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Ovarian carcinoma remains the most lethal among gynecological cancers. Chemoresistance is a clinical
problem that severely limits treatment success. To identify potent anticancer agents against the
cisplatin-resistant human ovarian cancer cell line A2780/Cis, 26 polyphenols bearing a cinnamaldehyde
scaffold were synthesized. Structural differences in their inhibitory effect on clonogenicity of A2780/Cis
cells were elucidated using comparative molecular field analysis and comparative molecular similarity
indices analysis. Structural conditions required for increased inhibitory activity can be derived based
on the analysis of their contour maps. The two most active compounds (16 and 19) were selected and
further characterized their biological activities. We found that compounds 16 and 19 trigger cell cycle
arrest at the G2/M phase and apoptotic cell death in cisplatin-resistant A2780/Cis human ovarian cancer
cells. The molecular mechanism of compound 16 was elucidated using in vitro aurora A kinase assay, and
the binding mode between the compound 16 and aurora A kinase was interpreted using in silico docking
experiments. The findings obtained here may help us develop novel plant-derived polyphenols used for
potent chemotherapeutic agents. In conclusion, compounds 16 and 19 could be used as promising lead
compounds for the development of novel anticancer therapies in the treatment of cisplatin-resistant
ovarian cancers.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Ovarian cancer is a primary malignancy of women in the
Western world, ranking as the fifth leading cause of cancer-related
deaths.1 Ovarian cancer is also the leading cause of death from
gynecological cancer. In 2008, it was estimated that there will be
21,650 new ovarian cancer cases in the USA.2 Early symptoms
are frequently very subtle, may include bloating, pelvic pain,
difficulty eating, and frequent urination, and are easily confused
with other illnesses. Most (more than 90%) of ovarian cancers are
classified as epithelial and are believed to arise from the surface
(epithelium) of the ovary.3 Ovarian carcinoma remains the most
lethal among gynecological cancers due to the lack of early detec-
tion methods and effective treatments for late stage cancers.4 Due
to a lack of effective screening biomarkers, nearly 60–70% of
ovarian cancers are diagnosed at advanced stages, with a poor
prognosis of about 30% for a 5-year survival rate. Treatment of
ovarian cancers involves surgery and chemotherapy, but these
are often not effective because of problems with drug resistance
and relapse in patients.5 Although chemotherapy remains a major
treatment modality for human ovarian cancer, chemoresistance is
a clinical problem that severely limits treatment success because
ovarian cancer cells become resistant to drug-induced apoptosis.6

Cisplatin is a common chemotherapy drug. Platinum-based
chemotherapy is the primary treatment for ovarian cancer and is
also used to treat other malignancies. However, platinum resis-
tance is multifactorial and complicated.2 Cisplatin was the first
member of a class of platinum-containing anticancer drugs, which
now also includes carboplatin and oxaliplatin. These platinum
complexes react in vivo, binding to and crosslinking DNA, which
ultimately trigger apoptosis. However, the majority of patients
with ovarian cancer are not effectively treated by standard
cisplatin regimens primarily due to the development of drug
resistance.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bmc.2014.01.058&domain=pdf
http://dx.doi.org/10.1016/j.bmc.2014.01.058
mailto:yoongho@konkuk.ac.kr
http://dx.doi.org/10.1016/j.bmc.2014.01.058
http://www.sciencedirect.com/science/journal/09680896
http://www.elsevier.com/locate/bmc
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Tangeretin can be used to sensitize cisplatin-resistant human
ovarian cancer A2780/Cis.7 Tangeretin (40,5,6,7,8-pentamethoxyf-
lavone) belongs to the flavones, which are a family of flavonoids
consisting of a C6-C3-C6 skeleton (Fig. 1A). Chalcones showing
anticancer effects against prostate, breast, lung, and cervical
cancers are one of flavonoids too.8–11 To find potent anticancer
agents against cisplatin-resistant ovarian cancer cells, therefore,
methoxychalcones were synthesized in this research. Unlike flavo-
noids, however, chalcones consist of only two rings connected by
an a,b-unsaturated carbonyl group (Fig. 1B). As indicated by bold
Figure 1. Design of polyphenols bearing a cinnamaldehyde scaffold. Structures of
(A) flavone, (B) chalcone, (C) 2H-chromene, and (D) 2H-chromene-3-carbaldehyde.
Bold lines denote the cinnamaldehyde scaffold.
lines in Figure 1A and B, flavone and chalcone contain a cinnamal-
dehyde skeleton. While chalcone is composed of two separate
rings, flavonoids have two attached rings. Similar to flavonoids,
2H-chromen consists of two attached rings (Fig. 1C). To obtain
compounds with two attached rings, four methoxy-2H-chro-
mene-3-carbaldehydes derived from 2H-chromen were synthe-
sized, which also have a cinnamaldehyde scaffold (Fig. 1D). Few
studies have evaluated the anticancer effects of chalcones against
ovarian cancer.12 Here, the anticancer effects of chalcones and
2H-chromene-3-carbaldehydes bearing a cinnamaldehyde scaffold
against ovarian cancer were evaluated using comparative molecu-
lar field analysis and comparative molecular similarity indices
analysis. The 26 compounds tested here contain a common feature,
such as cinnamaldehyde, and overall have similar structures.
Because differences in their anticancer effects may not be distin-
guished at the cellular level, we adopted a clonogenic assay against
the cisplatin-resistant ovarian cancer cell line, A2780/Cis. The anti-
cancer effects of chalcones and 2H-chromene-3-carbaldehydes
against the A2780/Cis cisplatin-resistant ovarian cancer cell lines
have not been reported. Because the compounds tested here con-
tain a cinnamaldehyde scaffold, they all can be classified as
plant-derived polyphenols. To identify structural changes in
polyphenols that increases their effects on the clonogenicity of
A2780/Cis human ovarian cancer cells, the relationships between
26 polyphenols and their activities were elucidated. In addition,
for polyphenols showing good inhibitory effects on cancer cells
further biological experiments including flow cytometry, Western
blot analysis, and immunofluorescent microscopy were carried
out. The molecular mechanism of the compound showing good cell
growth inhibitory effect was elucidated using in vitro aurora A
kinase assay, and the binding mode between the compound and
aurora A kinase was interpreted using in silico docking
experiments. The findings obtained here may help us develop
novel plant-derived polyphenols used for potent chemotherapeutic
agents.

2. Results and discussion

2.1. Relationships between polyphenols bearing a
cinnamaldehyde scaffold and their anticancer activities

Initially, the 26 compounds listed in Table 1 were synthesized.
The three dimensional (3D) structures of the compounds must be
identified to determine relationships between physical and
chemical properties of the compounds and their biological activi-
ties. All calculations in this experiment were performed on an Intel
Core 2 Quad Q6600 (2.4 GHz) Linux PC with the molecular model-
ing package Sybyl 7.3 (Tripos, St. Louis, MO).13 To distinguish small
biological differences caused by compounds with similar struc-
tures, a clonogenic survival assay was used because it measures
the long-term cytotoxicity of anticancer agents.14 The inhibitory
effects of 26 polyphenols from the clonogenic assay on A2780/Cis
human ovarian cancer cells (Health Protection Culture Collections,
Salisbury, UK) at four different concentrations (0, 5, 10, and 20 lM)
are shown in Figure 2 and their half-maximal cell growth inhibi-
tory concentration, (GI50) values are listed in Table 1. Compound
16 was showing the best inhibitory effect and its GI50 value was
3.87 lM. Comparative molecular field analysis (CoMFA) and
comparative molecular similarity indices analysis (CoMSIA) were
used for the quantitative structure–activity relationship (QSAR)
calculations. The 26 compounds listed in Table 1 were randomly
divided into a training set of 21 compounds and a test set of 5 com-
pounds (7, 8, 13, 21, and 22). The former was used to create QSAR
models, and the later was used to validate the models. The test set
was analyzed by hierarchical clustering.15 As shown in Figure S1 in
Supplementary data contents, most compounds chosen for the test



Table 1
Structures and nomenclature of the 26 compounds and their biological activities (the half-maximal cell growth inhibitory concentration, GI50) obtained from the clonogenic
survival density of A2780/Cis ovarian cancer cells and their negative logarithmic scale of GI50 (pGI50)
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α

β

Compound R1 R2 R3 R4 R5 R6 R7 GI50/lM pGI50

1 H H OCH3 H H H H 11.69 1.93
2 H H H H OCH3 H H 15.94 1.80
3 H H H OCH3 H OCH3 H 13.69 1.86
4 H H OCH3 OCH3 H H H 14.38 1.84
5 H H OCH3 H OCH3 H H 14.96 1.83
6 H H H H H H H 13.45 1.87
7⁄ H H OCH3 OCH3 OCH3 H H 14.30 1.84
8⁄ H OCH3 H OCH3 H OCH3 H 11.44 1.94
9 H OCH3 OCH3 H H H H 9.55 2.02
10 H OCH3 H OCH3 H H H 9.64 2.02
11 H OCH3 H H OCH3 H H 15.38 1.81
12 H OCH3 OCH3 OCH3 H H H 9.67 2.01
13⁄ H OCH3 OCH3 H OCH3 H H 9.55 2.02
14 H OCH3 OCH3 OCH3 OCH3 H H 18.38 1.74
15 H OCH3 OCH3 H OCH3 OCH3 H 19.21 1.72
16 H OCH3 OCH3 H OCH3 H OCH3 3.87 2.41
17 OCH3 H H OCH3 H OCH3 H 11.30 1.95
18 OCH3 H OCH3 H OCH3 OCH3 H >20 1.70
19 OCH3 H OCH3 H OCH3 H OCH3 3.95 2.40
20 OCH3 H H OCH3 H H H 10.13 1.99
21⁄ OCH3 H OCH3 OCH3 H H H 16.96 1.77
22⁄ OCH3 H OCH3 H OCH3 H H 19.77 1.70
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3

4 5

O

R1

O

R2

R3

Compound R1 R2 R3 GI50/lM pGI50

23 H H OCH3 >20 1.70
24 H OCH3 H >20 1.70
25 CH3 OCH3 H >20 1.70
26 CH3 H OCH3 >20 1.70

The asterisk (⁄) denotes a test set used for calculations of the quantitative structure–activity relationships. Bold lines indicate a cinnamaldehyde scaffold.
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set belong to separate structural groups. Therefore, the test set can
be used to validate whether the QSAR models in this experiment
are reliable. To identify interactions between probe atoms and
the rest of the molecule, the training set was aligned using the
Sybyl/DATABASE Alignment module. Because compounds in the
data set are not homogeneous, heavy atoms contained in the
cinnamaldehyde skeleton were used for alignment where a consis-
tent superposition was observed (Fig. S2 in Supplementary data
contents).

To elucidate relationships between the molecular structures of
a training set and their clonogenicities against A2780/Cis ovarian
cancer cells, CoMFA was performed, which creates electrostatic
and steric fields. To investigate the linear correlation between
the calculated fields and the biological activities, partial least
squares regression was adopted. Twelve CoMFA models were built
using the region focusing method to enhance the cross-validation
correlation coefficient (q2) and non-cross-validated coefficient
(r2) values and to refine the model. Here, standard deviation coef-
ficient values ranged from 0.3 to 1.2 and grid spacing values from
0.5 to 1.5. To select the best model, a validation process was
required. The cross-validation analysis was performed using the
leave-one-out method. The cross-validated correlation coefficient
(q2) and non-cross-validated correlation coefficient (r2) were calcu-
lated based on the overall compounds in the training set. Among
the models generated from CoMFA, the model showing the best
cross-validated correlation coefficient (q2 = 0.933) was chosen for
the further analysis. Partial least square (PLS) analysis was carried
out to establish a linear relationship between the biological activity
and the resulting field matrix of 26 compounds. The cross-vali-
dated analysis was performed using the leave-one-out (LOO)
method. The final non-cross-validated (r2 = 0.992) analysis was
performed using the optimal number of components (N = 6)
obtained from the LOO method. In the PLS analysis, the standard
error of estimate and F value were determined to be 0.022, and
280.884, respectively. The best CoMFA model was obtained by
the region focusing method. To evaluate the CoMFA model, the
activities of the compounds contained in the training set were pre-
dicted and compared to the experimental data as listed in Table 2.
The residuals between the experimental and predicted values for
the training set ranged from 0% to 2.35%. To validate the QSAR
model, five compounds (7, 8, 13, 21, and 22) were selected as a test
set. Their residuals ranged between 1.55% and 13.53%. Thus, the



Figure 2. Effects of synthetic compounds with the cinnamaldehyde scaffold on the clonogenicity of A2780/Cis human ovarian cancer cells. A2780/Cis cells (5 � 103 cells/well)
were plated and cultured for 7 days in the absence or presence of different concentrations of the test compounds. Similar results were obtained from two other independent
experiments.

Table 2
The residual values between experimental and predicted values for the training set and test set

Experimental data/pGI50 CoMFA CoMSIA

Predicted value/pGI50 Residuala (%) Predicted value/pGI50 Residuala (%)

1 1.93 1.91 0.02 1.91 0.02
2 1.80 1.79 0.01 1.81 �0.01
3 1.86 1.85 0.01 1.84 0.02
4 1.84 1.84 0.00 1.88 �0.04
5 1.83 1.84 �0.01 1.76 0.07
6 1.87 1.89 �0.02 1.95 �0.08
7⁄ 1.84 1.70 0.14 1.74 0.10
8⁄ 1.94 1.91 0.03 1.89 0.05
9 2.02 2.00 0.02 1.97 0.05
10 2.02 2.01 0.01 1.97 0.05
11 1.81 1.83 �0.02 1.83 �0.02
12 2.01 1.98 0.03 1.96 0.05
13⁄ 2.02 1.9 0.12 1.83 0.19
14 1.74 1.74 0.00 1.79 �0.05
15 1.72 1.73 �0.01 1.76 �0.04
16 2.41 2.42 �0.01 2.42 �0.01
17 1.95 1.96 �0.01 1.92 0.03
18 1.70 1.72 �0.02 1.75 �0.05
19 2.40 2.39 0.01 2.41 �0.01
20 1.99 2.01 �0.02 1.99 0.00
21⁄ 1.77 1.95 �0.18 1.95 �0.18
22⁄ 1.70 1.93 �0.23 1.82 �0.12
23 1.70 1.70 0.00 1.66 0.04
24 1.70 1.68 0.02 1.73 �0.03
25 1.70 1.74 �0.04 1.75 �0.05
26 1.70 1.67 0.03 1.65 0.05

Asterisk(⁄) denotes the test set.
a [(experimental data)—(values predicted by CoMFA or CoMSIA)] � 100.
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CoMFA model obtained here is reliable. The plot of the experimen-
tal data versus the values predicted is shown in Figure S3 in
Supplementary data contents.

While CoMFA provides information on only the steric and
electrostatic effects, CoMSIA gives information on the steric and
electrostatic effects as well as the hydrophobic, hydrogen bond
(H-bond) donor and acceptor effects. Among several CoMSIA mod-
els, the best model displaying the best cross-validated value
(q2 = 0.793) was selected. The correlation coefficient (r2) was
0.954. In the PLS statistical parameters, the number of components,
the standard error of estimate, and the F values were 6, 0.053 and
48.480, respectively. Like CoMFA, to evaluate the CoMSIA model,
the activities for the training and test sets were predicted and com-
pared to the experimental data. A comparison of the experimental
data and the values predicted by CoMSIA is listed in Table 2, and
the plot of the experimental data versus the values predicted is
shown in Figure S4 in Supplementary data contents. In the training
set, their residuals between the experimental and predicted values
ranged from 0% to 4.28% and in the case of test set, their residuals
ranged from 2.58% to 10.17%. Therefore, the CoMSIA model is
reliable.

In order to visualize the relationships between the structures of
26 compounds and their inhibitory activities on clonogenicity,
CoMFA contour maps were generated using the Sybyl 7.3 program.
The steric and electrostatic field descriptors contributed 50.3% and
49.7%, respectively. In the case of the steric field, the steric bulky
Figure 3. CoMFA contour maps. (A) The steric field contours are shown in green (more
contours are shown in red (electronegative substituents favored) and blue (electroposit
favored region contributed 75% and the disfavored region contrib-
uted 25%. Compound 16 showed the best inhibitory effect and is
embedded in the contour map (Fig. 3). Likewise, the contour map
for the electrostatic field was generated, where the electropositive
group favored region and the electronegative group favored region
contributed 70% and 30%, respectively. Changes in the methoxy
groups are the only differences between the compounds in this
study, so the electrostatic field gives little information to distin-
guish between favored and disfavored contours. As shown in
Figure 3, green and yellow contours near the chalcone B-ring indi-
cate that the absence of a bulky group at C-5 and the presence of
bulky group at C-6 are required for the inhibitory activity. This is
based on comparisons of compounds 18, 19, and 22 and of com-
pounds 13, 15, and 16. In addition, the bulky group at C-3 position
decreased inhibition. This is demonstrated based on observations
with compounds 13 and 14. Like the bulky group at C-3, that at
C-4 decreased inhibition: compounds 5 and 14 showed worse
activities than compounds 1 and 12, respectively. The green
contour near the chalcone A-ring indicates that the A-ring is
required for high inhibitory activity. The four 2H-chromene-3-carb-
aldehyde derivatives lacking A-rings have GI50 values above 20 lM.

With a same method of CoMFA, CoMSIA countour maps were
generated. CoMSIA provides information about the steric and
electrostatic field as well as hydrophobic, H-bond donor, and
acceptor fields. In this experiment, CoMSIA model selected only
the steric, electrostatic, hydrophobic, and H-bond acceptor field
bulkiness favored) and yellow (less bulkiness favored). (B) The electrostatic field
ive substituents favored).
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descriptors contributed at 15%, 49.7%, 31%, and 4.3%, respectively.
More bulkiness favored, less bulkiness favored, electronegative
favored, electropositive favored, hydrophobic favored, hydropho-
bic disfavored, H-bond acceptor favored, and H-bond acceptor
disfavored contours are shown in the CoMSIA contour maps
(Fig. 4). In the case of the steric field, the steric bulky favored
region contributed 79% and the disfavored region contributed
21%, and in the electrostatic field, the electropositive favored
region contributed 77% and the electronegative favored region con-
tributed 23%. In the case of the hydrophobic field, the hydrophobic
favored region contributed 71% and the disfavored region contrib-
uted 29%, and in the case of the H-bond acceptor field, the H-bond
acceptor favored region contributed 35% and the disfavored region
contributed 65%. Because information about the steric and electro-
static fields from CoMSIA maps is similar to that from CoMFA, the
contour maps regarding the hydrophobic and H-bond acceptor
fields were analyzed. As shown in Fig. 4, an orange contour near
C-4 position indicates that hydrophobic substituents at the
position are increased for the activity. For examples, compounds
1, 6, and 12 show better activity than compounds 5, 2, and 14,
respectively. In contrast, a hydrophilic group at C-6 position
increased inhibition. Compounds 16 and 19, which bear an
–OCH3 at C-6, showed better inhibition than compounds 13 and
22, respectively. The orange contour near the chalcone A-ring
shows that the presence of hydrophobic aromatic ring is required
for inhibitory activity. In case of the H-bond acceptor field, a cyan
contour is observed at 20-OH. This field distinguishes between
twenty-two hydroxychalcones and four 2H-chromene-3-carbalde-
hydes. So, the 20-hydroxy group is required for the inhibitory effect.

Based on the analysis of CoMFA and CoMSIA contour maps, the
structural conditions to show better inhibitory effects on the
clonogenicity of A2780/Cis ovarian cancer cells can be summarized
as shown in Figure 5. 20-Hydroxy group of chalcones A-ring favors
H-bond donor group. And, the existence of hydrophobic and bulky
chalcone A-ring increases the inhibitory activity. Carbonyl
group favors hydrophilic and H-bond acceptor. The less bulkiness
Figure 4. CoMSIA contour maps. (A) The steric field contours are shown in green (mor
contours are shown in red (electronegative substituents favored) and blue (electropo
(hydrophobic favored) and white (hydrophobic disfavored). (D) H-bond acceptor filed co
disfavored).
substituents at C-3 and C-5, less bulkiness or hydrophobic substit-
uents at C-4, more bulkiness or hydrophilic substituents at C-6
position increase the inhibitory effects.

2.2. Evaluation of biological activities of selective polyphenols

To test the effects of compounds 16 and 19 on the inhibition of
cell growth, cisplatin-resistant A2780/Cis human ovarian cancer
cells were exposed to varying concentrations of compounds 16
and 19 (1–20 lM) for 24 or 48 h, and the cell proliferation rate
was measured using a Cell Counting Kit-8. Proliferation of
A2780/Cis cells was significantly inhibited by treatment with both
compounds 16 and 19 in a dose- and time-dependent manner as
shown in Figure 6A.

We next investigated whether compounds 16 and 19 inhibit cell
proliferation due to blockade of the cell cycle progression. Flow
cytometry analysis revealed that treatment of A2780/Cis cells with
compounds 16 and 19 at 20 lM for 24 h strongly increased a
population of cells in G2/M phase of the cell cycle (control,
29.4%; 16, 70.99%; 19, 68.27%), with a concomitant decrease in
the number of cells in G1 (control, 45.33%; 16, 3.36%; 19, 3.53%)
and the S phase (control, 17.24%; 16, 4.33%; 19, 4.09%) as shown
in Figure 6B. Notably, the population of sub-G1 cells, a typical
marker of apoptosis, was increased (control, 7.76%; 16, 17.06%;
19, 16.54%) by treatment with both compounds 16 and 19. These
data clearly demonstrate that both compounds 16 and 19 inhibit
growth of A2780/Cis cells through induction of cell cycle arrest
at the G2/M phase and apoptosis.

The caspases play a critical role in the progression of apoptosis
induced by diverse chemotherapeutic agents. To determine
whether caspases are involved in compound 16- and 19-induced
apoptosis, Western blot analysis was performed using antibodies
recognizing the cleaved active forms of caspase-7. Treatment of
A2780/Cis cells with 20 lM compound 16 or 19 stimulated the
cleavage of caspase-7 after 24 h of treatment (Fig. 6C). The process-
ing of native 113-kDa poly(ADP-ribose) polymerase (PARP) to the
e bulkiness favored) and yellow (less bulkiness favored). (B) The electrostatic field
sitive substituents favored). (C) Hydrophobic field contours are shown in orange
ntours are shown in magenta (H-bond acceptor favored) and cyan (H-bond acceptor



Figure 5. Structural conditions to show better inhibitory effects on the clonoge-
nicity of A2780/Cis ovarian cancer cells. From the analysis of CoMFA and CoMSIA
results, H-bond donor group at 20-hydroxy position, the existence of hydrophobic
and bulky chalcone A-ring, the less bulkiness substituents at C-3 and C-5, less
bulkiness or hydrophobic substituents at C-4, and more bukiness or hydrophilic
substituents at C-6 position are required for the inhibitory activity. Bold lines
indicate a cinnamaldehyde scaffold.
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89-kDa and 24-kDa is the result of caspase-3- or caspase-7-
catalyzed cleavage.16 The amount of this typical cleaved form of
PARP was also increased after 24 h of treatment. The presence of
compound 19-induced cleaved active caspase-7 was confirmed
Figure 6. Evaluation of antitumor activities of compounds 16 and 19. (A) Effects of comp
A2780/Cis cells were seeded onto 96-well culture plates and treated with various conce
measured using Cell Counting Kit-8. The data shown represent the mean ± SD for one exp
and apoptosis. A2780/Cis cells were treated with vehicle (DMSO) or 20 lM compounds 1
propidium iodide. The DNA content was analyzed using flow cytometry. The percentages
x-axis, cell counts; y-axis, DNA contents; CT, DMSO-treated control group; M1, sub-G1; M
19 on caspase-7 activation. A2780/Cis cells were treated with 20 lM compound 16 or 19 f
7 and PARP by Western blotting. GAPDH was used as an internal control. (D) Effects of c
were treated with 20 lM compound 19 for 24 h. Microtubules or cleaved caspase-7 w
antibody for 90 min and then with Alexa-Fluor 488-conjugated (green signal) and Alexa
DNA (blue) was stained with TO-PRO-3 iodide. Arrows indicate fragmented and conden
by immunofluorescent microscopy (Fig. 6D). We also observed that
compound 19-exposed cells were characterized by shrunken and
fragmented nuclei with condensed chromatin, indicative of apop-
tosis induction.

2.3. In vitro inhibitory effect of compound 16 on aurora A
kinase and their molecular binding mode

Compound 16 inhibits growth of A2780/Cis cells through induc-
tion of cell cycle arrest at the G2/M phase. Aurora A kinase is
known to be involved in cell cycle arrest at the G2/M phase. There-
fore, in vitro aurora A (aurA) kinase assay was performed for
compound 16. AurA belongs to serine/threonine kinases and is
one of aurora family A, B, and C.17 Since aurA is overexpressed in
various tumors including ovary, colon, breast and skin cancers,
and its overexpression is caused by failed cytokinesis, it is a target
for chemotherapeutic agents.18 In vitro aurA kinase assay of com-
pound 16 showed the half-maximal inhibitory concentration
(IC50) of 66.4 lM. Because aurA may not be a real molecular target
of compound 16, worse GI50 value of compound 16 than the IC50

value can be explained.
To elucidate the binding mode between compound 16 and aurA,

in silico docking experiments were performed. The three dimen-
sional (3D) structure of compound 16 was determined in our lab
ounds 16 and 19 on the inhibition of cisplatin-resistant human ovarian cancer cells.
ntrations of 16 and 19 for the indicated lengths of time. Cellular proliferation was
eriment performed in triplicate. (B) Effects of compounds 16 and 19 on the cell cycle
6 and 19. After 24 h, the cells were harvested, fixed with ethanol, and stained with
of the cell population at each phase of the cell cycle are indicated in each histogram.
2, G1; M3, S; M4, G2/M; 2N, diplod; 4N, tetraploid. (C) Effects of compounds 16 and
or 12 or 24 h, and whole cell lysates were analyzed for the cleaved forms of caspase-
ompound 19 on the cleavage of caspase-7 and DNA fragmentation. A2780/Cis cells
ere stained by incubation with anti-a-tubulin or anti-cleaved caspase-7 (Asp198)
-Fluor 555-conjugated (red signal) secondary antibodies for 30 min. Chromosomal
sed nuclei of apoptotic cells.
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using X-ray crystallography and that of aurA was adapted from the
X-ray crystallographic structure deposited in the protein data bank
(PDB) as 3o50.pdb.19 This 3D protein structure consists of a
homodimer, but the chain B was selected because it contains more
residues than the chain A. Its apo-protein was prepared using the
Sybyl7.3 program (Tripos, St. Louis, MO) and named 3o50B.pdb.
First, to confirm whether our docking procedure works well, the
ligand contained in 3o50B.pdb, LJE (N-{3-methyl-4-[(3-pyrimi-
din-4-ylpyridin-2-yl)oxy]phenyl}-3-(trifluoromethyl)benzamide)
was docked into 3o50B.pdb. The residues participating in the bind-
ing site were analyzed using the LigPlot program.20 These residues
were compared with the residues determined by the LigPlot anal-
ysis of the crystallographic structure (3o50.pdb) deposited in the
PDB. Thirteen residues including Gly140, Lys141, Val147, Lys162,
Figure 7. (A) The residues surrounding the ligand, (N-{3-methyl-4-[(3-pyrimidin-4-ylpyr
of aurora A kinase (3o50B.pdb) analyzed using the LigPlot program. Eleven residues in
Ala273, and Phe275 were observed in the binding site. (B) The 3D image of the binding si
3D image of the binding site of the LJE-aurora A complex generated by the PyMOL prog
Glu181, Leu210, Glu211, Tyr212, Ala213, Asn261, Leu263,
Ala273, and Phe275 are identical to each other. Therefore, the
apo-protein 3o50B.pdb was used for in silico docking experiments
of compound 16 and aurA. Thirty compound 16–aurA complexes
were obtained by 30 iteration docking process and their binding
energy ranged between �26.29 and �19.49 kcal/mol. Of 30 com-
plexes, a complex showing the best docking pose was selected
because the binding energy was low enough to form the ligand–
protein complex. This complex was analyzed using LigPlot. As
shown in Figure 7A, 11 residues including Lys141, Gly142,
Lys143, Val147, Lys162, Leu210, Lys258, Glu260, Asn261, Ala273,
and Phe275 were observed in the binding site and seven residues
such as Lys141, Val147, Lys162, Leu210, Asn261, Ala273, and
Phe275 were found in both the binding site of the crystallographic
idin-2-yl)oxy]phenyl}-3-(trifluoromethyl)benzamide, LJE), embedded in the chain B
cluding Lys141, Gly142, Lys143, Val147, Lys162, Leu210, Lys258, Glu260, Asn261,
te of the compound 16—aurora A complex generated by the PyMOL program. (C) The
ram.
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structure (3o50.pdb) deposited in the PDB and the compound
16–aurA complex. In addition to seven residues, the remained five
residues lie to the surroundings of seven residues. While 11
residues of the binding site of 3o50B.pdb show the hydrophobic
interactions and a residue, Lys162, forms hydrogen bonds
(H-bonds) with the ligand, LJE, seven residues of the compound
16–aurA complex participate in the hydrophobic interactions and
four residues including Lys143, Lys162, Lys258, and Asn261 form
H-bonds. The 3D image of the binding site of the compound
16–aurA complex was generated by the PyMOL program
(Fig. 7B). While the ligand of 3o50B.pdb resides inside the binding
pocket as shown in Figure 7C, compound 16 is located in the en-
trance of the binding site as shown in Figure 7B. Even the number
of the residues participating in the binding site of 3o50B.pdb with
its ligand, 11, is same as that of the compound 16–aurA complex,
the binding condition of the ligand of 3o50B.pdb is different with
that of the compound 16–aurA complex. This may cause the result
where the IC50 value (66.4 lM) obtained from in vitro aurA kinase
assay of compound 16 is worse than the GI50 value (3.87 lM)
obtained from the clonogenic survival density of A2780/Cis ovarian
cancer cells.

3. Conclusion

The structural conditions required for high inhibitory activities
on cell growth could be summarized based on the analysis of CoM-
FA and CoMSIA. Our results suggest that the absence of a bulky
group near C-30, C-50, and C-5, the presence of a bulky group near
C-60, the existence of an A-ring in the test compounds, and the
existence of an H-bond acceptor group near the C-2 position are
required for potent antitumor activity. We selected the two most
active compounds (16 and 19) to further characterize their biolog-
ical activities. Cell proliferation measurement, flow cytometry
analysis, and Western blot analysis demonstrated that both 16
and 19 compounds induce cell cycle arrest at the G2/M phase and
apoptotic cell death in cisplatin-resistant A2780/Cis human ovarian
cancer cells. In conclusion, compounds 16 and 19 could be used as a
promising lead compounds for the development of novel anticancer
therapies in the treatment of cisplatin-resistant ovarian cancers.

4. Experimental protocols

4.1. Chemistry

Melting points were measured using Mel-Temp II (LabX, Mid-
land, ON, Canada) and were uncorrected. Ultraviolet/visible (UV/
VIS) spectra and infrared (IR) spectra were collected on a 50Conc
UV-Visible spectrophotometer (Varian) and FT-IR 4200 (JASCO, Eas-
ton, MD) with ATR (Attenuated Total Reflection, ATR PR0450-S),
respectively. Column chromatography purifications were per-
formed on Silica gel 60 (70–230 mesh, Merck, Whitehouse Station,
NJ). All NMR experiments were performed on a Bruker Avance 400
spectrometer system (9.4 T; Bruker, Karlsruhe, Germany) at 298 K.
The synthetic compounds were dissolved in DMSO-d6. The 1H and
13C chemical shifts of the deuterated solvent were referenced to tet-
ramethylsilane (TMS). The NMR samples were prepared at approx-
imately 50 mM and were transferred to a 2.5-mm NMR tube. For
the one-dimensional 1H and 13C NMR experiments, the relaxation
delays were 1 and 3 s, respectively, and the 90� pulses were 11.8
and 15.0 ls, respectively. The 1H and 13C spectral widths were
4800 and 21,000 Hz, respectively. For the two-dimensional experi-
ments, including correlated spectroscopy (COSY), total correlated
spectroscopy (TOCSY), nuclear Overhauser enhancement spectros-
copy (NOESY), heteronuclear multiple quantum coherence (HMQC),
and heteronuclear multiple bonded connectivities (HMBC), all data
were acquired with 2K � 256 data points (t2 � t1). The mixing time
for the NOESY experiment was 1 s, and the long-range delay for
HMBC was 70 ms. Zero-filling of 2 K and the sine-squared bell win-
dow function were applied prior to Fourier transformation using
XWin-NMR (Bruker).21 All NMR data were analyzed using Sparky.22

All mass spectra were collected on a high-resolution electron
impact ionization mass spectrometer (HREIMS, JMS700, Jeol Ltd.,
Tokyo, Japan) with the help of the Korea Basic Science Institute at
Daegu, Korea.21

4.2. Preparation of chalcone derivatives 1–22

The synthetic procedure of the 20-hydroxychalcone derivatives
(1–22) and their NMR and HREIMS data were reported previ-
ously.21 The physicochemical properties including color, melting
point, yield, purity, UV/vis, and IR data for 20-hydroxychalcones
(1–22) are as follows:

4.2.1. (E)-1-(2-Hydroxyphenyl)-3-(2-methoxyphenyl)prop-2-en-
1-one (1)

Color: yellow; mp 110–112 �C (literature data 111–112 �C);23

Yield: 66%; purity: 90%; UV/vis kmax (in acetonitrile): 365 nm; IR
(cm�1): 1638 (C@O), 1462 (C@C).

4.2.2. (E)-1-(2-Hydroxyphenyl)-3-(4-methoxyphenyl)prop-2-en-
1-one (2)

Color: yellow; mp 91–92 �C (literature data 92 �C);24 Yield: 64%;
purity: 99%; UV/vis kmax (in acetonitrile): 365 nm; IR (cm�1): 1635
(C@O), 1441 (C@C).

4.2.3. (E)-3-(3,5-Dimethoxyphenyl)-1-(2-hydroxyphenyl)prop-
2-en-1-one (3)

Color: orange; mp 109–110 �C (literature data 110–111 �C);25

Yield: 26%; purity: 98%; UV/vis kmax (in acetonitrile): 385 nm; IR
(cm�1): 1638 (C@O), 1441 (C@C).

4.2.4. (E)-3-(2,3-dimethoxyphenyl)-1-(2-hydroxyphenyl)prop-2-
en-1-one (4)

Color: yellow; mp 92–93 �C; Yield: 88%; purity: 95%; UV/vis
kmax (in acetonitrile): 360 nm; IR (cm�1): 1636 (C@O), 1478 (C@C).

4.2.5. (E)-1-(2-Hydroxyphenyl)-3-(2,4,6-
trimethoxyphenyl)prop-2-en-1-one (5)

Color: yellow; mp 102–103 �C; Yield: 72%; purity: 99%; UV/vis
kmax (in acetonitrile): 385 nm; IR (cm�1): 1672 (C@O), 1471 (C@C).

4.2.6. (E)-1-(2-Hydroxyphenyl)-3-phenylprop-2-en-1-one (6)
Color: yellow; mp 87–88 �C (literature data 88–89 �C);26 Yield:

58%; purity: 99%; UV/vis kmax (in acetonitrile): 325 nm; IR (cm�1):
1638 (C@O), 1483 (C@C).

4.2.7. (E)-1-(2-Hydroxyphenyl)-3-(2,4,5-
trimethoxyphenyl)prop-2-en-1-one (7)

Color: yellow; mp 130–131 �C (literature data 131–132 �C);27

Yield: 62%; purity: 99%; UV/vis kmax (in acetonitrile): 370 nm; IR
(cm�1): 1627 (C@O), 1460 (C@C).

4.2.8. (E)-3-(3,5-Dimethoxyphenyl)-1-(2-hydroxy-6-
methoxyphenyl)prop-2-en-1-one (8)

Color: dark yellow; mp 109–110 �C; Yield: 52%; purity: 96%;
UV/vis kmax (in acetonitrile): 350 nm; IR (cm�1): 1631 (C@O),
1448 (C@C).

4.2.9. (E)-1-(2-Hydroxy-6-methoxyphenyl)-3-(2-
methoxyphenyl)prop-2-en-1-one (9)

Color: orange; mp 101–102 �C; Yield: 63%; purity: 99%; UV/vis
kmax (in acetonitrile): 355 nm; IR (cm�1): 1617 (C@O), 1455 (C@C).
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4.2.10. (E)-1-(2-Hydroxy-6-methoxyphenyl)-3-(3-
methoxyphenyl)prop-2-en-1-one (10)

Color: yellow; mp 85–86 �C; Yield: 85%; purity: 93%; UV/vis
kmax (in acetonitrile): 355 nm; IR (cm�1): 1629 (C@O), 1452 (C@C).

4.2.11. (E)-1-(2-Hydroxy-6-methoxyphenyl)-3-(4-
methoxyphenyl)prop-2-en-1-one (11)

Color: orange; mp 115–116 �C (literature data 113–115 �C);28

Yield: 81%; purity: 91%; UV/vis kmax (in acetonitrile): 355 nm; IR
(cm�1): 1622 (C@O), 1453 (C@C).

4.2.12. (E)-3-(2,3-Dimethoxyphenyl)-1-(2-hydroxy-6-
methoxyphenyl)prop-2-en-1-one (12)

Color: yellow; mp115–116 �C; Yield: 89%; purity: 99%; UV/vis
kmax (in acetonitrile): 355 nm; IR (cm�1): 1629 (C@O), 1452 (C@C).

4.2.13. (E)-3-(2,4-Dimethoxyphenyl)-1-(2-hydroxy-6-
methoxyphenyl)prop-2-en-1-one (13)

Color: yellow; mp 113–114 �C (literature data 106–108 �C);29

Yield: 96%; purity: 85%; UV/vis kmax (in acetonitrile): 375 nm; IR
(cm�1): 1623 (C@O), 1451 (C@C).

4.2.14. (E)-1-(2-Hydroxy-6-methoxyphenyl)-3-(2,3,4-
trimethoxyphenyl)prop-2-en-1-one (14)

Color: yellow; mp119–120 �C; Yield: 93%; purity: 99%; UV/vis
kmax (in acetonitrile): 365 nm; IR (cm�1): 1625 (C@O), 1455 (C@C).

4.2.15. (E)-1-(2-Hydroxy-6-methoxyphenyl)-3-(2,4,5-
trimethoxyphenyl)prop-2-en-1-one (15)

Color: orange; mp 132–133 �C; Yield: 58%; purity: 96%; UV/vis
kmax (in acetonitrile): 405 nm; IR (cm�1): 1614 (C@O), 1450 (C@C).

4.2.16. (E)-1-(2-Hydroxy-6-methoxyphenyl)-3-(2,4,6-
trimethoxyphenyl)prop-2-en-1-one (16)

Color: orange; mp 129–130 �C; Yield: 32%; purity: 89%; UV/vis
kmax (in acetonitrile): 385 nm; IR (cm�1): 1613 (C@O), 1450 (C@C).

4.2.17. (E)-3-(3,5-Dimethoxyphenyl)-1-(2-hydroxy-5-
methoxyphenyl)prop-2-en-1-one (17)

Color: orange; mp 82–83 �C; Yield: 23%; purity: 89%; UV/vis
kmax (in acetonitrile): 385 nm; IR (cm�1): 1644 (C@O), 1454 (C@C).

4.2.18. (E)-1-(2-Hydroxy-5-methoxyphenyl)-3-(2,4,5-
trimethoxyphenyl)prop-2-en-1-one (18)

Color: orange; mp 162–163 �C; Yield: 72%; purity: 91%; UV/vis
kmax (in acetonitrile): 415 nm; IR (cm�1): 1640 (C@O), 1450 (C@C).

4.2.19. (E)-1-(2-Hydroxy-5-methoxyphenyl)-3-(2,4,6-
trimethoxyphenyl)prop-2-en-1-one (19)

Color: orange; mp 169–170 �C; Yield: 48%; purity: 95%; UV/vis
kmax (in acetonitrile): 385 nm; IR (cm�1): 1633 (C@O), 1462 (C@C).

4.2.20. (E)-1-(2-Hydroxy-5-methoxyphenyl)-3-(3-
methoxyphenyl)prop-2-en-1-one (20)

Color: orange; mp 62–63 �C; Yield: 32%; purity: 98%; UV/vis
kmax (in acetonitrile): 350 nm; IR (cm�1): 1642 (C@O), 1487 (C@C).

4.2.21. (E)-3-(2,3-Dimethoxyphenyl)-1-(2-hydroxy-5-
methoxyphenyl)prop-2-en-1-one (21)

Color: orange; mp 102–103 �C; Yield: 94%; purity: 98%; UV/vis
kmax (in acetonitrile): 385 nm; IR (cm�1): 1644 (C@O), 1469 (C@C).

4.2.22. (E)-3-(2,4-Dimethoxyphenyl)-1-(2-hydroxy-5-
methoxyphenyl)prop-2-en-1-one (22)

Color: orange; mp 120–121 �C; Yield: 45%; purity: 99%; UV/vis
kmax (in acetonitrile): 385 nm; IR (cm�1): 1640 (C@O), 1460 (C@C).
4.3. Preparation of chromene derivatives 23–26

All of the chromene derivatives (23–26) were synthesized as
described in Scheme 1.30 For the synthesis of chromene aldehydes
23–24, K2CO3 (15 mmol) and acrolein (18 mmol) were added to a
solution of methoxy salicylaldehyde (15 mmol) in dioxane
(100 mL). The mixture was refluxed for 4 h and then poured into
water (100 mL). The solution was extracted with chloroform
(30 mL � 3). The combined organic layers were washed with water
(30 mL � 2) successively. Next, the organic layer was dried over
anhydrous MgSO4. After the solvent was evaporated under vac-
uum, the residue was recrystallized from ethyl acetate/n-hexane
to yield 2H-chromene-3-carbaldehyde as a yellow solid. The same
reactions were performed between methoxy salicylaldehyde and
methyl vinyl ketone to produce chromene ketones 25 and 26.
The physicochemical properties including color, melting point,
yield, purity, UV/vis, IR, NMR, and HREIMS data for chromenes
(1–22) are as follows.

4.3.1. 7-Methoxy-2H-chromene-3-carbaldehyde (23)
Color: brown; mp 84–85 �C (literature data 85–86 �C);31 Yield:

22%; purity: 74%; UV/vis kmax (in acetonitrile): 355 nm; IR
(cm�1): 1655 (C@O), 1270 (C@C); 1H NMR (400 MHz, DMSO-d6) d
9.50 (s, 1H, O@C-H), 7.57 (s, 1H, H-4), 7.32 (d, 1H, H-5,
J = 8.5 Hz), 6.61 (dd, 1H, H-6, J = 2.4, 8.5 Hz), 6.48 (d, 1H, H-8,
J = 2.4 Hz), 4.92 (d, 1H, H-2, J = 1.1 Hz), 3.77 (s, 3H, 7-OCH3); 13C
NMR (100 MHz, DMSO-d6) d 190.1 (C@O), 163.5 (C-7), 157.1
(C-9), 141.4 (C-4), 131.0 (C-5), 128.4 (C-3), 113.7 (C-10), 108.6
(C-6), 101.3 (C-8), 62.8 (C-2), 55.5 (7-OCH3); HREIMS (m/z): Calcd
for C11H10O3 (M+): 190.0630; Found 190.0631.

4.3.2. 6-Methoxy-2H-chromene-3-carbaldehyde (24)
Color: orange; mp 52–53 �C (literature data 51–52 �C);31 Yield:

91%; purity: 90%; UV/vis kmax (in acetonitrile): 385 nm; IR (cm�1):
1666 (C@O), 1218 (C@C); 1H NMR (400 MHz, DMSO-d6) d 9.59 (s,
1H, O@C-H), 7.59 (s, 1H, H-4), 7.01 (d, 1H, H-5, J = 3.0 Hz), 6.94
(dd, 1H, H-7, J = 3.0, 8.8 Hz), 6.84 (d, 1H, H-8, J = 8.8 Hz), 4.87 (d,
1H, H-2, J = 1.0 Hz), 3.74 (s, 3H, 6-OCH3); 13C NMR (100 MHz,
DMSO-d6) d 190.6 (C@O), 154.0 (C-6), 149.2 (C-9), 141.1 (C-4),
132.0 (C-3), 121.1 (C-10), 119.0 (C-7), 116.8 (C-8), 113.5 (C-5),
62.4 (C-2), 55.5 (6-OCH3); HREIMS (m/z): Calcd for C11H10O3

(M+): 190.0630; Found 190.0628.

4.3.3. 1-(6-Methoxy-2H-chromen-3-yl)ethanone (25)
Color: green; mp 56–57 �C (literature data 56–58 �C);32

Yield: = 88%; purity: 99%; UV/vis kmax (in acetonitrile): 375 nm;
IR (cm�1): 1638 (C@O), 1218 (C@C); 1H NMR (400 MHz, DMSO-
d6) d 7.65 (s, 1H, H-4), 6.97 (d, 1H, H-5, J = 3.0 Hz), 6.89 (dd, 1H,
H-7, J = 3.0, 8.8 Hz), 6.81 (d, 1H, H-8, J = 8.8 Hz), 4.82 (d, 1H, H-2,
J = 1.2 Hz), 3.72 (s, 3H, 6-OCH3), 2.37 (s, 3H, O@C-CH3); 13C NMR
(100 MHz, DMSO-d6) d 195.9 (C@O), 153.9 (C-6), 148.6 (C-9),
134.0 (C-4), 130.7 (C-3), 121.4 (C-10), 118.0 (C-7), 116.5 (C-8),
113.4 (C-5), 63.4 (C-2), 55.4 (6-OCH3), 25.1 (O@C-CH3); HREIMS
(m/z): Calcd for C12H12O3 (M+): 204.0786; Found 204.0785.

4.3.4. 1-(7-Methoxy-2H-chromen-3-yl)ethanone (26)
Color: yellow; mp 81–82 �C; Yield: 56%; purity: 95%; UV/vis

kmax (in acetonitrile): 380 nm; IR (cm�1): 1638 (C@O), 1208
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(C@C); 1H NMR (400 MHz, DMSO-d6) d 7.64 (s, 1H, H-4), 7.28 (d,
1H, H-5, J = 8.5 Hz), 6.59 (dd, 1H, H-6, J = 2.5, 8.5 Hz), 6.46 (d, 1H,
H-8, J = 2.5 Hz), 4.87 (d, 1H, H-2, J = 1.1 Hz), 3.75 (s, 3H, 7-OCH3),
2.34 (s, 3H, O@C-CH3); 13C NMR (100 MHz, DMSO-d6) d 190.9
(C@O), 162.8 (C-7), 156.4 (C-9), 134.2 (C-4), 130.7 (C-5), 127.0
(C-3), 113.8 (C-10), 108.3 (C-6), 101.2 (C-8), 63.7 (C-2), 55.4
(7-OCH3), 24.9 (O@C-CH3); HREIMS (m/z): Calcd for C12H12O3

(M+): 204.0786; Found 204.0786.

4.4. Quantitative structure–activity relationships (QSAR)

To obtain the 3D structures of the compounds used in these
experiments, the structure of compound 6, (E)-1-(2-hydroxy-
phenyl)-3-phenylprop-2-en-1-one, was first built using the sketch
module provided by Sybyl 7.3 (Tripos, St. Louis, MO). Next, to find
the most stable structure, a conformational search was performed
using the grid search method of Sybyl. During the grid search, the
selected bond was rotated from 0� to 360� in 15� increments. At
each increment, the conformation was minimized using the Tripos
force field and Gästeiger–Hückel charge. The maximum iteration
for the minimization was set to 1000. The minimization process
was terminated at the convergence criteria of the total energy
(0.05 kcal/mol Å). Based on the structure of compound 6, struc-
tures of the other 21 chalcones were modified, and their 3D struc-
tures were minimized. Similar to compound 6, the 3D structure of
compound 23, 7-methyl-2H-chromene-3-carbaldehyde, was calcu-
lated using Sybyl 7.3. The 3D structures of the other three 2H-chro-
mene-3-carbaldehydes were obtained using the 3D structure of
compound 23 as a template. To perform CoMFA, the thermody-
namic, conformational, electronic, and geometric descriptors were
built and saved in a spreadsheet provided by the Sybyl program.
For CoMFA, the aligned molecules were placed in a 3D cubic lattice
with a grid spacing of 2.0 Å in the x, y, and z directions. A sp3

hybridized carbon atom with a charge of +1 served as the probe
atom to calculate steric and electrostatic fields. Their energy values
were truncated to +30 kcal/mol. Likewise, for CoMSIA, same proce-
dures were applied except additional descriptors such as H-bond
acceptors, donors, and hydrophobic descriptors.13

4.5. Biological assay

4.5.1. Clonogenic assay
The biological data used for quantitative structure-activity rela-

tionships (QSAR) calculations was obtained from a clonogenic
long-term survival assay in human cisplatin-resistant A2780/Cis
ovarian cancer cells. A2780/Cis cells were counted and plated onto
24-well tissue culture plates (BD Falcon™; Becton Dickson Immun-
ocytometry System) at a density of 5 � 103 cells/well in DMEM
supplemented with 10% FBS. After attachment, the cells were trea-
ted with different concentrations of compounds (0, 5, 10, 20 lM)
for 7 days. The cells were then fixed with 6% glutaraldehyde and
stained with 0.1% crystal violet, as described previously.33 The clo-
nogenic survival densities were measured using the densitometry
(MultiGuage, Fujifilm, Japan) and the half-maximal cell growth
inhibitory concentration (GI50) were obtained by SIGMAPLOT soft-
ware (SYSTAT, Chicago, IL). A negative logarithmic scale of GI50

(pGI50) was applied for the QSAR calculations.

4.5.2. Inhibition of cell growth
A2780/Cis cells were seeded into 96-well plates (2 � 103 cells/

well) and treated with either vehicle (DMSO) or various concentra-
tions of compound 16 or 19 (1–20 lM) for various times (0, 24,
48 h). The cell proliferation rate was assessed using a Cell Counting
Kit-8™ (Dojindo Molecular Technologies, Gaithersburg, MD),
according to the manufacturer’s instructions.13
4.5.3. Flow cytometry analysis
A2780/Cis cells were treated with either vehicle (DMSO) or

20 lM compound 16 or 19 for 24 h, fixed in 70% ethanol, washed
twice with phosphate-buffered saline, and stained with a 50 lg/
mL propidium iodide solution, as described previously.34 Cellular
DNA content was analyzed using fluorescence-activated cell sort-
ing (FACS) on a flow cytometer (FACSCalibur; Becton Dickinson
Immunocytometry Systems, San Jose, CA).

4.5.4. Western blot analysis
A2780/Cis cells were treated with either vehicle (DMSO) or

20 lM compound 16 or 19. At 24 h post-treatment, cells were col-
lected and extracted in 20 mM HEPES (pH 7.2) containing 1% Triton
X-100, 10% glycerol, 150 mM NaCl, 10 lg/mL leupeptin, and 1 mM
phenylmethylsulfonyl fluoride. The protein samples (20 lg/lane)
were then separated by 10% SDS–PAGE and transferred onto nitro-
cellulose filters, as described previously.34 Western blotting was
performed according to standard procedures using an antibody spe-
cific for PARP or cleaved caspase-7 (Asp198), purchased from Cell
Signaling Technology (Beverly, MA). The antibody to glyceraldehyde
phosphate dehydrogenase (GAPDH) from Santa Cruz Biotechnology
(Santa Cruz, CA) was used as an internal control. The signals were
developed using an enhanced chemiluminescence detection system
(Amersham Pharmacia Biotech Inc., Piscataway, NJ).

4.5.5. Immunofluorescent microscopy
A2780/Cis cells plated on coverslips were treated with either

vehicle (DMSO) or 20 lM compound 19. After 24 h, the cells were
fixed with 4% paraformaldehyde and permeabilized in 0.1% Triton
X-100 and 2% bovine serum albumin, as described previously.35

For microtubule staining, the samples were incubated with primary
anti-a-tubulin antibody for 90 min and then with Alexa-Fluor 488-
conjugated secondary antibody (Invitrogen, Carlsbad, CA) for
30 min. For detection of cleaved caspase-7, we used anti-cleaved
caspase-7 (Asp198) antibody and Alexa-Fluor 555-conjugated sec-
ondary antibody (Invitrogen, Seoul, Korea). The nuclear DNA was
stained with TO-PRO-3 iodide (Molecular Probes Inc., Eugene,
OR). Stained cells were immediately observed under an EVOSf1�

fluorescence microscope (Advance Microscopy Group, Bothell, WA).

4.6. In vitro inhibitory effect on aurora A kinase and their
molecular binding mode

The kinase assay was performed using the EMD Millipore
KinaseProfiler service assay protocol (EMD Millipore Corp.,
Billerica, MA).36,37 The three dimensional (3D) structure of
compound 16, (E)-1-(2-hydroxy-6-methoxyphenyl)-3-(2,4,6-tri-
methoxyphenyl)prop-2-en-1-one, was determined by the X-ray
crystallography. Recrystallization of compound 16 in ethanol gave
orange colored crystals. The X-ray crystallography was performed
with the help of the Korea Basic Science Institute at Jeonju and
its detailed procedure followed the methods published
previously.38,39 The molecular structure of displacement ellipsoids
drawn at the 50% probability level is shown in Figure S5 in
Supplementary data contents. The 3D structure of aurA was
adapted from the protein data bank (PDB). Of many crystallo-
graphic structures deposited in the PDB, 3o50.pdb originated from
Homo sapiens was selected because of its high resolution (2.0 Å). It
consists of a homodimeric structure, and the chain B contains more
residues (126R–386K) than the chain A. As a result, 3o50B polymer
chain was used for the docking experiments.19 In silcio docking
experiments were performed on an Intel Core 2 Quad Q6600
(2.4 GHz) Linux PC with Sybyl 7.3 (Tripos, St. Louis, MO).40 To
determine the binding site between aurA and compound 16,
3o50B.pdb was analyzed using the LigPlot program. As shown in
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Figure S6 in Supplementary data contents, a ligand, (N-{3-methyl-
4-[(3-pyrimidin-4-ylpyridin-2-yl)oxy]phenyl}-3-(trifluoro-
methyl)benzamide, LJE) was embedded in 3o50B.pdb and 11 resi-
dues including Lys141, Gly142, Lys143, Val147, Lys162, Leu210,
Lys258, Glu260, Asn261, Ala273, and Phe275 were found in the
binding site. Before docking, the ligand LJE was deleted from
3o50B.pdb using the Sybyl program and apo-protein was obtained.
Its solution structure was prepared using energy minimization. The
root mean squared deviation (RMSD) between apo-protein and
crystallographic structure was 0.6 Å. For the flexible docking pro-
cedure, the binding site determined by the LigPlot analysis was
used. The docking process was iterated 30 times and 30 docking
complexes were obtained. Based on the binding energy and dock-
ing image, the compound 16–aurA complex was selected and used
to elucidate the molecular binding mode. All 3D images were
viewed using the PyMOL software (The PyMOL Molecular Graphics
System, Version 1.0r1, Schrödinger, LLC).
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