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Hepatocellular carcinoma (HCC), the most common 
type of  liver cancer, is a highly lethal tumor with nearly 
600,000 deaths each year worldwide (1). HCC recorded 
the worst prognosis among all cancers in both men and 
women in China. Only around 10% of  patients survived 
5 y after diagnosis due to limited treatment options and 
a high recurrence rate (2). Therefore, there is an increas-
ing interest in the strategies for cancer chemopreven-
tion, which is defined as the use of  natural, synthetic or 
biological agents to prevent the incidence and improve 
the prognosis of  intractable cancers such as HCC (3). 
One approach with enormous potential is nutritional 
chemoprevention emphasizing the use of  dietary agents 
such as vitamins and related compounds (4). An excel-
lent example is acyclic retinoid (ACR), a synthetic ana-
log of  vitamin A that is now under a randomized, dou-
ble-blind, placebo-controlled phase III clinical trial in 
Japan to prevent the recurrence of  HCC (5).

Vitamin K2 (VK2) is a fat-soluble vitamin essential 
for blood coagulation and calcium metabolism (6). It is 
known that the richest source of  natural VK2 is the tra-
ditional Japanese food natto which is made of  fermented 
soybeans (7). VK2 has received wide attentions for its 
health benefit such as for the prevention of  osteoporo-

sis (8). There has been continuing interest for the use 
of  VK2 in the chemoprevention of  HCC in Japan due to 
its long-term safety. In a small-scale clinical study origi-
nally designed to evaluate its preventive effect against 
osteoporosis, VK2 reduced the incidence of  development 
of  HCC in women with viral cirrhosis (9). A few other 
small-scale, controlled clinical trials also suggested the 
preventive role of  VK2 on HCC recurrence (10, 11). 
However, the efficacy of  VK2 in suppressing HCC recur-
rence was not confirmed in a large-scale, double-blind, 
randomized, placebo-controlled clinical study enrolling 
548 patients (12). Given these contradictory findings 
and the urgent need for chemoprevention of  HCC, fur-
ther study about the anti-HCC activity of  VK2 is needed.

The present study was initiated to increase our under-
standing about the growth-suppressive effect of  VK2 and 
its derivatives on HCC cells from a viewpoint of  chemi-
cal structure. As we and the other groups have reported, 
ACR, a chemopreventive agent against HCC, has a vita-
min A-like structure with three isoprene units in its car- 
boxyl-terminated chain (13). ACR has been proven to 
have relatively low cytotoxicity (14); it selectively inhib-
its HCC cell growth but has a limited effect on normal 
liver cells (15). Here, we developed novel carboxylic 
derivatives of  VK2 bearing isoprene structural units in 
their side chains and investigated their growth-suppres-
sion activity against HCC cells.
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Summary  Chemoprevention of  hepatocellular carcinoma (HCC) is one of  the most chal-
lenging aspects of  medical research. Vitamin K2 (VK2) has been suggested for its chemo-
preventive role in treatment of  HCC, while inconsistent results in clinical trials have been 
reported. The present study was initiated to add to our insight into the anti-HCC cell prolifer-
ative effect of  VK2 and its derivatives from a viewpoint of  chemical structure. No significant 
effect was observed with original VK2, while VK2 derivatives bearing both isoprene units 
and a carboxyl-terminated side chain dose-dependently inhibited the growth of  HCC cells 
without affecting normal liver cells. Loss-of-function analyses revealed that the anti-HCC 
cell activity by the VK2 derivatives was not mediated by a VK2 binding protein Bcl-2 homol-
ogous antagonist/killer (Bak) but rather associated with caspase/transglutaminase-related 
signaling pathways. Further studies on the carboxylic derivatives of  VK2 bearing isoprene 
structural units introduced in this study might shed new light on the systemic treatment 
and prevention of  HCC.
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MATERIALS AND METHODS

Chemicals.  VK2 (menatetrenone; MK-4) and a 
transglutaminase activity inhibitor, cystamine (Cys), 
were purchased from Sigma-Aldrich (St. Louis, MO). A 
broad-spectrum caspase inhibitor, z-VAD-FMK (ZVAD) 
was obtained from R&D Systems (Abington, PA). Four 
carboxylic derivatives of  VK2, namely SVK41, SVK24, 
SVK30 and SVK57, were freshly synthesized in Tokyo 
Medical and Dental University (16). Their chemical 
structures are summarized in Fig. 1. Ethanol (EtOH) 
was obtained from Wako Pure Chemical Industries, Ltd. 
(Osaka, Japan) and used as the solvent of  VK2 and its 
derivatives. EtOH solutions were further diluted into cell 
culture media for treatments. The final concentration of  
EtOH in media used as a control was 0.05% (vol/vol).

Cell culture.  HCC cell lines, JHH7 and HepG2, were 
kindly supplied by Dr. Matsuura (Jikei University School 
of  Medicine, Tokyo, Japan) (17). The normal human 
hepatocyte cell line (Hc) was purchased from Cell Sys-
tems (Kirkland, WA). The cells were maintained in 
Dulbecco’s Modified Eagle Medium (DMEM; Wako 
Pure Chemical Industries, Ltd.) containing 10% fetal 
bovine serum (FBS, Mediatech, Herndon, VA), 100 U/
mL penicillin/streptomycin and 2 mmol/L l-glutamine 
(Mediatech), and grown at 37˚C in a humidified 5% 
CO2 incubator. For chemical treatment, the cells were 
cultured in serum-free media containing chemicals at 
the appropriate concentrations.

Cell viability assay.  Cell viability was determined 
using the Cell Counting Kit-8 (Dojindo Molecular Tech-
nologies, Tokyo, Japan) in a plate reader (ARVO MX, Per-
kin Elmer Inc., Waltham, MA) as previously described 
(15).

Real-time RT-PCR.  RNA was isolated from each cell 
culture using an RNeasy Kit (Qiagen, Valencia, CA) and 
cDNA was then synthesized using a PrimeScript RT 
Master Mix Kit (Takara, Otsu, Japan). Oligonucleotide 
primers were designed using OligoPerfect Designer soft-
ware (Invitrogen, Carlsbad, CA). The sequences of  the 
primers (5′ to 3′) are as follows: Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) forward (CGACCACTTT-
GTCAAGCTCA) and reverse (AGGGGTCTACATGGCAA
CTG); Bcl-2 homologous antagonist/killer (Bak) forward 
(GGGTCTATGTTCCCCAGGAT) and reverse (GCAGGGG-
TAGAGTTGAGCAG). PCR reactions were performed 
using the Roche LightCycler® Real-Time PCR System 
(Roche Diagnostic Co., Ltd., Tokyo Japan) with SsoAd-
vancedTM SYBR® Green Supermix (Bio-Rad Laborato-
ries, Hercules, CA).

Small interfering RNA transfection.  An siRNA tar-
geting human Bak (sc-29786) and a control siRNA 
(sc-37007) were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA). Transfection was performed 
with 100 nm siRNAs using Lipofectamine 2000 (Life 
Technologies, Grand Island, NY) as previously described 
(18).

Statistical analysis.  Quantitative data were expressed 
as the mean6SD from three independent experiments. 
The statistical significance of  differences between val-

ues was assessed using a two-tailed Student’s t-test. 
Values of  p,0.05 were considered to indicate statistical 
significance.

RESULTS

VK2 derivatives but not original VK2 suppressed JHH7 cell 
growth

Four carboxylic derivatives of  VK2, SVK24, SVK30, 
SVK41 and SVK57, with different numbers of  isoprene 
units in their side chains were synthesized (Fig. 1). The 
growth-suppression activity of  these compounds was 
measured in an HCC cell line, JHH7 (Fig. 2). Of  interest, 
no effect of  VK2 was revealed at the high concentration 
of  50 mm for either 24 h or 48 h treatment (panel A, col-
umn 2). In contrast, carboxylic derivatives of  VK2 such 
as SVK41, SVK24, SVK30 and SVK57 showed various 
extents of  cell-growth inhibition in a time- and dose-
dependent manner (panel A, columns 3–6 and panel B). 
These data suggested that the carboxylic group in the 
side chain is important for the HCC cell-growth inhibi-
tory effect of  VK2 derivatives. The antitumor activity 
of  VK2 derivatives seemed to be dependent on their 
side chain lengths. The strongest effect was observed in 
SVK30, containing three isoprene units in its carbox-
ylic-terminated side chain.
SVK24 selectively inhibited the growth of  HCC cells but not 
Hc cells

The safety requirement for a chemopreventive agent 
is more stringent than for therapeutic agents due to the 
long-term administration to achieve a sufficient che-
mopreventive efficacy. To address this, we examined the 
growth-suppression activity of  SVK24 in two HCC cell 
lines, JHH7 and HepG2, and a normal liver cell line, Hc. 
As the result, significant inhibitory effect of  SVK24 was 
observed in HCC cells in a dose-dependent manner, while 
no effect was observed in normal hepatic cells (Fig. 3).

Fig.  1.  Chemical structures of  VK2 and its derivatives.
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The effect of  SVK24 was not mediated by a VK2 binding 
protein, Bak

To understand the molecular mechanism of  the anti-
tumor effect of  VK2 derivatives, loss-of-function experi-
ments using siRNA were examined in the growth-inhib-
itory effect of  SVK24 in JHH7 cell cultures to uncover 
the role of  Bak, a molecular target of  VK2-induced 
apoptosis in HeLa cells (19). Treatment with an siRNA 
targeting human Bak (siBak) at 100 nm significantly 
reduced Bak mRNA expression (0.26-fold compared to 
siControl-treated cells) (Fig. 4A). However, Bak knock-
down did not block the growth inhibitory effect of  
SVK24 in JHH7 cells and even worsened at both low 
(20 mm) and high concentrations (40 mm) (Fig. 4B).
Caspase/transglutaminase-dependent pathways

We have previously reported caspase- and transglu-
taminase-dependent pathways are associated with the 
apoptosis induced by ACR in HCC cells (15). Finally, we 

investigated whether VK2 derivatives also might sup-
press HCC cell growth in a caspase- and transglutamin-
ase-dependent manner. To achieve this, we examined 
the effects of  an irreversible general caspase inhibitor, 
ZVAD (20), and a transglutaminase activity inhibitor, 
Cys (21), on SVK24-induced cell death in JHH7 cells. 
Inhibited cell proliferation in JHH7 cells was significantly 
recovered after the addition of  ZVAD in the presence of  
SVK24 at both low and high doses. Although the effect 
of  Cys addition alone was only on the borderline of  sig-
nificance (p50.06 in SVK24 treated cells at 40 mm), 
combined addition of  ZVAD and Cys almost completely 
blocked the cell death induced by SVK24 in JHH7 cells 
(Fig. 5). Taken together, these findings suggested that 

Fig.  2.  Effect of  VK2 and its derivatives on the prolifera-
tion of  JHH7 cells. (A) Screening for the anti-HCC activ-
ities among VK2 and its derivatives, SVK41, SVK24, 
SVK30, and SVK57, after 24 h or 48 h treatment 
at the concentration of  50 mm. (B) Dose-dependent 
growth suppression of  JHH7 cells treated with increas-
ing concentrations of  the VK2 derivatives SVK41, 
SVK24, SVK30, and SVK57 for 24 h. Cell viability 
was measured using the Cell Counting Kit-8 kit. Data 
were normalized to EtOH control and are expressed as 
the mean6SD (n53). * p,0.05 compared with EtOH 
control.

Fig.  3.  Cancer-selective growth-suppressive effect of  
a VK2 derivative, SVK24. HCC cell lines, JHH7 and 
HepG2, as well as a normal hepatic cell line, Hc, were 
treated with increasing concentrations of  SVK24 for 
24 h. Data were normalized to EtOH control and are 
expressed as the mean6SD (n53). * p,0.05 compared 
with EtOH control.

Fig.  4.  Effect of  Bak knockdown on SVK24-induced 
cell death in JHH7 cells. JHH7 cells were transfected 
with 100 nm siControl or siBak for 6 h in serum-free 
media using Lipofectamine 2000. Decreased Bak gene 
expression was confirmed 24 h after transfection (A). 
No significant effect of  Bak knockdown was observed 
on SVK24-induced cell death in JHH7 cells (B). Data 
were normalized to siControl or EtOH control and are 
expressed as the mean6SD (n53). * p,0.05 compared 
with siControl. n.s., not significant.
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the inhibitory effect of  the VK2 derivatives on HCC cell 
growth is at least in part via caspase/transglutaminase-
dependent pathways.

DISCUSSION

The chemoprevention of  HCC is one of  the most chal-
lenging aspects of  medical research (13). According to 
the concept of  “field cancerization” (or “multicentric 
carcinogenesis”) (22), the whole liver tissue is at high 
risk for possessing multiple, independent, and prema-
lignant or latent malignant clones due to such causes 
as chronic infections with hepatitis B and C viruses and 
continued alcohol consumption. This hypothesis is sup-
ported by the exceedingly high recurrence rate of  HCC; 
more than 70% of  cases will recrudesce 5 y after pri-
mary curative treatments even at the early stage (23). 
Therefore, an effective and safe strategy of  so-called 
cancer chemoprevention to block, reverse or delay the 
carcinogenic process of  HCC is urgently needed (24). No 
adverse effects or hazards have ever been reported with 
supplementation with VK2 in its wide use in the therapy 
of  bone loss (24). Furthermore, the potential ability of  
VK2 to induce the differentiation of  human myeloid leu-
kemia (25) and apoptosis of  HCC cells (26) makes VK2 
a promising chemopreventive agent against HCC. In this 
study, we demonstrated that new carboxylic derivatives 
of  VK2 have cancer-selective growth suppression activi-
ties against HCC cells, providing candidate alternatives 
for current HCC prevention and treatment.

Given the inconsistency regarding the antitumor 
activity of  VK2 against HCC in clinical trials (9, 10, 
12), it is not surprising that VK2 itself  failed to inhibit 
the growth of  HCC cell line JHH7 in this study. In con-
trast, VK2 derivatives with isoprene residues in their 
carboxyl-terminated side chains time- and dose-depend-
ently inhibited JHH7 cell growth. In accord with this, 
the growth suppression effect was not mediated by VK2 

binding protein Bak, identified as a molecular target of  
VK2-induced apoptosis in the human cervical carci-
noma cell line HeLa (19). It is considered that there is a 
differential molecular mechanism underlying the anti-
tumor activity of  VK2 derivatives observed in this study 
compared with that of  VK2 in the other reports. Of  
particular interest, one of  the VK2 derivatives, SVK41, 
is known as a VK2 metabolite, 2-methyl-3-(5′-carboxy-
3′-methyl-2′-pentenyl)-1,4-naphthoquinone (27), sug-
gesting a potential contribution of  individual variants in 
VK2 metabolism to the inconsistent antitumor activities 
of  VK2 in clinical trials.

ACR is another promising chemopreventive agent 
against the recurrence and development of  HCC in 
patients after the surgical removal of  primary tumors 
(13) and is currently undergoing a phase III clinical 
trial in Japan (5). Like ACR, SVK30 containing three 
isoprene residues in its carboxyl-terminated side chain 
exerted the strongest anti-proliferative activity in JHH7 
cells. The structure of  the carboxylic group and isoprene 
unit may play a common role in the induction of  apop-
tosis in HCC cells. Furthermore, loss-of-function experi-
ments using chemical inhibitors indicated that the 
growth-suppression effect of  VK2 derivatives was medi-
ated by caspase/transglutaminase-related signaling 
pathways, which are underlie the cancer-selective cell 
death induced by ACR in HCC cells (15). Indeed, syner-
gistic growth inhibition by ACR and VK2 in combina-
tion has been reported in the human promyelocytic cell 
line HL60 (28) and HCC cell line Huh7 (29) by virtue 
of  sharing a similar side chain structure. However, the 
IC50 values of  VK2 derivatives are more than 20 mm 
(Fig. 2B), while that of  ACR is around 10 mm (15). This 
difference is probably associated with the naphtho-
quinone ring structure of  VK2 derivatives, which was 
identified as the Bak binding site of  VK2 in HeLa cells 
(19). Although no statistically significant difference 
was observed, knockdown of  Bak tended to enhance 
the growth suppression activity of  SVK24 in JHH7 cells 
(Fig. 4B), suggesting a novel role of  Bak to counteract 
the anti-HCC effect of  the carboxylic derivatives of  VK2.

In conclusion, the anti-proliferative effect of  VK2 
derivatives in HCC cells was investigated from the view-
point of  their chemical structure. Considering their 
cancer-selective anti-proliferative activities, in addition 
to hitherto known ACR, the carboxylic derivatives of  
VK2 that have isoprene structural units and a carboxyl-
terminated side chain might prove to be potentially use-
ful chemopreventive agents for the systemic treatment 
of  HCC.
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