
Summary
Purpose: Our previous data have shown that emodin azide 
methyl anthraquinone derivative (AMAD) triggered mito-
chondrial-dependent cell apoptosis involving caspase-8-me-
diated Bid cleavage, and induced proteasomal degradation 
of HER2/neu by blocking Her2/neu binding to Hsp90. In 
the present study, we futher investigated the effect of this 
compound on the cell cycle and related molecular mecha-
nisms in HER2/neu-overexpressing MDA-MB-453 breast 
cancer cells. 

Methods: The cell cycle distribution was tested by flow cy-
tometry. The expression of cell cycle-related proteins was 
determined by Western blot analysis; DNA agarose gel 
electrophoresis was used to examine the apoptosis of MDA-

MB-453 cells induced by emodin AMAD. 

Results: After MDA-MB-453 cells were treated with differ-
ent concentrations of emodin AMAD for 24 hrs, cells were 
arrested in G0/G1 phase, and the expression of G0/G1 re-
lated proteins c-Myc, Cyclin D1, CDK4 and p-Rb changed. 
DNA fragmentation appeared on the agarose gel in a con-
centration-dependent manner. 

Conclusion: Emodin AMAD induced G0/G1 arrest in Her2/
neu-overexpressing MDA-MB-453 cancer cells. This G0/G1 
arrest was associated with decreasing protein expression of 
c-Myc, Cyclin D1, CDK4, and p-Rb.
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Introduction 

It is well known that overexpression of HER2/
neu is associated with poor prognosis in many 
malignancies [1], including cancers of the breast, 
ovary, lung, prostate, etc. During the last decade, 
HER2/neu has been targeted in order to develop 
novel anticancer drugs in the form of small mol-
ecules (e.g. lapatinib) or monoclonal antibodies 
(e.g. herceptin), which have shown promising re-
sults. However, their efficacy and long-term use in 
patients are quite limited because of resistance to 
these inhibitors or severe side effects. Therefore, 
novel therapeutic strategies in this field are still 
required. 

Like doxorubicin and daunorubicin, emodin 

(1,3,8-trihydroxy-6-methylanthraquinone) is a 
single anthracycline 1,8-dihydroxy-anthraqui-
none derivative and an active ingredient of var-
ious Chinese herbs including Rhubarb, Polygo-
num cuspidatum, Polygonum multiflorum, etc. 
Pharmacologic studies have indicated that emo-
din has immunosuppressive, antibacterial, anti-
inflammatory, and antitumor properties. Recent 
studies clearly revealed that emodin suppressed 
the growth and induced apoptosis in several can-
cer cell lines, including breast, lung, colorectal 
and prostate cancer cells [2-4]. In addition, emodin 
could induce differentiation and enhance the sen-
sitivity of tumor cells to chemotherapy. Recently, 
emodin was also found to block the phosphoryl-
ation of HER2/neu and to increase the suscepti-
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bility of HER2/neu overexpressing cancer cells 
to standard cytotoxic agents. However, compared 
with other monomers such as taxol and camp-
tothecin, the anticancer activity of emodin was 
not obvious and its side eff ects, such as cardiac 
toxicity, limited its clinical application in cancer 
chemotherapy. Therefore, in cooperation with the 
group of the School of Chemistry and Chemical 
Engineering, Sun Yat-sen University, we modi-
fi ed the structure of emodin and synthesized a 
series of emodin anthraquinone derivatives. Of 
these compounds, AMAD (6-azido-methyl-1-hy-
droxy-3,8-dimethoxy-9,10 anthraquinone) (Figure 
1) exhibited the most potent anticancer activity in 
vitro and in vivo. Our previous data showed that 
emodin AMAD triggered mitochondrial-depend-
ent cell apoptosis involving caspase-8-mediated 
Bid cleavage and induced proteasomal degrada-
tion of HER2/neu by blocking HER2/neu binding 
to Hsp90 [5,6], which revealed that AMAD might 
be a promising compound off ering better antican-
cer treatment options. In this study, we further 
investigated the eff ect of this compound on the 
cell cycle and related molecular mechanisms in 
HER2/neu-overexpressing MDA-MB-453 cells, 
which might provide experimental evidence for 
clinical treatment. 

Methods

Chemicals and reagents

Emodin AMAD with a purity of >98% was 
obtained from the modifi ed structure of emodin 
extracted from the natural Giant Knotweed Rhi-
zome of traditional Chinese herbs, synthesized 
by Lianquan Gu group (School of Chemistry and 
Chemical Engineering, Sun Yat-sen University). 
DNAzol® Reagent (Genomic DNA Isolation Rea-
gent) was purchased from Invitrogen Co, Carlsbad, 

USA). Antibodies against c-Myc, Cyclin D1, CDK4, 
p-Rb and the enhanced PhototopeTM-HRP Detec-
tion Kit were obtained from Cell Signaling Tech-
nology (Beverly, MA). Antibodies against GAPDH, 
anti-mouse IgG-HRP and anti-rabbit IgG-HRP 
were purchased from KangChen Biotechnology 
Co. (Shanghai, China). All tissue culture supplies 
were purchased from Gibco-BRL Co, NY, USA). 
Prestained Protein Marker was purchased from 
Fermentas (MBI) Co., Ottawa, Canada. Propidium 
iodide (PI) and RNase A were purchased from Sig-
ma (St Louis, MO, USA). Other routine laboratory 
reagents were obtained from Whiga Biotechnolo-
gy Co. (Guangzhou, China) of analytical or HPLC 
grade.

Cell lines and cell culture

Human breast cancer cell lines MDA-MB-453 
obtained from Cell Bank of the Chinese Academy 
of Medical Sciences (Beijing, China) were grown 
in DMEM medium, which contained 100 U/mL 
penicillin, 100 μg/mL streptomycin, and 10% fe-
tal bovine serum (FBS). Cells were cultured in a 
humidifi ed atmosphere incubator of 5% CO₂ and 
95% air at 37 ºC. 

Cell cycle analysis 

Aft er MDA-MB-453 cells were treated with 
2.30-9.20 μM emodin AMAD for 24 hrs, the cells 
were collected and washed twice with cold PBS. 
Then the cells were fi xed in 70% ice-cold ethanol 
overnight. Aft er washing twice with PBS, 5×10⁵ 
cells were resuspended in 0.5 mL PBS contain-
ning RNase A (100 μg/ml) and PI (100 μg/ml) 
for 30 min at 37 ºC in the dark. The DNA content 
of cells was then analyzed by fl ow cytometer [7] 
(Becton Dickinson, USA).

Whole-cell lysates and Western blot analysis

Aft er MDA-MB-453 cells were exposed to 
2.30-9.20 μM emodin AMAD for 24 hrs, whole 
cells were harvested, washed twice with ice-cold 
PBS, the pellet was vortexed and 1 × lysis buff er 
(50 mM Tris-Cl [pH 6.8], 10% glycerol, 2% sodium 
dodecylsulphate, 0.25‰ bromphenol blue and 0.1 
M dithiothreitol ) was added in 100 μL /5×106 cells. 
Aft er being heated at 95 ºC for 20 min, the lysates 
were centrifuged at 12,000 rpm for 10 min and 
the supernatant was collected. The protein con-
centration was determined by nucleic acid-pro-
tein analyzer (Beckman, USA). Equal amount of 
lysate protein was separated on 8-12% sodium 
dodecylsulfate–polyacrylamide gel electrophore-

Figure 1. Chemical structure of emodin Azide Methyl 
Anthraquinone Derivative (AMAD).
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sis (SDS-PAGE) and transferred onto PVDF mem-
brane (Pall, USA). The nonspecific binding sites 
were blocked with TBST buffer (150 mM NaCl, 
20 mM Tris–HCl (pH 7.4), and 0.4% (V/V) Tween 
20) containing 5% nonfat dry milk for 2 hrs. The 
membranes were incubated overnight at 4 ºC 
with specific primary antibodies. Then the mem-
branes were washed three times with TBST buffer 
and incubated at room temperature for 1 h with 
HRP-conjugated secondary antibody. After thrice 
wash with TBST buffer, the immunoblots were 
visualized by the enhanced PhototopeTM-HRP 
Detection Kit purchased from Cell Signaling 
Technology (Beverly, MA) and exposed to Kodak 
medical X-ray processor [8] (Kodak, USA).

DNA fragmentation assay

After MDA-MB-453 cells were exposed to 
2.30-18.40 μM emodin AMAD for 24 hrs, the ex-
traction of DNA was carried out as described in 
the manual of DNAzol reagent (Invitrogen, USA). 
Briefly, 5x106 cells were harvested, washed once 
with ice-cold PBS, and centrifuged at 1000 rpm 
for 5 min. The cell pellets were resuspended in 1 
mL DNAzol reagent and incubated at room tem-
perature for 2 hrs. After centrifugation at 12,000 
rpm for 15 min, the supernatant was transferred 
to a 1.5 mL eppendorff. Subsequently, 0.5 mL 
ice-cold dehydrated alcohol was added to precip-
itate DNA, which was collected by centrifugation 
at 10,000 rpm for 10 min. Then the pellets were 
washed twice with 75% ice-cold alcohol, dried in 
air and dissolved in 100 mL TE buffer (100 mM 
Tris-Cl [pH 8.0], 10 mM EDTA). Each DNA prepa-
ration was mixed with 5 mL RNase A of 10 mM 
at 37 °C overnight. Before electrophoresis, every 
5 mL of extracted DNA samples were added with 
1 mL 6 × loading buffer. Then the samples were 
electrophoresed on 0.8% agarose gel stained with 
1.5 mM ethidium bromide (EB) at 60 V for 45 min 
in 0.5 x TBE buffer (44.5 mmol/L Tris-boric acid 
and 1 mmol/L EDTA [pH 8.3]). Analyses and pho-
tography were performed with the gel imaging 
and analysis system [9] (Vilber Lourmat, France).

Statistics

Results were analysed using t-test or one-way 
ANOVA with SPSS 13.0 software (SPSS Inc., Chi-
cago, IL, USA). Data were presented as means ± 
SD of at least triplicate determinations. *p < 0.05 
was indicative of significant difference, and **p < 
0.01 was indicative of very significant difference. 

Results 

Emodin AMAD caused cell cycle arrest in G0/G1 
phase in MDA-MB-453 cells

 It is reported that many emodin derivatives 
caused cell cycle arrest in G0/G1 phase in some hu-
man cells. To investigate whether emodin AMAD 
affects the cell cycle phase distribution in tumor 
cells, the cell cycle of MDA-MB-453 cells was an-
alysed by PI staining and flow cytometry analy-
sis. The results showed that treatment of emodin 
AMAD caused MDA-MB-453 cells arrest in G0/
G1 phase (Figure 2A and C). After MDA-MB-453 
cells were treated with 2.30-9.20 μM for 24 hrs, 
the contents of G0/G1 phase were 49.03±3.10%, 
64.77±5.32%, 82.57±0.47% and 87.97±4.80% re-
spectively (Figure 2B).

Emodin AMAD caused changes in G0/G1 phase-asso-
ciated proteins in MDA-MB-453 cells

After MDA-MB-453 cells were treated with 
different concentrations of Emodin AMAD for 24 
h, cells were arrested in G0/G1 phase, and western 
blot analysis showed that the expression of G0/G1 
related proteins c-Myc, Cyclin D1, CDK4 and p-Rb 
were downregulated in a dose-dependent manner 
(Figure 3).

Emodin AMAD induced apoptosis characteristic DNA 
ladder in MDA-MB-453 cells 

To further investigate cell apoptosis induced 
by emodin AMAD, we examined the nucleic DNA 
fragmentation, which is an important indicator of 
apoptosis. After MDA-MB-453 cells were treated 
with 2.30-18.40 μM emodin AMAD for 24 hrs, 
DNA was extracted and analyzed by electropho-
resis. DNA fragmentation analysis showed a typ-
ical ladder pattern of DNA fragmentation due to 
nucleic DNA cleavage associated with apoptosis 
(Figure 4). The results confirmed that emodin 
AMAD induced apoptosis in MDA-MB-453 cells.

Discussion

Several studies have shown that a number of 
herbal extracts and isolated compounds possess 
antitumor activity. Emodin AMAD was obtained 
from structural modification of emodin extract-
ed from nature’s giant knotweed rhizome of tra-
ditional Chinese herbs. Previous studies have 
shown that in our laboratory this compound trig-
gered mitochondrial-dependent apoptosis and in-
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Figure 2. Emodin AMAD treatment resulted in cell cycle arrest at G0/G1. The cell cycle analysis was deter-
mined by PI staining and flow cytometry. A: after MDA-MB-453 cells were treated with 2.30-9.20 μM for 24 hrs, 
the cell cycle distribution was tested by flow cytometry; B: the content of G0/G1, S and G2/M phase is shown 
(mean±SD of at least 3 determinations); C: The G0/G1 content of MDA-MB-453 cells increased in a concentra-
tion-dependent manner. *p< 0.05 and **p < 0.01 vs the control.
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duced proteasomal degradation of Her2 in Her2/
neu-overexpressing cancer cells, which revealed 
that AMAD might be a promising compound of-
fering better anticancer treatment options. 

Cell cycle progression is precisely regulated 
by a series of cell cycle regulators, including cy-
clins, CDKS and CDK inhibitors (CDKIs) [10-12]. 
Progression through the G0/G1 phase and transi-
tion from G0/G1 into the S phase are regulated by 
cyclin D, E and their dependent kinases. The cyclin 
D-CDK4/6 complexes induce phosphorylation of 
the retinoblastoma (Rb) protein and the release of 
E2F, which triggers G0/G1 cell cycle progression 
[13,14]. Deregulation of the cell cycle in the G0/G1 
phase has been implicated in tumor development 
and proliferation [15-18]. Several studies have 
demonstrated that emodin inhibits the growth 
of various tumor cells and have determined the 
mechanisms involved in inducing G1/S phase cell 
cycle arrest and triggering apoptosis [19,20]. In 
our study, we identifi ed that emodin AMAD treat-
ment triggers cell cycle arrest at the G0/G1 phase 

in MDA-MB-453 cells (Figure 2), and the expres-
sion of G0/G1 phase related proteins cyclin D1, 
CDK4 and p-Rb were downregulated in a dose-de-
pendent manner (Figure 3). In addition, the down-
regulation of c-Myc may be associated with the 
regulation of the cell cycle aft er AMAD treatment. 
These partly account for MDA-MB-453 cell prolif-
eration inhibition following AMAD treatment. 
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