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Induction of G,/M phase arrest and apoptosis by potent
antitumor APCA in human cervix carcinoma cells
Ke Xu, Xin Liang, Fang Wang, Lijuan Xie, Yufang Xu, Jianwen Liu

and Xuhong Qian

3-(dimethylamino-ethylamino)-8-oxo-8H-acenaphtholl1, 2-
blpyrrole-9-carboxylic acid (APCA), as a potent antitumor
compound, showed anticancer activity on a series of
established cancer cells. Meanwhile, the cytotoxic effects
of APCA were much smaller on normal human cells than
that on cancer cells. This study investigated the molecular
mechanisms underlying APCA-induced growth inhibition in
Hela cells. The results showed that the APCA-induced cell
cycle arrest at G,/M phase correlated with cyclinB1 and
cyclin-dependent kinase 1 expression downregulation in
a p53-independent manner, and also caused an increase
in apoptosis, which was confirmed by characteristic
morphological changes and increased apoptotic sub-G;
population. Furthermore, translocation inhibition of nuclear
factor-kB, upregulation of Bax, and downregulation of
Bcl-2, caspase-3 and caspase-9 activation, and poly-
(ADP-ribose) polymerase cleavage were observed in
Hela cells treated with APCA, which indicated that the
mitochondrial pathway was involved in the apoptosis signal
pathway. In summary, APCA displayed an antitumor effect

Introduction

Cell cycle control is the major regulatory mechanism in
the cell growth process [1]. Many cytotoxic agents and/or
DNA-damaging agents arrest the cell cycle at the Gy/Gy,
S, or G,/M phase and then induce apoptosis [2]. Several
studies have shown that various cytotoxic drugs can
induce G,/M phase accumulation [3]. G, to M phase
progression is regulated by a number of the cyclin/cyclin-
dependent kinase 1 (Cdk) family; in particular, activation
of the cyclinB1/Cdk1 complex is required for transition
from G, to the M phase [4]. In addition to the cell cycle,
several therapeutic and chemopreventive agents elim-
inate cancerous cells by inducing apoptosis. Apoptosis is
an intracellular suicide program that is executed by the
activation of caspases, a family of cytoplasmic cysteine
proteases [5]. Caspase-3, caspase-8, and caspase-9, as key
components of the apoptotic machinery, have been shown
to be activated in apoptotic cells and cleave several cellular
proteins including poly-(ADP-ribose) polymerase (PARP)
protein, the cleavage of which is a hallmark of apoptosis.

3-(Dimethylamino-ethylamino)-8-oxo-8H-acenaphthol [1,
2-b]pyrrole-9-carboxylic acid (APCA), which was synthe-
sized in our laboratory, exhibited cytotoxic activity in a
series of human tumor cell lines, of which HelLa human
cervix carcinoma cells were the most sensitive ones.

It was revealed that APCA markedly inhibited Hel.a
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through cell cycle arrest and apoptotic induction in Hela
cells, which suggested that APCA might have therapeutic
potential against cervix carcinoma as an effective lead
compound. Anti-Cancer Drugs 22:875-885 © 2011
Wolters Kluwer Health | Lippincott Williams & Wilkins.
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cell growth with a 50% cell growth inhibition (ICsg) of
30 umol/l. Therefore, this new investigation will be
helpful in further elucidation of undiscovered biological
properties of this novel antitumor agent to Hel.a cells.

The development of a new, active anticancer agent raises
important questions about its mechanism of action.
In this study, we assessed the antitumor activity of
APCA in a series of established cancer cell lines by 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay and colony-forming assay, among which the
cervix carcinoma Hela cell line was the most sensitive.
Then, we further studied the antiproliferation effects of
APCA on Hela cells. We found that APCA can present
antitumor effects by inducing G,/M phase arrest and
apoptosis, and then we looked into the mechanism. Here,
we provide evidence that APCA induced G,/M arrest and
subsequent apoptosis in HelLa human cervix carcinoma cells.

Materials and methods

Drug and materials

APCA was synthesized in our laboratory by Xie Lijuan
(Fig. 1) [6]. The compound was dissolved in dimethyl
sulfoxide. The control cells were treated with the same
amount of vehicle alone. The final DMSO concentration
never exceeded 0.1% (v/v), in either control or treated
samples. Roswell Park Memorial Institute (RPMI) 1640
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Fig. 1
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Stucture of 3-(dimethylamino-ethylamino)-8-oxo-8H-acenaphthol [1,2-b]
pyrrole-9-carboxylic acid (APCA).

medium, Dulbecco’s modified Eagle’s medium, fetal calf
serum, trypan blue, penicillin G, and streptomycin were
obtained from Gibco BRL (Gaithersburg, Maryland, USA).

MTT, DMSO, ribonuclease, Hoechst 33258, propidium
iodide, and 5-bromo-4-chloro-3-indolyl-phosphate (BCIP)/
nitro blue tetrazolium were purchased from Sigma
Chemical (St Louis, Missouri, USA); human reactive
monoclonal antibodies against cyclinB1, Cdk1, p53, p21,
nuclear factor kB (NF-xB), Bcl-2, Bax, cleaved PARP, and
B-actin were purchased from Santa Cruz Biotechnology
(Santa Cruz, California, USA), and antimouse and
antirabbit IgG peroxidase-conjugated secondary antibody
were purchased from Pierce (Rockford, Illinois, USA).

Cell lines and cell culture

The human cell lines used included human cervix car-
cinoma cells, HelLa; human cervical carcinoma cells, SiHa;
human cervix epithelioid carcinoma cells, Hel.a299;
human leukemia cells, HLL-60; human breast cancer cells,
MCF-7; human late-stage hormone-insensitive breast
cancer cells, MDA-MB-231; human malignant melanoma
cells, A375; human colon cancer cells, HCT-8; embryonic
kidney cells, HEK293; and embryonic liver cells, 1.-02.
All cells were purchased from Cell Bank of Type Culture
Collection of Chinese Academy of Sciences (Shanghai,
China). Hela, SiHa, Hela299, HL-60, and HCT-8
cells were cultured in RPMI 1640 medium supplemented
with 10% heat-inactivated bovine serum, penicillin
(100 U/ml), and streptomycin (100 U/ml). MCF-7 and
MDA-MB-231 cells were cultured in RPMI 1640 medium
supplemented with 15% heat-inactivated fetal bovine
serum, penicillin (100 U/ml), and streptomycin (100 U/ml).
A375 cells were cultured in Dulbecco’s modified Eagle’s
medium with 10% heat-inactivated bovine serum, peni-
cillin (100 U/ml), and streptomycin (100 U/ml). HEK293
and L-02 cells were cultured in RPMI 1640 medium,
supplemented with 10% heat-inactivated fetal calf serum,

penicillin (100 U/ml), and streptomycin (100 U/ml). Cells
were incubated at 37°C in a humidified atmosphere of
95% air and 5% CO,.

Analysis of cytotoxicity

The cytotoxicity assay was determined by MTT assay [7]
and the trypan blue dye exclusion assay was performed to
confirm and verify cell viability. Hel.a, SiHa, HelLa299,
HL-60, MCF-7, MDA-MB-231, A375, HCT-8, HEK293,
and L-02 cells were seeded at a density of 1 x 10* cells/
well in 100 ul of the cell culture medium in 96-well
culture plates. After 12h incubation, the cells were
treated with APCA from 0 to 150 umol/l in medium for
24 h. Then, MTT solution (5 mg/ml) was added to each
well and incubated at 37°C for 4h. Then, supernatants
were removed and replaced by 100 pl of DMSO. The
optical density in control and drug-treated wells was
measured in an Automated Microplate Reader (Multiskan
Ex, Lab systems, Finland) at a test wavelength of 570 nm.
The cytotoxicity of APCA was expressed as 1Csy (con-
centration of 50% cytotoxicity, which was extrapolated
from linear regression analysis of experimental data).

Colony-forming (clonogenic) assay

Hela, SiHa, HelLa299, HL-60, MCF-7, MDA-MB-231,
A375, and HC'T-8 cells were seeded in 24-well culture
plates (200-300 cells/well) respectively, and allowed to
adhere for 12h before treatment. Culture medium
containing increasing drug concentrations was added to
cells, followed by incubation for 7 days in the presence of
drug. After this time, cells were then rinsed with phosphate
buffered saline (PBS), fixed with methanol, and stained
with 0.2% crystal violet solution, and colonies (> 50 cells)
were counted [8]. The antiproliferative activity was
expressed as inhibiting concentration 50% (ECsy).

Fluorescent morphological assay [9]

Cells from exponentially growing cultures were seeded in
24-well culture plates and treated with APCA (30 pmol/I)
for 24 or 48h. Cells were washed with PBS, fixed in
MeOH-HAc (3:1, v/v) for 10 min at 4°C, stained with
Hoechst 33258 (Spg/ml in PBS) for 5min at room
temperature, and then examined by using a LEICA
DMIRB fluorescence microscope (Leica, Wetzlar, Ger-
many) at 356 nm.

Flow cytometric analysis of cellular DNA content

Flow cytometric analysis of cellular DNA content was
carried out as described previously [10]. Cells (2 x 105)
were seeded in a six-well culture plate; after 12h in-
cubation, cells were treated with 0, 7.5, 15, and 30 pmol/l
of APCA for 0, 12, 24, 36, and 48 h, respectively. Both
floating and attached cells were collected by trypsinase
and poured together into the centrifuge tubes. Cells were
washed with PBS, resuspended, and fixed in 70% ice-cold
ethanol for 4h at 4°C. Subsequently, they were treated
with ribonuclease A (50 pg/ml) for 30 min. Finally, cells
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were stained with propidium iodide (50 pg/ml) and
analyzed in an FACScan flow cytometer (Becton Dick-
inson, USA). The percentage of cells in Go/G; phase, S
phase, G,/M phase, and sub-G; phase was analyzed using
standard ModFit and CellQuest software programs (San
Jose, California, USA).

Assays of caspase activity

Cells (1 x 10%/dish) were seeded in 10-cm dishes. After
12 h incubation, cells were treated with 0, 7.5, 15, and
30 umol/l of APCA for 48 h. After treatment, both floating
and attached cells were collected by trypsinase and
washed three times with PBS and resuspended in Tris-
HCl (50 mmol/l, pH 7.4), EDTA (1 mmol/l), and
ethyleneglycoltetraacetic acid (10 mmol/l). Cell lysates
were clarified by centrifugation at 18000 g for 3 min, and
clear lysates containing 50 pg of protein were incubated
with enzyme-specific colorigenic substrates (100 pmol/l)
at 37°C for 1 h. The activity of caspase-3, caspase-8, and
caspase-9 was described as the cleavage of colorimetric
substrate by measuring the absorbance at 405 nm.

Western blotting analysis

Cells (1 x 10%dish) were seeded in 10-cm dishes. After
12 h incubation, cells were treated with 0, 7.5, 15, and
30 umol/l of APCA for 24 and 48 h, respectively. For total
cell protein extracts, control and treated cells were
washed in PBS, suspended in lysis buffer containing Tris-
HCI (50 mmol/l pH 7.5), 1% NP-40, EDTA (2 mmol/l),
NaCl (10 mmol/l), aprotinin (10 pg/ml), leupeptin (10 pug/ml),
dithiothreitol (1 mmol/l), 0.1% SDS, and phenylmethyl-
sulfonyl fluoride (1 mmol/l) and placed in ice for 30 min.
After centrifugation for 15 min at 4°C, the supernatant
was collected. Extraction and isolation of nuclear fraction
were performed according to the method of Levites
et al. [11]. Protein concentrations were determined using
the BCA assay (Pierce).

The western blotting assay was performed as described
previously [12]. For western blotting analysis, equal
amount of proteins (30 png) were separated by SDS-
polyacrylamide gel electrophoresis and transferred to a
nitrocellulose membrane. The blotting was blocked in
blocking buffer (5% nonfat dry milk/0.1% Tween 20 in
PBS) for 1h at room temperature, and then incubated
with appropriate primary antibodies in blocking buffer
overnight at 4°C. The blotting was then incubated with
appropriate secondary antibody alkaline phosphatase
conjugated and detected in 5 ml of alkaline phosphatase
buffer containing 16.5 pl of BCIP and 33 pl of nitro blue
tetrazolium at room temperature for 10-20 min, and then
photographed. Beta-actin was used as a loading control.

Semiquantitative RT-PCR analysis

Total RNA of APCA-treated cells was extracted using
TRIzol reagent (Promega Corporation, Madison, Wisconsin,
USA) according to the supplier’s instruction. RNA was
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quantified by optical density measurement at 260 and
280 nm using a spectrophotometer (all RNA samples
had an A260/A280 ratio >1.8), and integrity was
confirmed by running RNA on a 1.2% agarose gel. Then,
RNA was reverse-transcribed using a Reverse Transcrip-
tion System (Takara Shuzo, Shiga, Japan). Primers were
obtained from Shanghai Sangon Biological Engineering
Technology and Services Co., Litd. (Shanghai, China) and
their sequences were: 5-GGTCGGAGTCAACGGAT
TTG-3  (sense) and 5-ATGAGCCCCAGCCTTCTC
CAT-3' (antisense) for glyceraldehyde-3-phosphate dehy-
drogenase, 5'-CTTATACTAAGCACCAAATC-3' (sense)
and 5-CTTGGCTAAATCTTGAACT-3 (antisense) for
cyclinB1, 5-CTTATGCAGGATTCCAGGTT-3" (sense)
and 5-GGTGCCTATACTCCAAATGTC-3" (antisense)
for Cdkl1, 5-AGATTGCCCTCTCAGTGTCCA-3' (sense)
and 5-TGGAAGGAAGAAAAGCTGCC-3' (antisense) for
CDK4, 5-AAGCTGTGCATCTACACCGA-3' (sense)
and 5-CTTGAGCTTGTTCACCAGGA-3' (antisense)
for cyclin D1, 5-GTTCCGAGAGCTGAATGAGG-3
(sense) and 5-TGAGTCAGGCCCTTCTGTCT-3' (anti-
sense) for p53, 5-CGCGACTGTGATGCGCTA-3' (sense)
and Y-AAGTCGAAGTTCCATCGCTCA-3 (antisense) for
p21. An aliquot (2pl) of reverse transcription (RT)
product was used for PCR amplification in a total volume
of 25pul. Amplification of Cdkl, cyclinB1, cyclin D1,
CDK4, p53, and p21 using a BADRED thermal cycler
(Foster, California, USA) consisted of 30 cycles (95°C
for 30s, 54°C for 30s, 72°C for 30s for cyclin Bl and
Cdk1; 95°C for 30s, 55°C for 30s, 72°C for 30s for p53,
p21, cyclin D1, and CDK4), whereas glyceraldehyde-
3-phosphate dehydrogenase was used as a control for
30 cycles (94°C for 30s, 55°C for 30s, and 72°C for 30s).
The PCR conditions were optimized to keep the
amplification in the linear range to avoid the plateau effect.
The amplified DNA was analyzed on a 1.5% agarose gel and
photographed. Densitometric analysis of the images was
carried out with image analysis software (Image Gauze 3.0.1,
Fuji Photo Film, Tokyo, Japan). Results were presented as
normalized fold changes in relation to control.

Statistical analysis

All data were expressed as mean = standard deviation.
Statistical analysis was carried out using the Origin7.0
software (OriginLab Corp., Northampton, Massachusetts,
USA) to evaluate the significance of differences between
groups considered as *P < 0.05; **P < 0.01; ***P < 0.001.
All data points represented the mean of triplicates.

Results

Cytotoxicity effect of APCA in eight human cancer cell
lines

The cytotoxicity of APCA on various cells was shown
in Fig. 2. The data indicated that cytotoxicity of APCA on
all cell lines was dose-dependent and each cell had a
different sensitivity to the inhibitive effect of the APCA
(Fig. 2a). The ICsy values, cytotoxicity, ECsg, and
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therapeutic index (ICsy vs. ECsg) are shown in Table 1.
The proliferation of HeLa cells was reduced by 50% upon
an APCA (30 umol/l) exposure for 24 h, which is the dose
referred in the following experiments. In addition,
we also chose 0, 7.5, and 15 umol/l in the following ex-
periments. At these concentrations, the drug had less
toxic effect on HEK293 and L.-02 (Fig. 2b).

Effect of APCA on colony formation of eight human
cancer cell lines

The ECsy values on colony formation are shown
in Table 1. On counting the above-mentioned results,
the therapeutic index (the ratio of 1Csy vs. ECsg) for

Fig. 2

—— HCT-8
—« SiHa

(a) —a— Hela
—e— HL-60

120~ —A— MCF-7 —— Hela299
—v— A375

—o— MDA-MB-231

100 -

80

60 -

40

204

1201

Cell viability (% of control)

100

80

60

40 -

20 - —a— L-02
—o— HEK293

0 T T T T T T
0 30 60 90 120 150

Drug concentration (umol/l)

Effect of 3-(dimethylamino-ethylamino)-8-oxo-8H-acenaphthol [1,2-b]
pyrrole-9-carboxylic acid on the viability of (a) HeLa, HL-60, MCF-7,
A375, HCT-8, SiHa, HelLa299, and MDA-MB-231 cells, or (b) L-02 and
HEK?293 cells. Cells were treated for 24 h in the presence of 3-
(dimethylamino-ethylamino)-8-oxo-8H-acenaphthol [1,2-b] pyrrole-9-
carboxylic acid in medium. Cell viability was then determined by an
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay and
was expressed as mean * standard deviation of three separate
experiments. Significant differences from untreated control are
indicated by *P<0.05; **P<0.01; ***P<0.001.

Table 1 Growth inhibition effect of APCA on five established
cancer cell lines?®
Hela SiHa HelLa299 HL-60
ICs0 (umol/l) 29.3+2.12 44.381+3.62 35.11+2.12 271+£1.2
ECso (umol/l) 194105 5.1310.82 3.3310.76 5.6+0.7
Tl 15.1 8.65 10.54 4.84
MCF-7 MDA-MB-231 A375 HCT-8
ICs0 (umol/l) 70.5+5.13 98.45+6.73 >150 >150
ECs0 (umol/l) 16+1.4 21.5+2.97 NA NA
T 4.41 3.13 NA NA

APCA, 3-(dimethylamino-ethylamino)-8-oxo-8H-acenaphthol [1,2-b] pyrrole-9-
carboxylic acid; ECso, 50% cell growth inhibition; ICso, 50% cell growth
inhibition; NA, not applicable; TI, therapeutic index.

®Each value represented meanzstandard deviation of three independent
experiments. Tl was equal to the ratio of ICso vs. ECso.

these eight human cancer cell lines showed the follow-
ing order: Hel.a > Hel.a299 > SiHa > HL-60 > MCF-
7 > MDA-MB-231 > A375, HCT-8 successively. It showed
that Hel.a cells, which were referred to in the following
experiments, were most sensitive to APCA with a thera-
peutic index equal to 15.1.

Time-dependent and dose-dependent effects of APCA
on Hela cells

To further evaluate the antiproliferation effect of APCA
on Hel.a cells, we initially treated cells with APCA for 12,
24, 36, and 48 h, respectively. Cell viability was estimated
by the MTT assay. Figure 3 demonstrated that APCA
inhibited cellular proliferation in a time-dependent and
dose-dependent manner.

Effect of APCA on the cell morphology

The growth-inhibitory effect of APCA was accompanied
by cell shrinkage as observed (Fig. 4), which might
indicate apoptosis. We further examined the morpholo-
gical changes in response to APCA treatment by
fluorescence staining. Both control and APCA-treated
cells were stained with the fluorescence dye Hoechst
33258 and visualized using a fluorescence microscope.
The control cells were normal and the nuclei were round
and homogeneous, whereas the cells treated with APCA
exhibited the characteristics of apoptosis, with cell
shrinkage, nuclear condensation, and fragmentation in a
time-dependent manner (Fig. 4).

Effect of APCA on G,/M phase arrest

"To determine whether a decrease in cell viability involved
cell cycle changes, we investigated the effect of APCA
on cell cycle distribution by flow cytometry. An exposure
of cells to 0, 7.5, 15, and 30 pumol/l APCA for 24 h resulted
in the accumulation of G,/M phase, from 12.86 to 16.53%,
20.98, and 35.41%, respectively (Fig. 5). APCA can cause
a time-dependent G,/M phase arrest, and G,/M phase
accumulation peaked when cells were treated with APCA
(30 pmol/l) for 24h (Fig. 6a and b). These results
suggested that APCA inhibited the cellular proliferation
by G,/M phase arrest in a time-dependent and dose-
dependent manner.
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Dose and time effect of 3-(dimethylamino-ethylamino)-8-oxo-8H-
acenaphthol [1,2-b] pyrrole-9-carboxylic acid on the viability of HelLa
cells. Cells were treated for 12, 24, 36, and 48h in the presence of
3-(dimethylamino-ethylamino)-8-oxo-8H-acenaphthol [1,2—-b] pyrrole-
9-carboxylic acid in medium. Cell viability was then determined by an
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay and
expressed as mean * standard deviation of three separate experiments.
Significant differences from control are indicated by *P<0.05;
**P<0.01; ***P<0.001.

Effect of APCA on apoptosis

We also quantified the cells in the sub-G; population
after APCA treatment as the apoptosis index. Cells
treated with 30pmol/l of APCA for escalating time
resulted in an obvious increase of the sub-G; fraction
(especially treatment for more than 24h), which in-
creased from 0 to 12.22% (36h) and 14.17% (48h) in a
time-dependent manner (Fig. 6¢).

Effects of APCA on caspase activation

To further characterize the apoptotic pathway activated by
APCA, we determined the kinetics of caspase activation.
The activation of caspases in APCA-treated cells was
assessed using colorigenic tetrapeptide substrates, Ac-
IETD-pNA, Ac-LEHD-pNA, and Ac-DEVD-pNA, which
have been shown to be selective for caspase-8, caspase-9,
and caspase-3-like enzymatic activities, respectively. Treat-
ment of Hela cells with 0, 7.5, 15, and 30 pmol/l APCA
results in the detection of caspase-9 and caspase-3 activation
at 48h (Fig. 7). Results demonstrated that APCA-induced
apoptosis are significant. These results confirm involvement
of caspase-3 and caspase-9 in APCA-mediated cell death.

Effect of APCA on Cdk1 and cyclinB1 expression

In an attempt to understand the effect of the molecular
events involved in APCA activity on cell cycle progres-
sion, we next investigated the effect of the APCA on the
expression of proteins that were pivotal for G,/M
transition, including Cdk1 and cyclinB1. G,/M transition
requires activity of cyclin-dependent kinase, Cdkl,

Induction of G,/M phase arrest and apoptosis Xu et al. 879

which was positively regulated by association with
cyclinB1. Figure 8a represented a western blotting result
from treated (7.5, 15, and 30 umol/l APCA) and untreated
cells, and a decrease in the level of cyclinBl and Cdkl
protein was observed at 24h posttreatment, which sug-
gested that downregulation of the expression of G, phase
regulating proteins might contribute to APCA-mediated
cell cycle arrest in HelLa cells.

Effect of APCA on p53 and p21 expressions

To further investigate molecular changes involved in APCA-
mediated G,/M cell cycle arrest in Hela cells, we also
analyzed the expression of p53 and p21 by western blotting.
The tumor suppressor gene, p53, is known to be a member

Fig. 4

Control

APCA (30 pumol/1,24 h)

APCA (30 umol/1,48 h)

Fluorescent staining of nuclei in 3-(dimethylamino-ethylamino)-8-oxo-
8H-acenaphthol [1,2-b] pyrrole-9-carboxylic acid (APCA)-treated and
untreated cells by Hoechst 33258. Hela cells were treated with APCA
(30 umol/l) for 24 or 48 h. Cells untreated and cells treated with APCA
were visualized using a LEICA fluorescence microscope. Condensed
and fragmented nuclei and apoptotic bodies (arrows) were seen in the
APCA-treated cells, but not in the control.
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Dose-dependent effect of 3-(dimethylamino-ethylamino)-8-oxo-8H-acenaphthol [1,2-b] pyrrole-9-carboxylic acid (APCA) on cell cycle distribution.
(a) HeLa cells were treated with different concentrations of APCA and analyzed at 24 h by DNA flow cytometry. (i) Control, (ii) 7.5 umol/l APCA, (iii)
15 pmol/l APCA, and (iv) 30 umol/l APCA. (b) Histograms showed number of cells per channel (vertical axis) vs. DNA content (horizontal axis). The
values indicated the percentage of cells in the indicated phases of the cell cycle. The data shown are representative of three independent
experiments with similar findings. Significant differences from control are indicated by *P<0.05; **P<0.01.

of the DNA damage-response pathway. It has been proved
that p53 protein increases at the early stages of cellular
damage in response to a variety of stress-inducing
agents [13], being responsible for the inhibition of cell
growth and/or commitment to apoptosis. p53 protein was
analyzed by western blotting after treatments with 0, 7.5,

15, and 30 umol/l APCA (Fig. 8b), which showed that APCA
induced no obvious change of p53. Meanwhile, we analyzed
the expression of its downstream effector p21, a potent
inhibitor of cell cycle kinases. In fact, the p21 protein level
also had no obvious change, indicating that APCA had no
significant effect on the p53/p21 system.
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Time-dependent effect of 3-(dimethylamino-ethylamino)-8-oxo-8H-acenaphthol [1,2-b] pyrrole-9-carboxylic acid (APCA) on a population of Gy
phase cells and hypodiploid cells. (a) HelLa cells treated with APCA (30 umol/l) for 12, 24, 36, and 48h and analyzed by DNA flow cytometry. (i)
Control, (ii) 12h, (i) 24 h, (iv) 36 h, (v) and 48 h. (b) The percentage of G, phase cells showed a time-dependent response to APCA. G, phase
accumulation peaked at 24 h treatment. (c) The percentage of sub-G; cells showed a time-dependent response to APCA. Data are expressed as
mean * standard deviation of three separate experiments. Significant differences from control are indicated by *P<0.05; **P<0.01.
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Fig. 7
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Effects of 3-(dimethylamino-ethylamino)-8-oxo-8H-acenaphthol [1,2-b]
pyrrole-9-carboxylic acid (APCA) on caspase-3, caspase-8, and
caspase-9 activations. Activation of caspase-3 and caspase-9 by
APCA. After treatment with 0, 7.5, 15, and 30 pumol/l of APCA for 48 h,
cell lysates were prepared and enzymatic activity of caspase-3,
caspase-8, and caspase-9 proteases was determined as described
under Materials and methods section. Significant differences from the
control are indicated by **P<0.01; ***P<0.001.

Effect of APCA on cell nuclear translocation of NF-kB,
the expression of Bcl-2 and Bax

To understand the effect of the molecular events
involved in APCA activity on cell apoptosis, we next
investigated the effect of the APCA on the expression
and nuclear translocation of NF-kB, and the expression of
proteins that were pivotal for apoptosis, including Bcl-2
and Bax. The result showed that nuclear translocation of
NF-kB reduced, but no obvious changes were found in its
expression (Fig. 8c). Meanwhile, upregulation of Bax and
downregulation of Bcl-2 were observed, suggesting that
an increase in Bax/Bcl-2 ratios might be involved in
apoptosis induced by APCA (Fig. 8d).

Effect of APCA on PARP cleavage

We also examined PARP proteolysis as a marker of caspase
activation. PARP is a highly conserved nuclear enzyme
involved in DNA repair and activated in response to DNA
damage [14,15]. It is also a preferential substrate for
caspase-3, which is cleaved by this protein into 89-kDa and
24-kDa fragments during apoptosis. Figure 8d showed PARP
cleavage in cells treated with APCA for up to 48h. APCA
was very efficient in inducing PARP cleavage, as reflected
by the intensity of the 89 kDa PARP fragments, which were
clearly visible after 48 h of incubation with the drug.

Effect of APCA on mRNA levels of cell cycle genes

We had determined that APCA could induce G,/M phase
arrest, and then we examined the mRNA levels of cell
cycle genes by semiquantitative RT-PCR analysis. The
results indicated that the mRNA expression of cyclinBl

and Cdkl decreased after APCA treatment in a dose-
dependent manner, and no obvious change in the mRNA
expression of cyclin D1, CDK4, p53, and p21 was
observed (Fig. 9). Thus, APCA decreased the expression
of cyclinB1 and Cdkl1 at transcription level.

Discussion

Many anticancer agents and DNA-damaging agents arrest
the cell cycle at the Gy/Gq, S, or G,/M phase and then
induce apoptosis [16]. Cell cycle checkpoints may
function to ensure that cells have time for DNA repair,

Fig. 8
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Western blotting analysis of protein extracts obtained from HelLa
cells treated with 0, 7.5, 15, and 30 pmol/l 3-(dimethylamino-
ethylamino)-8-oxo-8H-acenaphthol [1,2-b] pyrrole-9-carboxylic acid
(APCA), respectively. (a) Total protein extracts were prepared after
treatment for 24 h, and then analyzed by western blotting with anti-
bodies to cyclin-dependent kinase 1 (Cdk1) and cyclin B1. (b) Total
protein extracts were prepared after treatment for 24 h, and analyzed
with antibodies to p53, p21, Bcl-2, Bax, and cleaved poly-(ADP-ribose)
polymerase (PARP). (c) Total protein and nuclear extracts were
prepared after treatment for 24 h, respectively, and analyzed with
antibodies to nuclear factor-kB (NF-xB) (p65 subunit). Beta-actin was
used as a loading control. Western blotting were representative of three
independent experiments.
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whereas apoptosis may function to eliminate irreparable
or unrepaired damaged cells. The purpose of this study
was to evaluate cytotoxicity of APCA on human cancer
lines in comparison with noncancerous human cells; as
the Hela cell line was the most sensitive cell line to
treatment according to therapeutic index, which indi-
cated that APCA may be an effective lead compound
against cervix carcinoma (Table 1), further investigations
were performed to elucidate the molecular mechanism of
action by which APCA inhibited cell viability of Hel.a
cells. APCA had a time-dependent and dose-dependent
cytotoxic effect on Hel.a cells. As shown in Figs 5 and 6,
APCA induced cell cycle arrest in the G,/M phase and
apoptosis in Hel.a cells. G,/M phase accumulation and
apoptosis have been observed in cells exposed to DNA-
damaging agents such as y-irradiation [17], microtubule-
stabilizing agents [18], and topoisomerase inhibitors [19].
Current studies involved in developing effective cancer
preventive approaches have focused mainly on the use
of natural bioactive agents that can induce selective
cytotoxicity in cancer cells [20]. Hence, we examined the
cytotoxicity in HEK293 cells and L-02 cells. By
comparison, we found that the cytotoxicity of APCA on
cancer cells was much stronger than that on noncancerous
cells (Fig. 2b).

The result of flow cytometric analysis showed that APCA
can cause G,/M phase arrest and G,/M phase accumula-
tion peaked at 24 h treatment, and subsequently the sub-
G; phase increased obviously after more than 24h
treatment (Fig. 6), suggesting the sequential events of
cell cycle arrest followed by apoptosis. Besides the
increase of sub-Gy cells, apoptosis was confirmed by
characteristic morphological changes. The morphological
changes of apoptosis include membrane blebbing, cell
shrinkage, chromatin condensation, and formation of
apoptotic bodies [21]. Staining with Hoechst 33258
clearly showed condensed and fragmented nuclei and
apoptotic bodies in the treated cells (Fig. 4).

Cell cycle dysregulation is a hallmark of tumor cells.
Regulation of proteins that mediate critical events of the
cell cycle may be a useful antitumor target [22]. The cell
cycle is mediated by the activation of a highly conserved
family of protein kinases, the Cdks [22,23]. A number of
Cdks have been isolated and shown to regulate the cell
cycle event in mammalian cells [24]. Activation of Cdks
requires binding to a specific regulatory submit, termed a
cyclin. Together, these cyclin/Cdk complexes are the cell
cycle regulators. The entry into mitosis is under the
control of B-type cyclins, which also associate with Cdkl;
the cyclinB1/Cdkl complex is the primary regulator of
transition from G, to M phase [25]. The cyclinB1/Cdk1
complex was originally defined as the maturation-
promoting factor or M phase-promoting factor [26,27].
Regulation of cyclinB1/Cdk1 complexes at multiple levels
ensures the tight control of the timing of mitotic entry
and cell division. Without synthesis of cyclinB1 before the

Induction of G,/M phase arrest and apoptosis Xu et al. 883

G,/M transition, Cdkl remains inactive, and the cell
cannot enter mitosis; the cell cycle will arrest at G, phase.
In this study, we found that Cdk1 and cyclinB1 proteins
were decreased in a dose-dependent manner after
treatment with APCA (Fig. 8), suggesting that APCA
could arrest HelLa cells in G,/M phase. Western blotting
analysis and semiquantitative RT-PCR assay demon-
strated that the cyclinBl and Cdkl were decreased by

Fig. 9
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Effect of 3-(dimethylamino-ethylamino)-8-oxo-8H-acenaphthol [1,2-b]
pyrrole-9-carboxylic acid (APCA) on mRNA expression of cyclin-
dependent kinase 1 (Cdk1), cyclinB1, cyclin D1, CDK4, p53, and p21
in Hela cells. Cells were treated with APCA (0, 7.5, 15, and 30 pumol/l)
for 24 h and then harvested. The total RNA was extracted, then cDNA
was synthesized from total RNA (2 pg), which was amplified using the
sets of primers for examining the expression of Cdk1, cyclinB1, cyclin
D1, CDK4, p53, and p21. Quantification of the bands was performed
and normalized change folds in relation to untreated cells are shown in
parenthesis. Data are presented as mean * standard deviation and
representative of an average of three independent experiments per
concentration. Significant differences from control are indicated by
*P<0.05; **P<0.01; ***P<0.001.
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APCA in transcription level and protein level (Figs 8a and 9).
This suggested that APCA arrested the cells at the G,
phase, preventing them from entering mitosis, by decreas-
ing mRNA of cyclinB1 and Cdkl, influencing the expres-
sion of cyclinB1 and Cdk1, and then the level of cyclinB1/
Cdk1 complex degrades. Thus, our data suggest that cell
cycle arrest is mediated by limitation of the supply of Cdk1
and cyclinBl to the cyclinB1/Cdkl complex formation,
which is an essential step in regulating passage into mitosis.

As a tumor suppressor gene, p53 plays a crucial role in
causing cell cycle arrest, apoptosis, and repair. p21, as a
cyclin-dependent kinase 2 inhibitor, is also known for its
ability to be upregulated by p53, both of which are
integrated into Gy and G, arrest machinery in response to
DNA damage [28-30]. The common pathway reported
was that p53 upregulating p21 resulted in decreasing
cyclinB1/Cdkl complex, and then G,/M phase arrest
occurred [31,32]. This study showed that the expression
of p21 and p53 remained unchanged after APCA
treatment (Fig. 8b). It was supposed that APCA induced
cell cycle arrest and apoptosis without activation of the
p53/p21 system. Another pathway reported by Seitz
et al. [33] was that the nuclear translocation of NF-xB
contributed to the increase of p21 and the following cell
cycle arrest. However, our study suggested that the
intranuclear amount of NF-xB was reduced (Fig. 8c).
Thus, APCA should arrest cells at the G, phase by
downregulating the level of cyclinB1 and Cdk1, indepen-
dently of p53 and NF-«B.

The inhibition of cell viability observed in APCA-treated
cells may also be due to apoptosis (Fig. 6). Cells failing to
progress to mitosis may be destined to apoptosis by
APCA. Apoptosis is a fundamental process essential for
both the development and maintenance of tissue home-
ostasis and this process was first recognized by Kerr
et al. [34]. The morphological changes of apoptosis include
membrane blebbing, cell shrinkage, chromatin condensation,
DNA fragmentation, and formation of apoptotic bodies [35].
We observed that the appearance of the sub-G; population
after APCA treatment was accompanied by these character-
istics for apoptosis morphological changes, as indicated by
Hoechst 33258 staining (Fig. 4). Apoptosis has two major
pathways: the death-receptor-induced extrinsic pathway and
the mitochondria-apoptosome-mediated apoptotic intrinsic
pathway [36]. In the mitochondria pathway, NF-kB is one
of the critical transcription factors that regulate the
transcription of many genes associated with tumorigen-
esis. Bcl-2 family proteins also have a central role in
controlling the mitochondrial pathway. In humans, more
than 20 members of this family have been identified
including proteins that suppress apoptosis (e.g. Bcl-2, Bcl-
x1, Bcl-1) and proteins that promote apoptosis (e.g. Bax,
Bak, Bad) [37]. The proapoptotic proteins and antiapoptotic
proteins of the Bcl-2 family may turn apoptosis on and off
because of the formation of heterodimers among these

proteins [38-40]. The heterodimerization results in mutual
neutralization of the bound proapoptotic and antiapoptotic
proteins. Therefore, the balance between the expression
levels of the protein units (e.g. Bel-2 and Bax) is critical for
cell survival or death. The result showed that APCA sup-
pressed NF-xB nuclear localization, which led to upregula-
tion of the Bax level and concomitantly downregulation of
Bcl-2 level (Fig. 8d), and then cell apoptosis occurred.
Moreover, studies [41] indicated that the augmentation in
the Bcl-2/Bax ratio might contribute to apoptosis through
caspase activation in the mitochondria pathway.

We also determined the caspase activation and PARP
cleavage. The caspases, a family of cysteine proteases, were
activated in a cascade of sequential cleavage reaction from
their inactive zymogen precursors. Caspase-3 is an execu-
tioner caspase, which upon activation can systematically
dismantle cells by cleaving key proteins such as PARP.
Activation of caspase-3 was observed in APCA-treated cells
(Fig. 7). Caspase-3 is an executioner caspase that can be
activated by a mitochondrial pathway involving caspase-9
or a death receptor pathway involving caspase-8 [42]. In
this study, APCA treatment caused activation of caspase-9
but not caspase-8 (Fig. 7) and PARP cleavage. These
results suggested involvement of mitochondrial death
pathways in APCA-induced apoptosis.

In summary, our data indicated that APCA at biologically
relevant concentration induced cell cycle arrest in the G,/
M phase and apoptosis of human cervix carcinoma cells in
a dose-dependent and time-dependent manner. APCA-
induced cell cycle arrest was associated with reduction in
the protein and mRNA level of Cdk1 and cyclinB1 in a
p53-independent manner. Furthermore, inhibition of NF-
kB nuclear translocation and increase in Bax/Bcl-2 ratios
were observed after Hela cells were treated with APCA,
which was accompanied by activated caspase-3 and
caspase-9 and PARP cleavage. Taken together, these
observations indicated that mitochondria-mediated pro-
cesses may be involved in the induction of apoptosis of
cells treated with APCA. The ability of APCA to induce
cell cycle arrest at G,/M phase followed by very effective
induction of apoptosis in Hel.a cells gives us an
additional argument to consider this compound as a
novel, potent, and promising therapeutic agent against
cervix carcinoma cancer.
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