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Introduction
Coumarins are natural products widely abundant in natu-
ral sources, especially green plants.  Coumarins have mul-
tiple biological activities[1], including anticoagulant[2–4], 
anti-inflammatory[5, 6], antimicrobial[7–12], antioxidant[13–16], anti-
allergic[17–20], anti-HIV[21], anticancer[22–28] and antiviral activi-
ties[29–32].  It has been suggested that alterations in the chemical 
structure of coumarins could change their cytotoxic properties.  
It has also been known for many years that coumarins have 
significant therapeutic potential[33–35] and are present in many 
natural therapeutic products[36–40].  Due to their attractive prop-
erties and potential clinical utility, we synthesized a series of 
coumarin analogues and evaluated their anticancer proper-
ties to find a novel coumarin analogue with good anticancer 

activity.  
In the present study, we show that 6-chloro-4-(methoxy

phenyl) coumarin (CMC) has the best anticancer activity 
among 36 different coumarin analogues.  CMC had broad-
spectrum anticancer activities in 9 cancer cell lines derived 
from 6 different tissues.  Further analysis showed that CMC 
caused G2-M arrest and apoptosis in HeLa cells via microtu-
bule depolymerization.

Materials and methods
Cell culture 
The colon cancer cell line LS-174t was cultured in MEM 
medium with 10% fetal bovine serum (Hyclone, Thermo 
Scientific, Logan, UT, USA).  The colon cancer cell line HCT-
116 was cultured in McCoy’s 5A modified medium with 10% 
fetal bovine serum.  The colon cancer cell lines Colo-205 and 
HCT-15, the breast cancer cell line MDA-MB-435S, and the 
leukemia cell line HL-60 were cultured in RPMI-1640 with 
10% fetal bovine serum.  The liver cancer cell line HepG2, the  
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epidermoid cancer cell line A431 and the cervical cancer cell 
line HeLa were cultured in DMEM (high glucose) with 10% 
fetal bovine serum.  All cell lines mentioned above were pur-
chased from the Cell Bank (Chinese Academy of Sciences, 
Shanghai, China).  A human fetal lung fibroblast cell line (WI-
38) was kindly provided by Dr Mei-yu GENG (Shanghai Insti-
tute of Materia Medica) and was cultured in MEM with 10% 
fetal bovine serum (Gibco, Invitrogen, USA).  All cells were 
kept in a humidified atmosphere of 5% CO2 and 95% air at 
37 °C.  

Reagents 
Coumarin analogues were synthesized and provided by Prof  
Jie Wu from Fudan University.  The analogues were dissolved 
in 100% DMSO with a 5 g/L stock solution.  The working 
solution was prepared by dilution of the stock solution with 
the culture medium.

An anti-phospho-Ser/Thr-Pro MPM-2 (Cat #05-368) anti-
body was purchased from Millipore Corporation (Boston, 
MA, USA).  Anti-CDC25C (Cat #4688) antibody was from Cell 
Signal Technology (Boston, MA, USA).  Peroxidase-affiniPure 
goat anti-rabbit IgG (Code: 112-035-175) and goat anti-mouse 
IgG (Code: 115-035-174) were purchased from Jackson Immu-
noResearch Laboratories, Inc  (Baltimore, MD, USA).  Hoechst 
33342 dye (Cat #H3570) and Alexa Fluor 488 dye-labeled 
donkey anti-mouse IgG (Cat #A-21202) were purchased from 
Invitrogen Corporation (Carlsbad, CA, USA).

Cell proliferation assay 
The inhibitory effects of synthesized coumarin analogues on 
the growth of cancer cell lines were evaluated using the MTT 
viability assay as described previously[41].  Briefly, cells (3000 
cells/well) were seeded onto plastic 96-well cell culture plates 
and cultured at 37 °C.  After 24 h, compounds with doses 
ranging from 10 μmol/L to 10 nmol/L at a dilution ratio of 
1:4 were added, and the cells were further incubated for 72 h.  
MTT was then added to each well at a final concentration of 
1 g/L.  After a 3 h incubation at 37 °C, the medium was gently 
discarded and DMSO (100 μL/well) was added to dissolve the 
formazan product.  The optical density was determined at 550 
nm/690 nm using a VersaMax Microplate Reader (Molecular 
Devices).  Experiments were performed in four replicates.  
IC50 values were derived from a nonlinear regression model 
(curvefit) based on a sigmoidal dose response curve (variable 
slope) and computed using Graphpad Software (Graphpad 
Prism version 5.02).  Data were expressed as the mean±SEM.

Cell cycle analysis 
As described previously[42], both synchronized and asynchro-
nized HeLa cells were treated with either DMSO (negative 
control), nocodazole (positive control), or CMC at 37 °C for 
the indicated time.  The cells were then digested with 0.5 g/L 
trypsin, collected, washed twice with cold 1×PBS and fixed 
in 1 mL of 70% ethanol at 4 °C overnight.  The next day, cells 
were washed twice with cold 1×PBS and incubated with 20 
μg/mL RNase at 37 °C for 15 min.  Cells were then stained 

with 20 mg/L PI for 30 min at 4 °C.  Cell cycle distribution was 
determined using a BD FACSCalibur Flow Cytometer.

Cell synchronization 
HeLa cells were synchronized using a double thymidine block 
as described previously[43].  Briefly, 1.5×105 cells were seeded 
in each well of a 6-well cell culture plate.  The next day, a dou-
ble thymidine block was performed with an initial block for 
17 h and a 10 h release and was followed by a second block for 
16 h.  The final concentration of thymidine used in the block 
medium was 2 mmol/L.  Following release from the second 
block, synchronized cells were treated with either DMSO (neg-
ative control), nocodazole (positive control) or CMC for the 
indicated times, and samples were collected for flow cytom-
etry analysis.  

Western analysis of G2-M regulatory proteins 
HeLa cells were treated with varying doses of CMC for 
24 h.  Cells were then lysed with cell lysis buffer [1% NP-40, 
150 mmol/L NaCl, 20 mmol/L Tris-HCl, 1 mmol/L EDTA, 
1 mmol/L EGTA and complete protease inhibitor cocktail 
(Cat #11697498001, Roche)].  Equal amounts of protein were 
resolved by SDS-polyacrylamide gel electrophoresis, trans-
ferred onto Hybond-C nitrocellulose membranes (GE Life Sci-
ences) and immunoblotted as described previously[44].  Immu-
noreactive bands were detected with the enhanced chemilumi-
nescence (ECL) system (GE Life Sciences).

Immunocytochemistry assay 
Microtubules were observed using an immunocytochemistry 
assay[45, 46].  Briefly, HeLa cells were grown on glass coverslips 
for 24 h and then treated with varying doses of CMC for 8 h.  
Cells were then fixed with cold methanol (4 °C) for 5 min, 
blocked for 1 h with 5% BSA in 1×PBS at room temperature 
and incubated with monoclonal β-tubulin antibody (T-4026; 
Sigma, St Louis, MO, USA) overnight at 4 °C.  Cells were then 
washed three times with 1×PBS and incubated with Alexa 
Fluor 488-labeled donkey anti-mouse IgG (Invitrogen) at room 
temperature for 1 h.  The coverslips were washed, stained with 
5 mg/L Hoechst 33342 dye (Molecular Probes, Invitrogen) and 
photographed using an Olympus confocal microscope (Olym-
pus, Tokyo, Japan).

In vitro tubulin polymerization assay 
An in vitro fluorescence-based tubulin polymerization assay 
kit (BK011, Cytoskeleton, Inc) was used according to the 
manufacturer’s protocol for monitoring the time-dependent 
polymerization of tubulin to microtubules.  The reaction mix-
ture had a final volume of 50 μL in PEM buffer (80 mmol/L 
PIPES, 0.5 mmol/L EGTA, 2 mmol/L MgCl2, pH 6.9) and 
contained 2 g/L bovine brain tubulin, 10 μmol/L fluorescent 
reporter and 1 mmol/L GTP in either the presence or absence 
of test compounds at 37 °C.  Tubulin polymerization was fol-
lowed by monitoring fluorescence enhancement due to the 
incorporation of a fluorescent reporter into microtubules as 
polymerization proceeded.  Fluorescence emission at 450 nm 
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(excitation wavelength of 360 nm) was measured for 1 h at 
0.5 min intervals in a FlexStation 3 Microplate Reader (Molec-
ular Devices).  Nocodazole was used as positive control.  

Apoptosis detection assay 
The quantitative assessment of apoptosis was determined 
using Annexin V-FITC and PI double staining.  Annexin V 
binds to phosphatidylserine (PS) and other negatively charged 
phospholipids, thereby producing fluorescence primarily 
indicative of PS translocation from the inner to the outer cell 
membrane leaflet.  This change reflects aminophospholipid 
translocase activity in apoptotic cells[47].  PI is a nucleic acid 
dye that penetrates the nuclear envelope of necrotic cells 
and was used here as a counterstain to differentiate between 
live, apoptotic, late-stage apoptotic/early stage necrotic and 
necrotic cells.  Briefly, HeLa cells were treated with varying 
doses of either CMC or 1 μmol/L stauporine for the indicated 
times and were then stained with an Annexin V-FITC/PI dou-
ble staining kit (KGA108, Kaiji Bio Co, Nanjing, China).  After 
washing twice with cold 1×PBS, 5×105 cells were collected, 
resuspended in 500 μL binding buffer with 0.1 g/L Annexin 
V-FITC and 0.05 g/L PI, and then incubated for 15 min in the 
dark at room temperature.  Finally, the percent of apoptotic 
cells was immediately measured with a BD FACS Calibur 
Flow Cytometer and analyzed with CellQuest software (BD 
Biosciences).  

Results
CMC (compound 8) showed the best anticancer activity in vitro 
among the synthesized coumarin analogues 
The anticancer activities of different synthesized coumarin 
analogues were evaluated in HCT116 colon cancer cells using 
the MTT viability assay.  The corresponding chemical struc-
tures are shown in Figure 1, and the anticancer activities 
against HCT116 cells are shown in Table 1.  Among the cou-
marin analogues, CMC (compound 8) had the best anticancer 
activity with an IC50 value of approximately 200 nmol/L and 
was selected for further mechanistic study.

CMC exhibited very potent anticancer activity against different 
cancer cell lines 
The effect of CMC on the viability of 9 human cancer cell lines 
derived from 6 different tissues was evaluated using an MTT 
assay.  As shown in Figure 2, CMC exhibited very potent 
anticancer activity.  The IC50 values for CMC ranged from 
75 nmol/L to 1.57 μmol/L, and the average IC50 value was 
approximately 0.53 μmol/L.  Then the selective cytotoxicity of 
CMC was further evaluated using human normal fetal fibro-
blast cell line WI-38.  CMC exerted markedly weaker cytotox-
icity against WI-38 cells with an IC50 value of approximately 
12.128 μmol/L than against other 9 cancer cell lines.

CMC specifically and reversibly induced G2-M phase arrest in 
HeLa cells 
Using brightfield microscopy, we found that treatment with 
CMC caused detachment of adherent cancer cells.  The cells 

became round (data not shown), a phenomenon that occurs 
during mitosis.  To test the possibility that CMC affects mito-
sis, the effect of CMC on cell cycle progression in HeLa cells 
was examined.  First, HeLa cells were treated with CMC at dif-
ferent concentrations for 24 h.  As shown in Figure 3A, CMC 
treatment resulted in a dose-dependent accumulation of HeLa 
cells in G2-M phase with concomitant losses from G0-G1 phase.  
No change in S-phase was observed.

To examine the specificity of the CMC-elicited mitotic 
arrest, HeLa cells were synchronized at the G1/S bound-
ary by double thymidine block and were then treated with 
either 0.63 μmol/L CMC or 0.33 μmol/L nocodazole (positive  

Table 1.  The in vitro anti-proliferation activities of 36 coumarin analogues 
in HCT116 colorectal carcinoma cells.   

  Compound ID	  IC50 (μmol/L)*               
 

  1	 28.153±2.130
  2	   1.237±0.159
  3	   7.809±0.492
  4	 21.307±1.736
  5	 33.893±2.764
  6	   1.661±0.266
  7	   0.248±0.049
  8	   0.202±0.038
  9	 16.297±1.087
10	 23.211±1.236
11	 28.678±3.109
12	 29.303±2.622
13	 10.133±1.041
14	 34.203±3.131
15	 31.893±3.503
16	 14.806±1.500
17	 10.130±1.120
18	 27.552±2.772
19	 34.145±3.894
20	   3.177±0.200
21	 40.520±6.534
22	 31.859±3.403
23	 16.720±1.653
24	 13.440±1.112
25	 17.468±0.753
26	 13.892±0.576
27	 13.897±0.623
28	 12.273±0.713
29	 12.535±0.631
30	 11.548±0.909
31	 14.906±0.592
32	   9.579±0.441
33	   6.896±0.416
34	 21.314±0.779
35	 22.095±1.536
36	   8.183±0.704
doxorubicin	   0.061±0.006

*Cell proliferation assay was done according to the method mentioned 
in the Materials and methods section. The IC50 values represent the 
mean±SEM of quadruplicate determinations.



410

www.nature.com/aps
Ma YM et al

Acta Pharmacologica Sinica

npg

Figure 1.  The chemical structures of synthesized coumarin analogues.
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control) immediately following their release from the block.  
Flow cytometry analysis was conducted to examine cell cycle 
progression of CMC-treated cells.  Within 6 h and 9 h post-
release, CMC-treated cells entered S phase and G2 phase, 
respectively, just as did the control cells.  However, at the 12 

h time point after release, CMC-treated cells were arrested at 
mitosis in striking contrast to the entrance of control cells into 
the next cell cycle (Figure 3B).  These data indicated that CMC 
induced an accumulation of cells specifically at G2-M phase 
without affecting other cell cycle phases.

Finally, the reversibility of CMC-induced mitotic arrest was 
assessed by withdrawing CMC immediately after 12 h of treat-
ment.  Following CMC withdrawal, arrested cells began to exit 
from mitosis within 3 h, and 6 h later, most cells entered the 
next G1 phase.  This result indicated that CMC-induced mitotic 
arrest is reversible (Figure 3C).

CMC changed the phosphorylation state of G2-M regulators in 
HeLa cells 
As expected from the previous results, alterations in mitosis-
specific protein expression were also detected.  Briefly, HeLa 
cells were treated with CMC at different concentrations for 
24 h and then samples were prepared.  The levels of MPM-2, 
CDC25C and β-actin were measured using western blot anal-
ysis.  MPM-2 commonly reflects the phosphorylation level of 
mitosis-specific proteins.  As shown in Figure 4, MPM-2 was 

Figure 2.  CMC had good anticancer activity in 9 different cancer cell 
lines.  The viability of 9 cancer cell lines and 1 human fetal lung fibroblast 
cell line was assessed by MTT assay after 72 h of treatment with CMC.  All 
results are expressed as the mean±SEM of four independent experiments.

Figure 3.  CMC-treated HeLa cells specifically and reversibly arrested in G2-M phase.  (A) HeLa cells arrested in G2-M phase in a dose-dependent manner.  
HeLa cells were treated with CMC at doses ranging from 10 μmol/L to 0.04 μmol/L for 24 h.  0.33 μmol/L nocodazole was used as a positive control.  
The samples were fixed, stained with PI, and analyzed using flow cytometry.  (B) HeLa cells were specifically arrested in G2-M phase.  To evaluate if CMC 
only induced G2-M arrest, HeLa cells were synchronized at the G1/S border using a thymidine-thymidine block.  The cells were then released and treated 
with 0.63 μmol/L CMC.  Samples were collected at 6 h, 9 h, 12 h, and 15 h and then subjected to flow cytometry analysis.  (C) HeLa cells could re-enter 
the cell cycle following deprivation of CMC.  HeLa cells were treated with either CMC or nocodazole (positive control) for 12 h.  The medium containing 
CMC was then removed and fresh medium was added.  Samples were collected at 0 h, 3 h, 6 h, and 9 h after deprivation of CMC and then subjected to 
flow cytometry analysis.  All of the data shown are representative of three independent experiments with similar results.
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slightly increased when cells were treated with 0.16 μmol/L 
CMC but was significantly increased when cells were treated 
with 0.63 μmol/L CMC.  Consistent with this result, there was 
a shift to a slower migrating form of CDC25C that increased 
in a dose-dependent manner, which is indicative of changes 
in the phosphorylation state of the protein.  These changes in 
protein phosphorylation are consistent with cell cycle arrest in 
mitosis as has been shown previously[48].  

CMC induces G2-M arrest through the depolymerization of 
microtubules in a direct manner 
Cellular microtubules are important components of spindles, 
which play an important role in mitosis.  After sister chro-
matids are pulled apart by spindles, a single mitotic cell can 
divide into two cells.  To investigate whether CMC affected 
tubulin polymerization, the microtubule status of CMC-
treated HeLa cells was detected by immunocytochemistry.  
Briefly, cells were exposed to either CMC or a reference drug 
(nocodazole) for 8 h, fixed and then incubated with β-tubulin 
antibody at 4 °C overnight.  The next day, cells were incubated 
with Alexa Fluor® 488-labeled donkey anti-mouse IgG, stained 
with Hoechst 33342 and observed with confocal microscopy.  

Figure 4.  CMC changed the phosphorylation state of G2-M regulators.  
HeLa cells were treated with CMC at doses ranging from 10 μmol/L 
to 0.04 μmol/L for 24 h.  0.1% DMSO was used as a negative control.  
Phosphorylation of a G2-M-specific protein (MPM-2) and CDC25C were 
detected using western blot analysis.  β-actin was used as an internal 
control.  MPM-2 and CDC25C antibodies were diluted at 1:1000 in 
1×TBST.  β-actin antibody was diluted at 1:10000 in 1×TBST.  A non-
specific band that cross-reacted with the CDC25C antibody is marked with 
an asterisk.

Figure 5.  CMC inhibited the poly
merization of microtubules.  (A) CMC 
depolymerized microtubules in vivo.  
HeLa cells were treated with CMC 
at doses ranging from 2.5 μmol/L 
to 0.04 μmol/L for 8 h.  0.1% DMSO 
was used as a negative control, and 
0.33 μmol/L nocodazole was used 
as a positive control.  Samples were 
then prepared as mentioned in the 
“Materials and methods” section, 
and the status of microtubules was 
observed using an Olympus confocal 
microscope (Olym pus, Tokyo, Japan).  
(B) CMC depolymerized purif ied 
tubulin in vitro.  CMC was added to 
fluorescently labeled bovine tubulin 
at 37 °C for 1 h, and its effect on 
tubulin polymerization was detected 
with a FlexStat ion 3 Microplate 
Reader (Molecular Devices).  Noco
dazole (3 μmol/L) was used as a 
positive control, and DMSO was used 
as a negative control.
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CMC depolymerized microtubules in a dose-dependent 
manner (Figure 5A).  When treated with 0.16 μmol/L CMC, 
the polymerization status of microtubules was only slightly 
changed; however, when cells were treated with 0.63 μmol/L 
CMC, almost all microtubules were depolymerized compared 
with the control group.  This phenomenon was consistent with 
the aforementioned results of the cell cycle and western blot 
analyses.  

To deduce the mode of CMC-mediated microtubule depo-
lymerization, we used a fluorescence-based tubulin polymer-
ization assay.  Nocodazole was used as the positive control.  
As shown in Figure 5B, CMC inhibited tubulin polymerization 
in a dose-dependent manner, thereby indicating that CMC 
inhibited the polymerization of tubulin in a direct manner.

CMC induced apoptosis in a time- and dose-dependent manner 
It has been reported that G2-M arrest caused by microtubule 
depolymerization is followed by apoptosis[49–51]; therefore, we 
chose to further investigate the apoptosis induced by CMC.

As shown in Figures 6A and 6B, persistent treatment with 
CMC led to a progressive increase in apoptosis in a time-
dependent manner.  Apoptosis of CMC-treated cells increased 
within 24 h (58.66% viable, 22.09% in early apoptosis and 
16.59% cells in late apoptosis).  Most cells were apoptotic at 
48 h (56.58% in early apoptosis and 29.93% in late apoptosis).  
At 72 h, most cells were in late apoptosis (17.24% in early 
apoptosis and 77.87% in late apoptosis).  

HeLa cells were then treated with varying doses of CMC for 
48 h.  As shown in Figures 6C and 6D, the levels of apoptosis 
in cells treated with 0.04 μmol/L CMC (a dose without induc-
tion of G2-M arrest as shown in Figure 3A) was the same as the 
negative control.  The levels of apoptosis increased in a dose-
dependent manner when the cells were treated with G2-M-
arrest-inducing doses (doses greater than 0.16 μmol/L as 
shown in Figure 3A).

The three-dimensional profile of cell cycle progression ver-
sus time of CMC treatment shown in Figure 6E demonstrated 
that G2-M arrest was maximal (~76.43%) at 12 h of treatment.  
After this point, the G2-M population disappeared concomi-
tant with the emergence of a characteristic hypodiploid (<2N 
DNA) sub-G1 peak, which indicates apoptotic cells (Figures 6E 
and 6F).  This apoptotic population peaked at 72 h (~59.33%) 
posttreatment.  The in vitro findings strongly therefore indicate 
that CMC-treated cells arrest in G2-M phase before beginning 
to apoptose.  

Discussion
Coumarins are a hot topic of research due to their diverse 
pharmaceutical activities and wide distribution in nature.  
To find a coumarin analogue with good anticancer activity, 
we synthesized a series of coumarin analogues (Figure 1) 
and evaluated their effects on the viability of HCT116 cells 
(Table 1).  CMC had the best anticancer activity and was thus 
selected for further mechanistic study.  Nine cancer cell lines 
derived from 6 different tissues and the WI-38 cell line derived 
from normal embryonic (3 month gestation) lung tissue were 

used to evaluate the anticancer effects of CMC.  We found that 
CMC had a high level of anticancer activity in vitro, with an 
IC50 value ranging from 75 nmol/L to 1.57 μmol/L.  The cyto-
toxic effect of CMC on WI-38 cells was less potent, with an IC50 
value of 12.128 μmol/L (Figure 2), which implies that CMC 
has relative selectivity for cancer cells versus normal cells.  
CMC also had the best anticancer activity and similar IC50 val-
ues against the HeLa, MDA-MB-435S, HCT-15, and A431 cell 
lines.  The HeLa cell line was subsequently used for further 
anticancer mechanism study.

During the above experiments, it came to our attention that 
CMC caused the evident detachment of HeLa cells that became 
round (data not shown), a phenomenon frequently observed 
during the mitotic process.  The effect of CMC on cell cycle 
progression was therefore evaluated to see if CMC affected 
cellular mitosis.  After 24 h of treatment, CMC induced G2-M 
arrest in a dose-dependent manner.  The minimal dose that 
caused nearly complete arrest in G2-M phase was approxi-
mately 0.63 μmol/L (Figure 3A); importantly, no concurrent 
change in S-phase was observed.  To determine whether CMC 
only induced G2-M arrest, we treated synchronized HeLa 
cells and found that CMC only influenced G2-M phase with-
out affecting other cell cycle phases (Figure 3B).  G2-M arrest 
caused by CMC could be reversed by deprivation of CMC 
(Figure 3C).  Western blot analysis showed that increasing 
doses of CMC induced increased levels of phosphorylation of 
G2-M phase-specific proteins, which provided proof of G2-M 
arrest (Figure 4).

When cells were treated with CMC, the cell shape became 
round with an increased disorder of M-phase-condensed 
chromosome alignment in a dose-dependent manner (data not 
shown), which is reported to be induced by alterations to the 
microtubular cytoskeleton[52].  The microtubule state of CMC-
treated cells was therefore tested by ICC.  ICC analysis showed 
that CMC induced microtubule depolymerization after an 
eight-hour treatment (Figure 5A).  Furthermore, CMC effects 
on tubulin polymerization were tested.  These results showed 
that CMC could inhibit tubulin polymerization directly (Fig-
ure 5B).  Many articles have reported that G2-M arrest induced 
by tubulin-targeting agents is caused by their microtubule 
depolymerization effects[53–58].  The results shown in Figures 
3–5 indicate that CMC caused G2-M arrest by directly mediat-
ing depolymerization of microtubules.

Replicated chromosomes must be accurately segregated 
into each daughter cell during mitosis, and the spindle 
checkpoint is a surveillance mechanism that delays anaphase 
onset until all chromosomes are correctly attached in a bipo-
lar fashion to the mitotic spindle[59].  Chemical inhibition of 
spindle dynamics, which relieves tension but does not destroy 
kinetochore-microtubule attachments, activates the spindle 
checkpoint[60, 61].  From the results shown in Figures 3 and 5, 
CMC depolymerized microtubules and induced G2-M arrest in 
a dose-dependent manner.  The dose of CMC needed to depo-
lymerize microtubules is the same as the dose of CMC needed 
to induce G2-M arrest, implying that the G2-M arrest induced 
by CMC is via microtubule depolymerization.
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It has been reported that microtubule-targeting agents can 
induce apoptosis via activation of the spindle checkpoint[62]; 
thus, apoptosis induced by CMC was evaluated using 
Annexin V/PI double staining.  As shown in Figures 6A and 
6B, 0.63 μmol/L CMC triggered apoptosis at 24 h and induced 

apoptosis in a time-dependent manner (Figures 6A and 6B).  
CMC also caused a significant increase in apoptosis at 48 h in a 
dose-dependent manner (Figures 6C and 6D), and G2-M arrest 
induced by CMC occurs before the commencement of apopto-
sis (Figures 6E and 6F).

Figure 6.  CMC induced apoptosis in a time- and dose-dependent manner.  (A) (B) HeLa cells were treated with 0.63 μmol/L CMC.  Samples were then 
collected at 24 h, 48 h, and 72 h followed by staining with Annexin V-FITC/PI.  The level of apoptosis was detected using flow cytometry.  (C) (D) HeLa 
cells were treated with CMC at doses ranging from 2.5 μmol/L to 0.04 μmol/L for 48 h.  Samples were then stained with Annexin V-FITC/PI.  Apoptosis 
was detected using flow cytometry.  (E) (F) HeLa cells were treated with 0.63 μmol/L CMC for 12 h-72 h, and the percentage of sub-G1 cells and G2-M 
cells was analyzed using the ModFit software provided with the FACSCalibur flow cytometer.
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As mentioned, the importance of microtubules in mitosis 
makes them a superb target for a group of highly success-
ful, chemically diverse anticancer drugs[63–65].  In view of the 
success of this class of drugs, it has been argued that micro-
tubules represent the best cancer target to be identified so 
far, and it seems likely that drugs of this class will continue 
to be important chemotherapeutic agents even as more selec-
tive approaches are developed[63–65].  Relatively weak micro-
tubule-targeting coumarins could also be used as adjuvants 
in chemotherapy to attain increased efficacy with decreased 
toxicity[63–65].  The maintenance of low concentrations of 
microtubule-targeted drugs in tumor tissue for long dura-
tions could be more efficacious in killing tumor cells than the 
rapidly rising and falling drug concentrations associated with 
bolus administration at maximum tolerated doses[63–65].  These 
advantages make coumarins a hot area for further study.

Still elusive is the fact that different anticancer coumarins 
with different substitutions can have different mechanisms.  
It is reported that coumarin can reduce the expression of Ras 
and Myc, and it can also induce G0/G1 arrest and apoptosis 
via ROS[66].  Another coumarin analogue, decursin, inhibits 
the proliferation of the advanced human prostate carcinoma 
cell lines DU145, PC-3 and LNCaP by causing G1 arrest via an 
induction of Cip1/p21 and Kip1/p27[22].  Ferulenol and dicou-
marol stimulate tubulin assembly[67, 68], and geiparvarin is able 
to inhibit GTP-induced polymerization[69].  Here, we report on 
a novel microtubule-targeting coumarin analogue with high 
anticancer activity.  Our results provide clues for structure-
activity relationship studies and for further structural design 
of novel microtubule-targeting coumarin analogues.  
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