate fraction, and GAPDH was the control for
the soluble fraction.

microtubule stabilizing agent, immediately stabilized micro-
tubule assembly, whereas nocodazole, a microtubule destabiliz-
ing agent, depolymerized microtubules. Addition of HymnPro
slowly inhibited tubulin polymerization. After hypotonic
cellular lysis, polymerized tubulin can be separated into a
particulate fraction from the soluble fraction, where dis-
assembled tubulin dimers remain.'> To validate the inhibition
of tubulin polymerization in vivo by HymnPro, Western

blotting was performed. A microtubule stabilizing agent
(paclitaxel) and destabilizing agents (nocodazole and colchi-
cines) were used as reference compounds. The results showed
that HymnPro, nocodazole, and colchicine reduced, whereas
paclitaxel strongly increased, the amount of a-tubulin in the
particulate fraction (Figure 4B). These results suggest that
HymnPro inhibits microtubule assembly.

Effect of HymnPro on the Cellular Microtubule
Network. We next addressed whether HymnPro affects
microtubule structure. Morphological features of the micro-
tubules were analyzed by immunofluorescence staining using an
anti-a-tubulin antibody. Microtubule networks in control cells
(0 h) were intact (Figure SA, top panels). At 12 h of HymnPro
treatment, most microtubule bundles occurred around the
nucleus (Figure SA, middle panels). However, at 24 h of
HymnPro treatment, dense compact microtubules were seen in
the nucleus, but were absent from the cell periphery and were
accompanied by fragmented or multinucleated chromosomes
(Figure SA, bottom panels).

To determine whether dense nuclear staining of tubulin by
HymnPro is associated with abnormal microtubule structures,
spindle features were analyzed in mitotic cells. Typical bipolar
spindles with chromosomes arranged along the metaphase plate
were seen in normal mitotic cells (Figure SB, a—c). However,
treatment with HymnPro for 24 h induced abnormal
microtubules, which appeared as spindle-like astral monopolar
or multipolar microtubules (Figure SB, d—i; arrows) and a
disorganized spherical arrangement of chromosomes (Figure
5B, e, h, and k). Some cells had asymmetric microtubules with
chromosomes that remained at the spindle pole (Figure 5B, j—
1; arrows).

To determine whether these astral microtubules were mitotic
spindles, we analyzed the location of pericentrin, a maker of
mitotic centrosomes. In normal mitotic cells, typical pericentrin
dots appeared at the spindle poles (Figure SC, top panels).
However, treatment with HymnPro induced singlet or doublet
pericentrin dots that were enclosed within spherical chromo-
somes (arrows). As pericentrin is expressed at centrosomes
associated with spindle microtubules," these results suggest
that HymnPro caused the failure of mitotic spindle formation
or induced a delay in attachment of spindles to the
chromosomes, resulting in defects in chromosome congression
to the metaphase plate and aberrant kinetochore—microtubule
assembly. This would be associated with the blocking of mitosis
at the prometaphase or metaphase—anaphase transition.

Effect of HymnPro on Apoptosis. Metaphase catastrophe
could cause the induction of apoptosis. We observed that
HymnPro-induced apoptosis was followed by G,/M arrest
(Figure 3B). To gain more insight into the functional
consequences of HymnPro-induced mitotic arrest, we analyzed
the apoptotic status of the cells. One of the earliest cellular
changes during apoptosis is translocation of phosphatidylserine
(PS), 2 membrane phospholipid, from the inner to the outer
membrane. To determine whether PS appeared in the outer
membrane after HymnPro treatment, Annexin V-Cy3 staining
was performed. As expected, the population of Annexin V-
stained cells strongly increased after 48 h of HymnPro
treatment (Figure 6A). In addition, drastic increases in DNA
laddering were detected after 48 h of HymnPro treatment
(Figure 6B), suggesting the induction of DNA fragmentation, a
characteristic of cells undergoing apoptosis, by HymnPro
exposure. TUNEL assays confirmed DNA fragmentation in situ
as revealed by incorporation of bromodeoxyuridine (BrdU)
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Figure 5. Effect of HymnPro on the cellular microtubule network. (A) Capan-1 cells were cultured on coverslips and treated with 20 xM HymnPro
for 12 or 24 h. The cells were fixed and incubated with an antibody against a-tubulin for 2 h, followed by incubation with an AlexaFluor 488-
conjugated secondary antibody (green signal) for 30 min. Nuclear DNA was stained with 1 yg/mL Hoechst 33258 for 10 min (blue signal). Overlay
images are shown on the right. Fluorescence-positive cells were examined under an EVOSf1 fluorescence microscope. Arrowheads indicate
fragmented chromosomes. Arrows indicate multinucleated chromosomes. Scale bar = 100 ym. (B) Capan-1 cells were treated with HymnPro for 24
h followed by incubation with anti-a-tubulin antibody and Hoechst 33258 for 10 min. M phase cells were selected and analyzed in the microtubule
network. Arrows in panels d and g indicate abnormal mono- or multipolar microtubules, respectively. Arrows in panels j—l denote asymmetric
microtubules (j) with chromosomes at the spindle pole (k, 1). Scale bar = 20 ym. (C) Effect of HymnPro on the mitotic spindles. Capan-1 cells were
treated with HymnPro for 24 h followed by incubation with anti-a-tubulin or anti-pericentrin antibody. Nuclear DNA was stained with Hoechst
33258. M phase cells were selected and analyzed for the status of mitotic spindles. Fluorescence-positive cells were examined under an EVOSf1

fluorescence microscope. Scale bar = 20 ym. Arrows indicate mono- or bipolar multinucleated chromosomes.

into the spherical chromosomes (Figure 6C). These data
suggest that HymnPro induces apoptosis after M phase arrest.

Effect of HymnPro on the Activation of the Caspase
Pathway. Disruption of the microtubule network, such as
depolymerization or polymerization of tubulin, results in
apoptosis.3 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, leading to the
induction of apoptosis. Previous studies have demonstrated
that apoptosis occurring during the metaphase/anaphase
transition is characterized by the activation of caspase-2."* We
therefore investigated the possible involvement of caspase-2 in
HymnPro-induced apoptosis. The activation of caspases was

monitored by detection of their proteolytic cleavage. Treatment
of Capan-1 cells with 20 yuM HymnPro promoted time-
dependent cleavage of caspase-2, caspase-9, caspase-3, and
caspase-7 (Figure 7A). The DNA repair enzyme poly(ADP-
ribose) polymerase (PARP) is cleaved by caspase-3 and
caspase-7 from its full-length 116 kDa form to an inactive 85-
kDa form. We also observed that PARP cleavage was detectable
at 24 h and was more extensive by 48 h of HymnPro treatment.
Furthermore, pretreatment with a pan-caspase inhibitor, zZVAD-
fmk, abrogated HymnPro-dependent cleavage of caspase-7,
caspase-3, and PARP (Figure 7B). Among caspases, caspase-7 is
known to translocate to the nucleus, where its substrate PARP
is localized, and regulate chromatin compaction.'® Fluorescence
microscopy revealed that cleaved caspase-7 was detected at the
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Figure 6. Effect of HymnPro on apoptosis. (A) Capan-1 cells were treated with 20 yM HymnPro for the indicated time. Translocation of
phosphatidylserine was detected with Cy3-labeled Annexin V. Cy3-positive cells (apoptotic cells) were analyzed by flow cytometry. (B) Capan-1
cells were treated with 20 uM HymnPro for the indicated time, and DNA was extracted. DNA laddering was visualized by UV light illumination after
1% agarose gel electrophoresis. (C) Capan-1 cells grown on coverslips were treated with 20 M HymnPro for 48 h and stained by the TUNEL
method using Br-dUTP and anti-BrdU-FITC antibody. Propidium iodide (PI) was used as a counterstain. TUNEL-positive cells (apoptotic cells)

were analyzed under an EVOSf1 fluorescence microscope.

spherically arranged chromosomes following HymnPro treat-
ment (Figure 7C). These data demonstrate that HymnPro-
induced apoptosis is mediated through a caspase-dependent
pathway.

Involvement of MAPK Pathways in HymnPro-Induced
Apoptosis. Microtube-interfering agents stimulate mitogen-
activated protein kinases (MAPKs), which play an important
role in mediating apoptosis.'® To address the possible
involvement of MAPK signalings, the phosphorylation status
of Erk1/2, JNK1/2, and p38 MAPK was assessed by Western
blotting. Following HymnPro treatment, phosphorylation of
JNK1/2 and p38 MAPK was detected at 1 h, reached a broad
plateau from 2 through 12 h, and decreased thereafter (Figure
7D). In contrast, the basal level of Erk1/2 phosphorylation was
high but increased slightly in response to HymnPro treatment.
These data suggest that JNK, Erk, and p38 MAPK pathways are
activated by HymnPro. To further investigate the role of
MAPK signalings in HymnPro-induced apoptosis, we used
pharmacological inhibitors of MAPKSs. Pretreatment of Capan-1
cells with SP600125 (JNK inhibitor) or U0126 (MEK1
inhibitor) substantially blocked HymnPro-induced cleavage of
caspase-3, caspase-7, and PARP (Figure 7E). In contrast,
pretreatment with SB203580 (p38 kinase inhibitor) slightly
affected the DK-48-induced apoptotic response. These results
suggest that MAPK pathways may play an important role in
mediating HymnPro-induced apoptosis.

B DISCUSSION

Natural and synthetic chalcones display broad bioactivity,
including antitumor activity. However, the molecular actions of
benzochalcone derivatives have not been studied. The purpose
of this study was to characterize the antitumor activity of
benzochalcone derivatives and to identify the molecular
target(s) involved in the mechanism(s) underlying their
antitumor activity. Here, we found that the HymnPro
compound, 2-hydroxy-4-methoxy-2’,3’-benzochalcone, strongly
suppressed the clonogenicity of Capan-1 pancreatic cancer cells
and induced antiproliferative activity in pancreatic cancer cells,
including Capan-1 and Mia-PaCa2 as well as HCT116 colon
cancer cells. We confirmed the efficacy of HymnPro for
inhibiting tumor growth in vivo. This antiproliferative activity
was related to inhibition of tubulin polymerization, which led to
mitotic arrest followed by triggering of apoptotic cell death.
Microtubules are essential components of the cytoskeleton
and play a critical role in many cellular processes, including cell
division. Mitotic arrest induced by tubulin-binding agents, such
as taxanes (paclitaxel, docetaxel) and vinca alkaloids (vinblas-
tine, vincristine), are usually associated with activation of
Cdk1/cyclin B1 activity in many cancer cell lines."” Here, we
found that treatment with HymnPro reduced cell proliferation
in a dose- and time-dependent manner and that this reduction
probably resulted from cell cycle arrest at mitosis and apoptotic
cell death. Within 18 h of HymnPro treatment, the G,/M phase
cell population had increased at the expense of a decreased
population of G, phase cells. After 46 h of HymnPro treatment,
a slight increase was observed in the sub-G; cell population, a
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(A) or for 48 h in the absence or presence of the pan-caspase inhibitor zZVAD-fmk (B). Whole-cell lysates were then subjected to Western blotting
using antibodies against the indicated proteins. GAPDH antibody was used as an internal control to show equal protein loading. (C) Capan-1 cells
grown on coverslips were either untreated or treated with 20 M HymnPro for 48 h. The cells were fixed and incubated with an antibody against
cleaved caspase-7 for 2 h, followed by incubation with an AlexaFluor 555-conjugated secondary antibody (red signal) for 30 min. Nuclear DNA was
stained with 1 yug/mL Hoechst 33258 for 10 min (blue signal). Overlay images are shown on the right. Fluorescence-positive cells were examined
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hallmark of apoptotic cell death. Between 46 and 72 h after
HymnPro exposure, the population of sub-G; cells had
dramatically increased, accompanied by a decrease in the
fraction of G,/M phase cells. These results suggest that
apoptotic cell death might result from the G,/M arrest. The
induction of apoptosis by HymnPro was confirmed by
internucleosomal DNA laddering, translocation of PS by
Annexin V staining, and in situ nick-end labeling by TUNEL
staining.

Cell cycle progression is tightly regulated by Cdk/cyclin
complexes and other regulatory factors. The G,/M transition
and mitosis are controlled by Cdkl/cyclin Bl complex
activity.'® Cdk1/cyclin B1 activity depends on several factors,
including the expression level of cyclin Bl and the
phosphorylation status of Cdkl on different residues. Cdk1 is
maintained in an inactive form by Weel kinase-mediated
phosphorylation at Thr14 and Tyrl15.'°“ This inhibition is
reversed by Cdc25C phosphatase at the late G, phase and the
beginning of mitosis, which catalyzes the dephosphorylation of
these two residues.'”" Cdc25C activity decreases upon exit
from mitosis. When Cdc2SC is phosphorylated at Ser216, it

12595

binds to 14-3-3 proteins, which causes their sequestration in the
cytoplasm and results in the inhibition of Cdkl/cyclin Bl
complex activity. Our data demonstrated that HymnPro
increased cyclin Bl levels and decreased the phosphorylation
of Cdkl on Tyrl$, and that of Cdc25C on Ser216, for 48 h
after HymnPro treatment. Furthermore, dephosphorylation of
Cdk1 on Tyr1$ was accompanied by increased phosphorylation
of aurora kinases and PLK1. PLKI is expressed in early G,
phase and maintained until late M phase;'? it stimulates the
catalytic activity of Cdkl, leading to mitosis entry as well as
regulation of several mitotic events, such as mitotic spindle
formation. Considering that >85% of cells accumulated at the
G,/M phase after 24 h of HymnPro treatment, it seems likely
that HymnPro promotes the cell cycle progression through
activation of Cdkl/cyclin B1 until late M Phase. Indeed, well-
characterized antimitotic drugs, such as taxanes and vinca
alkaloids, up-regulate Cdkl/cyclin Bl activity and induce
mitosis arrest.'”*® Thus, we suggest that HymnPro-induced
G,/M arrest is not associated with defects in G,/M regulatory
proteins or premature mitotic entry, but rather is closely linked
with acceleration of entry into mitosis.

dx.doi.org/10.1021/jf4034688 | J. Agric. Food Chem. 2013, 61, 12588—12597



Journal of Agricultural and Food Chemistry

To test whether HymnPro disrupts tubulin polymerization to
induce mitotic arrest in a manner similar to those of taxanes or
vinca alkaloids, we analyzed the effect of HymnPro on tubulin
polymerization in vitro and in vivo. Our data clearly showed
that HymnPro directly inhibited tubulin polymerization. In
addition, HymnPro-exposed cells displayed an altered micro-
tubule network, as revealed by a-tubulin staining using
immunofluorescence microscopic analysis. We therefore
concluded that HymnPro induces mitotic arrest through
targeting the microtubule network. The most remarkable
feature of mitotic arrest by HymnPro was the formation of
aberrant mono- or multipolar spindles with a spherical
arrangement of multinucleated chromosomes. We also
observed that HymnPro caused asymmetric microtubules
with uncongressed chromosomes that remained at the spindle
pole, suggesting that HymnPro might lead to mitotic arrest
specifically at the metaphase/anaphase transition. Therefore, we
propose that the ability of HymnPro to bind tubulin could
cause attenuation of microtubule dynamics, leading to
chromosome segregation error or chromosomal structural
abnormality during mitosis, which results in apoptotic cell
death.

Aberrant mitosis would be characterized by mitotic
catastrophe. Mitotic catastrophe is a type of cell death that
can occur during mitosis, as a result of DNA damage or
abnormal spindle formation with uncondensed chromoso-
mes.'*® Apoptosis occurring during the metaphase/anaphase
transition is characterized by the activation of caspase-2'**~*
and the release of mitochondrial cytochrome ¢, which leads to
sequential activation of caspase-9 and caspase-3. Previous
studies have demonstrated that microtube-interfering agents
activate ASK1/JNK MAPK signaling,"*® which acts upstream of
caspase-3 activation”' and plays an important role in
apoptosis.”** In line with these findings, we observed that
activation of JNK1/2 by HymnPro is followed by sequential
activation of caspase-2, caspase-9, caspase-3, and caspase-7.
Furthermore, inhibition of JNK by SP600125, a selective JNK
inhibitor, abrogated HymnPro-induced activation of caspase-7
and cleavage of PARP, raising the possibility that inhibition of
tubulin polymerization by HymnPro may constitute a general
strategy to activate the mitotic catastrophe-mediated cell death
program.

In conclusion, HymnPro is able to induce mitotic arrest
followed by apoptosis through activation of caspase-2, caspase-
9, caspase-3, and caspase-7, resulting in the inhibition of tumor
growth. These novel effects of HymnPro may provide new
insights into the molecular mechanisms responsible for the
antitumor effects of benzochalcone derivatives. Overall, our
results suggest that the HymnPro compound may be a
promising antitumoral agent and may encourage further
application of benzochalcone derivatives for cancer treatment
and prevention.
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