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Abstract: Menadione (vitamin K3) has been reported to induce apoptotic cell death and growth inhibition in various 
types of cancer cells. However, involvement of menadione in cell cycle control has not been considered in gastric 
cancer cells yet. In the current study, we have investigated whether menadione is involved in the cell cycle regula-
tion and suppression of growth in gastric cancer cells. In the cell cycle analysis, we found that menadione induced 
G2/M cell cycle arrest in AGS cells. To elucidate the underlying mechanism, we investigated the cell cycle regulatory 
molecules involved in the G2/M cell cycle transition. After 24 h of menadione treatment, the protein level of CDK1, 
CDC25C and cyclin B1 in AGS cells was decreased in a menadione dose-dependent manner. In the time course 
experiment, the protein level of CDC25C decreased in 6 h, and CDK1and cyclin B1 protein levels began to decrease 
after 18 h of menadione treatment. We found that mRNA level of CDC25C decreased by menadione treatment in 
6 h. Menadione did not have an influence on mRNA level of CDK1 and cyclin B1 though the protein levels were de-
creased. However, the decreased protein levels of CDK1 and cyclin B1 were recovered by inhibition of proteasome. 
Collectively, these results suggest that menadione inhibits growth of gastric cancer cells by reducing expression of 
CDC25C and promoting proteasome mediated degradation of CDK1 and cyclin B1 thereby blocking transition of the 
cell cycle from G2 phase to M phase.
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Introduction

Menadione (vitamin K3) is a synthetic form of 
vitamin K which is generally known to be neces-
sary for blood clotting, bone formation and car-
bohydrate storage [1, 2]. In the recent studies, 
however, menadione has been reported to 
inhibit various types of cancer cells [1, 3-9]. 
These reports described menadione as an 
apoptosis inducing factor that is working in gas-
tric cancer, lung cancer, breast cancer, oral 
cancer, prostate cancer, bladder cancer, hepa-
tocellular carcinoma, pancreatic cancer and 
ovarian cancers [1, 3-9].

The cell cycle is a tightly regulated process to 
monitor and regulate cell cycle progression and 
it is crucial to the growth of a cell [10]. The cell 

cycle consists of two main cell cycle check-
points which are the G1/S checkpoint and the 
G2/M checkpoint and they are regulated by 
various molecules. Among the various mole-
cules, the cyclin dependent kinase 1 (CDK1) is 
a key regulatory molecule in the G2/M cell cycle 
transition. CDK1 is involved in the reorganiza-
tion of the nucleus, chromosome condensation, 
and formation of the mitotic spindle via the 
phosphorylation of various mitotic substrates 
[11]. Therefore, activation of CDK1 is indispen-
sible step for entry into mitosis. The activation 
of CDK1 is controlled by cyclin binding and 
CDK1 phosphorylation [12]. The cell division 
cycle 25 C (CDC25C) protein is a phosphatase 
responsible for dephosphorylation and activa-
tion of CDK1, and cyclin B is a G2 phase-asso-
ciated cyclin which binds to and activates CDK1 
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Table 1. List of primers used in this study
Primers Sequences (5’-3’) Product 

(bp)
Annealing 
temp. (°C)

Cy-
clesForward Reverse

CDK1 GGTTCCTAGTACTGCAATTCG TTTGCCAGAAATTCGTTTGG 709 62 26
Cyclin B1 TGGGTCGGCCTCTACCTTTGCACTTC CGATGTGGCATACTTGTTCTTGACAGTCA 332 60 24
CDC25C TTTATGTCATTGATTGTCGC AAGAAGTCTCTGTAGCCGCC 286 55 24
GAPDH CGGGAAGCTTGTCATCAATGG GGCAGTGATGGCATGGACTG 349 55 20

Figure 1. Effect of menadione 
on cell viability of gastric cancer 
cell line. A: AGS gastric cancer 
cells were treated with 15 μM of 
menadione for indicated time pe-
riods and numbers of cells were 
counted by trypan blue exclusion 
assay. B: AGS cells were treated 
with 15 μM of menadione for 24 
h. Cells were stained with annex-
in V-FITC and PI then subjected 
to flowcytometry. Stained cells 
were analyzed and illustrated 
on the quadrant by CellQuestPro 
software. Percentage of cells in 
apoptosis was illustrated as a 
graph. Data were from triplicate 
experiments and analyzed by 
Student’s t-test (*P < 0.05, **P 
< 0.01 and ***P < 0.001). 

to promote transition of cells 
to mitosis [11].

In the previous study, we 
reported menadione induces 
XIAP-mediated apoptotic cell 
death in gastric cancer cell 
line [13]. However, the role of 
menadione in cell cycle regu-
lation was not examined in 
gastric cancer cells. Many re- 
ports regarding anti-cancer 
effect of menadione has be- 
en focused on apoptotic cell 
death. Here, we investigated 
the involvement of menadi-
one in cell cycle arrest and 
inhibition of cancer prolifera-
tion in human gastric cancer 
cell line.

Materials and methods

Materials

RPMI1640 medium, fetal 
bovine serum (FBS), strepto-
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Figure 2. Menadione induces G2/M cell cycle arrest in gastric cancer cell 
line. AGS cells were treated with 15 μM of menadione for 24 h. Cells were 
stained with PI and subjected to cell cycle analysis by flowcytometry. Data 
were analyzed by ModFit LT software and percentage of cells in each phase 
of the cell cycle was graphically presented (upper panel) and illustrated as a 
graph (lower panel). Data were from triplicate experiments and analyzed by 
Student’s t-test (*P < 0.05, **P < 0.01 and ***P < 0.001).

mycin-penicillin, trypsin-EDTA and trypan blue 
stain solution were obtained from BRL Life 
Technologies (Grand Island, NY, USA). Propidium 
iodide (PI) staining solution was purchased 
from BD Biosciences (Sparks, MD, USA). Trizol 
reagent, random hexamer, and Moloney Murine 
Leukemia Virus Reverse Transcriptase (MMLV-
RT) were purchased from Invitrogen (Grand 
Island, NY, USA). Protease inhibitor cocktail 
were obtained from Sigma-Aldrich (Saint Louis, 
MO, USA). Antibodies to detect CDK1, CDC25C 
and cyclin B1 were purchased from Cell 
Signaling Technology (Danvers, MA, USA) and 
β-actin antibody was purchased from Santa 
Cruz Biotechnology (Dallas, TX, USA).

Proteosome inhibitor assay

MG132, a proteasome inhibitor, (Calbiochem, 
Darmstadt, Germany) was dissolved in dimeth-
ylsulfoxide (DMSO). After 24 h incubation, cells  
were treated with 15 μM of menadione and 0.5 
μM of MG132 for 24 h. Cell lysates were sub-

jected to Western blot ana- 
lysis. 

Cell culture

AGS cells (American Type 
Culture Collection CRL-1739, 
Manassas, VA, USA) were cul-
tured in RPMI1640 medium 
supplemented with 10% fetal 
bovine serum and streptomy-
cin-penicillin. The cells were 
incubated at 37°C in a humid-
ified atmosphere with 5% 
CO2.

Trypan blue exclusion assay

AGS cells (3×105 per well) 
were plated in 6-well plates. 
After 24 h, cells were treated 
with 15 μM of menadione. 
The cells were then incubated 
for indicated time periods and 
subjected to trypan blue 
exclusion assay as described 
previously [14]. Briefly, the 
incubated cells were trypsin-
ized and trypan blue stain 
solution (10 µl of 0.4%) was 
mixed with 10 µl of the tryp-
sinized cells. Non-stained 

cells were counted from this mixture using a 
hematocytometer.

Cell cycle analysis

Cell cycle analysis was performed as previously 
described. Briefly, trypsinized cells were 
washed twice with PBS, fixed with 70% ethanol 
in PBS and incubated for 2 h at 4°C. Fixed cells 
were stained with a solution containing RNase 
A (0.1 mg/ml) and propidium iodide (5 mg/ml) 
in PBS. After incubation for 40 min at 37°C, the 
cell suspension was analyzed using FACS 
Calibur (BD Biosciences, Sparks, MD, USA). 
Percentage of cells in each phase of the cell 
cycle was analyzed by ModFit LT software 
(Verity Software House, Topsham, ME, USA).

RT-PCR (reverse transcription-polymerase 
chain reaction)

Cultured cells were washed with PBS and total 
RNA was extracted using Trizol reagent as 
described in the manufacturer’s instructions. 
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cDNA was synthesized and subjected to PCR as 
described previously [15]. The PCR primer 
sequences used in this study are listed in Table 
1. Densities of the PCR bands were measured 
by ImageLab software (Bio-Rad, Hercules, CA, 
USA) and illustrated as a graph.

Western blotting

Cells were washed with PBS and then lysed at 
4°C with lysis buffer containing 1% Tri- 
ton X-100, protease inhibitor cocktail, and PBS. 
Lysates were centrifuged and the supernatants 
were subjected to Westernblot as described 

previously [16]. Densities of the Western bands 
were measured by Bio1D software (Vil- 
ber Lourmat, Marne la Vallée, France) and illus-
trated as graphs.

Statistical analysis

Data in the bar graphs are presented as mean 
± standard error of mean (SEM). All the statisti-
cal analyses were performed using GraphPad 
Prism 5.02 software (GraphPad Software, San 
Diego, CA, USA). All the data were analyzed by 
unpaired Student’s t-test and P < 0.05 was con-
sidered to be statistically significant (*P < 0.05, 
**P < 0.01 and ***P < 0.001).

Figure 3. Cell cycle regulatory molecules associated with the menadione induced G2/M arrest of AGS cells. AGS 
cells were treated with indicated dose of menadione (0, 5, 10, 15 μM) for 24 h. A: The cell lysates were subjected to 
Westernblot for CyclinB1, CDK1, and CDC25C. B: Densities of the Western bands were measured by Bio1D software 
and illustrated as graphs. Data were from triplicate experiments and analyzed by Student’s t-test (*P < 0.05, **P 
< 0.01 and ***P < 0.001).

Figure 4. Time course experiments to monitor protein levels of cell cycle regulatory molecules after menadione 
treatment. AGS cells were treated with 15 μM of menadione for indicated time periods (0, 6, 12, 18, 24 h). A: The 
cell lysates were subjected to Westernblot for CyclinB1, CDK1, and CDC25C. B: Densities of the Western bands 
were measured by Bio1D software and illustrated as graphs. Data were from triplicate experiments and analyzed by 
Student’s t-test (*P < 0.05, **P < 0.01 and ***P < 0.001).
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Results

Menadione reduces growth of gastric cancer 
cells by inducing G2/M arrest

We previously reported menadione induces 
apoptosis in a gastric cancer cell line, however, 
inhibitory effect of menadione on growth of the 
gastric cancer cells was not examined [13]. In 
our previous report, menadione induced apop-
tosis in AGS cells when treated with 20 μM or 
higher doses [13]. To avoid apoptotic cell death, 
therefore, we treated 15 μM of menadione on 
AGS cells and observed growth of the cells in a 
time dependent manner. The number of cells 
was enumerated by trypan blue exclusion 
assay. In the results, we found that 15 μM of 
menadione reduced growth of AGS gastric can-
cer cells in a time dependent manner (Figure 
1A). Furthermore, we investigated whether 15 
μM of menadione induces apoptosis in AGS 
cells. However, annexin-V staining result show- 
ed that 15 μM of menadione does not lead 
cells to the apoptosis (Figure 1B). These results 
suggest that menadione can inhibit growth of 
gastric cancer cells apart from apoptosis-medi-
ated cell death.

To elucidate whether menadione interferes the 
cell cycle transition for growth inhibition of AGS 
cells, we investigated cell cycle status of AGS 
cells after exposure to menadione. After 24 h of 
menadione (15 μM) treatment, cells were 
stained with PI and analyzed by flowcytometry. 

phase. Among those molecules, CDK1, CyclinB 
and CDC25C are the key regulatory molecules 
indispensible for G2/M transition. CDK1CyclinB 
complex conducts reorganization of the nucle-
us, chromosome condensation, and formation 
of the mitotic spindle via the phosphorylation of 
various mitotic substrates, and CDC25C is a 
phosphatase responsible for activation of 
CDK1 [11]. Therefore, we investigated CDK1, 
Cyclin B1 and CDC25C to elucidate how mena-
dione induced G2/M arrest in AGS cells. AGS 
cells were treated with various concentrations 
of menadione (0, 5, 10, 15 μM) for 24 h and 
subjected to Westernblot. In the result, CDK1, 
Cyclin B1 and CDC25C protein levels were 
decreased by menadione treatment (Figure 3A 
and 3B). The results were confirmed in the time 
course experiment. Protein levels of CDK1, 
Cyclin B1 and CDC25C were decreased by men-
adione treatment (15 μM) in a time dependent 
manner (Figure 4A and 4B). 

Menadione reduces mRNA expression of 
CDC25C in AGS cells

To investigate whether reduced protein levels 
of CDK1, Cyclin B1 and CDC25C by menadione 
treatment in AGS cells were due to the down-
regulation of the mRNA expression, we extract-
ed RNAs from menadione treated AGS cells 
and performed RT-PCR. AGS cells were treated 
with menadione for 6 h, because CDC25C pro-
tein level was decreased in 6 h in our time 

Figure 5. Menadione reduces expression of CDC25C by inhibiting mRNA ex-
pression in AGS cells. AGS cells were treated with indicated dose of mena-
dione (0, 5, 10, 15 μM) for 24 h. A: Total RNA was extracted from the cell 
lysates and subjected to RT-PCR to detect CDC25C, CyclinB1, and CDK1. 
B: Densities of the PCR bands were measured by ImageLab software and 
illustrated as a graph. Data were from triplicate experiments and analyzed by 
Student’s t-test (*P < 0.05, **P < 0.01 and ***P < 0.001).

In the results, percentage of 
cells in G2/M phase was 
increased and G0/G1 phase 
was correspondingly decreas- 
ed (Figure 2). Moreover, per-
centage of cells in S phase 
remained constant (Figure 2). 
Therefore, these results indi-
cate menadione delayed cell 
cycle progression by inducing 
G2/M arrest in AGS cells.

Menadione decreases pro-
tein level of CDK1, cyclin B1 
and CDC25C in AGS cells

Various molecules are involv-
ed in the regulation of cell 
cycle transition from G2 to M 
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course experiment (Figure 4A and 4B). The 
results showed that CDC25C mRNA expression 
was decreased by menadione treatment in 6 h, 
though CDK1 and Cyclin B1 expression was 
unchanged (Figure 5A and 5B). CDK1 and 
Cyclin B1 mRNA levels were also unchanged in 
24 h (data not shown). These results suggest 
that menadione treatment reduces CDC25C 
level in AGS cells by down-regulation of mRNA 
expression.

Menadione induces proteasome mediated 
degradation of CDK1 and cyclin B1 in AGS 
cells

Menadione treatment did not affect CDK1 and 
Cyclin B1 mRNA expression in AGS cells. There- 
fore, we investigated other possible mecha-
nism for reduction of CDK1 and Cyclin B1 apart 
from the transcriptional regulation. Levels of 
CDKs and cyclins are tightly regulated during 
cell cycle. In particular, CDK1 and cyclin B1 are 
rapidly degraded by ubiquitin-proteaosome 
ma-chinery after a cell cycle phase reaches the 
M phase [17]. Thus we presumed that menadi-
one decreased CDK1 and Cyclin B1 protein lev-
els by proteasome mediated mechanism. To 
investigate whether the proteins were dec-
reased by proteasome mediated degradation, 
AGS cells were treated with proteasome inhibi-
tor (MG132) before exposure to menadione. If 
the proteins were reduced by proteasome 
mediated degradation, inhibition of protea-
some will rescue the proteins from de- 
gradation. As expected, the decreased protein 
levels of CDK1 and Cyclin B1 by menadione 
treatment were recovered by inhibition of pro-
teasome which suggest menadione facilitated 

proteasome mediated degradation of CDK1 
and Cyclin B1 in AGS cells (Figure 6A and 6B). 
However, CDC25C protein level remained de- 
creased although proteasome inhibitor was 
treated (Figure 6A and 6B). Collectively, mena-
dione reduced CDK1, Cyclin B1 and CDC25C 
levels by two distinct mechanisms (proteasome 
mediated degradation and down-regulation of 
mRNA expression) and subsequently led AGS 
cells to G2/M cell cycle arrest. 

Menadione induces G2/M arrest in MKN45 
cells

To confirm inhibitory effect of menadione on 
the growth of gastric cancer cells, we conduct-
ed further experiments in another gastric can-
cer cells line MKN45. Menadione treatment 
reduced confluency of the cells on the micro-
scopic examination (Figure 7A). In the cell cycle 
analysis, menadione also induced G2/M arrest 
in MKN45 cells and we also observed decrease 
of CDK1 protein in a menadione dose depen-
dent manner (Figure 7B-D). These results con-
firmed menadione induces growth arrest in 
gastric cancer cells.

Discussion

In this study, we investigated effect of menadi-
one on gastric cancer growth and its growth-
inhibitory mechanism. Here we have found that 
menadione inhibited growth of gastric cancer 
cells by inducing G2/M cell cycle arrest. We 
also have elucidated that G2/M arrest of gas-
tric cancer cells by menadione was due to the 
decrease of CDK1, cyclin B1 and CDC25C. 
Furthermore, decrease of CDK1 and cyclin B1 

Figure 6. Menadione reduces CyclinB1 and CDK1 protein levels by promoting proteasome mediated degradation. 
AGS cells were treated with 15 μM of menadione and 0.5 μM of MG132 for 24 h. A: The cell lysates were subjected 
to Westernblot for CyclinB1, CDK1, and CDC25C. B: Densities of the Western bands were measured by Bio1D soft-
ware and illustrated as graphs. Data were from triplicate experiments and analyzed by Student’s t-test (*P < 0.05, 
**P < 0.01 and ***P < 0.001). 
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Figure 7. Confirmation of growth arrest of gastric cancer cells by menadione in MKN45 cells. (A) : AGS cells were 
treated with 25 μM of menadione for 24 h and images were captured using an inverted microscope (X 200). (B) 
: AGS cells were treated with 25 μM of menadione for 24 h. Cells were stained with PI and subjected to cell cycle 
analysis by flowcytometry. (C) : Data in (B) were analyzed by ModFit LT software and percentage of cells in each 
phase of the cell cycle was illustrated as a graph (lower panel). Data were from triplicate experiments and analyzed 
by Student’s t-test (*P < 0.05, **P < 0.01 and ***P < 0.001). D: AGS cells were treated with indicated concentra-
tions of menadione for 24 h and subjected to Westernblot for CDK1.

was due to the proteasome mediated degrada-
tion of the proteins, and CDC25C was down-

regulated in its mRNA expression level. Men- 
adione induced G2/M arrest and the mecha-
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Figure 8. A schematic diagram illustrating the mechanism of menadione in-
duced G2/M arrest in AGS cells.

nism has been summarized in a schematic dia-
gram (Figure 8).

Menadione was implicated in the cell cycle 
arrest of several cancer cells. In particular, 
involvement of menadione with cell cycle regu-
latory molecules was reported during G2/M cell 
cycle arrest [18, 19]. It was reported that mena-
dione inhibits function of CDK1, which is a key 
molecule necessary for G2/M transition, by 
inducing hyperphosphorylation on the protein 
[19]. It was also reported that CDC25, a protein 
phosphatase involved in CDK1 activation, func-
tion was attenuated by interaction of menadi-
one with active site of the enzyme [20]. 
Although, these reports were from different 
type of cancer cells (hepatocellular carcinoma) 
and the mechanism can be different depen-
dent on the cancer types, the previous reports 
and our results concordantly indicate menadi-
one induces G2/M arrest in cancer cells.

In our study, menadione induced G2/M arrest 
by two distinct mechanisms. Menadione re-
duced mRNA expression of CDC25C, and at the 
same time it promoted proteasome mediated 
degradation of CDK1 and Cyclin B1 proteins. 
According to the previous reports, menadione 
inhibited CDC25C function and subsequently 
inactivated CDK1-CyclinB complex in hepato-
cellular carcinoma [20]. Dysfunction of CDC25C 
results in hyperphosphorylation of CDK1 [11, 
20]. Therefore, we investigated phospho-CDK1 

(Tyr15) level by Westernblot, 
but hyperphosphorylation w- 
as unobservable presumably 
because protein level of 
CDK1 was decreased in this 
study (data not shown). 
Although the mechanism is 
different from the previous 
reports in the different can-
cer types, reduced protein 
levels of CDK1, Cyclin B1 and 
CDC25C by menadione in 
AGS cells are sufficient cause 
for G2/M arrest of the cancer 
cells. The levels of CDK1 and 
cyclin B1 are closely associ-
ated with G2/M cell cycle 
arrest. Thus reduced level of 
CDK1 or cyclin B1 was report-
ed to induce G2/M cell cycle 
arrest [21]. Therefore, our 

results indicate that menadione induces G2/M 
arrest by reducing protein level of CDK1, Cyclin 
B1 and CDC25C in AGS cells. Furthermore, we 
confirmed menadione induced G2/M arrest in 
gastric cancer cells by using another gastric 
cancer cell line MKN45, although growth arrest 
and decrease of CDK1 was observed in the 
higher dose of menadione in MKN45 cells.

Gastric cancer was the fourth prevalent (8.5%) 
type of cancer worldwide [22]. In particular, 
35.4% of gastric cancer has occurred in Eastern 
Asia [22, 23]. Therefore, discovery of the pos-
sible medications for gastric cancer seem to be 
necessary especially for Eastern Asian coun-
tries as well as for worldwide. Furthermore, sev-
eral studies reported that naphthoquinones 
including menadione inhibits H. pylori growth 
although the mechanism is yet to be elucidated 
[24, 25]. H. pylori is a gram-negative curved 
bacterium associated with the carcinogenesis 
on the stomach, thus World Health Organization 
classified H. pylori as a class I carcinogen [26]. 
Chronic infection of H. pylori on the stomach 
induces various gastric diseases such as gas-
tritis, gastric ulcer and gastric cancer in severe 
case [26]. Therefore, it is expected that admin-
istration of menadione has advantages that 
works for treament of gastric cancer as well as 
for prevention and elimintion of H. pylori infec-
tion. Moreover, Tariq et al. reported menadione 
has gastroprotective effect by reducing gastric 
ulcer that is another advantageous effect of 
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menadione treatment [27]. These reports illu-
minate the potential availability of menadione 
for H. pylori eradication as well as for preven-
tion of gastric disease. Moreover, the inhibitory 
effect of menadione on gastric cancer cells and 
the inhibitory mechanism demonstrated in this 
study suggests the potential availability of men-
adione for treatment of gastric cancer. However, 
further investigations still seem to be neces-
sary to completely understand the mechanisms 
by which menadione inhibits gastric cancer 
cells, and application in vivo should be accom-
panied to evaluate the physiological availability 
and cytotoxicity.
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