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Vitamin K3 (VK3) is a well-known anticancer agent, but its mechanism remains elusive. In the present
study, VK3 was found to simultaneously induce cell death, reactive oxygen species (ROS) generation,
including superoxide anion (O2°") and hydrogen peroxide (H2O2) generation, and histone hyperacetyla-
tion in human leukemia HL-60 cells in a concentration- and time-dependent manner. Catalase (CAT),
an antioxidant enzyme that specifically scavenges H>O,, could significantly diminish both histone acet-
ylation increase and cell death caused by VK3, whereas superoxide dismutase (SOD), an enzyme that
specifically eliminates O2"~, showed no effect on both of these, leading to the conclusion that H.O,
generation, but not O,"~ generation, contributes to VK3-induced histone hyperacetylation and cell
death. This conclusion was confirmed by the finding that enhancement of VK3-induced H»O, genera-
tion by vitamin C (VC) could significantly promote both the histone hyperacetylation and cell death.
Further studies suggested that histone hyperacetylation played an important role in VK3-induced cell
death, since sodium butyrate, a histone deacetylase (HDAC) inhibitor, showed no effect on ROS gen-
eration, but obviously potentiated VK3-induced histone hyperacetylation and cell death. Collectively,
these results demonstrate a novel mechanism for the anticancer activity of VK3, i.e., VK3 induced

tumor cell death through H>O, generation, which then further induced histone hyperacetylation.

1. Introduction

Previous studies indicate that vitamin K3 (VK3, mena-
dione) is a promising anticancer agent because VK3 not
only possesses a splendid anticancer activity itself (Taper
etal. 1996; Juan and Wu 1993; Noto etal. 1989; Nutter
etal. 1991), but also synergistically exerts anticancer func-
tion with lots of conventional chemotherapeutic drugs,
such as vitamin C (VC, ascorbic acid, ascorbate) (Nutter
etal. 1991; Liao et al. 2000; Gilloteaux et al. 2003; Jami-
son etal. 2004; Taper etal. 1996, 2004; Verrax etal.
2004; von Gruenigen etal. 2003; Zhang etal. 2001).
However, the mechanism for the anticancer activity of
VK3 is still unclear.

Previous studies on the mechanism of VK3 anticancer ac-
tivity indicated that ROS generation plays a critical role in
this process (Lamson and Plaza 2003; Brown et al. 1991).
This is mainly because VK3 is a quinone, and reduced
VK3 (hydroquinone) can be oxidized to semiquinone,
then oxidized to VK3 (quinone), by molecular oxygen,
coupled with the generation of superoxide anion (O,'7),

Abbreviations: VK3, vitamin K3; VC, vitamin C;
ROS, reactive oxygen species; SOD, superoxide dis-
mutase; CAT, catalase; DHE, dihydroethidium;
DCFH-DA, 2',7'-dichlorofluorescein diacetate; HDAC,
histone deacetylase; HAT, histone acetyltransferase
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which may initiate the generation of other ROS, such as
hydrogen peroxide (H,O,) (Warren etal. 2000; Kacha-
dourian etal. 2001; Saito etal. 2003; Hileman et al.
2004). Coincidently, O,"~ and/or H,O, generation has
been found to be involved in the anticancer activity of
VK3 in different studies (Nath etal. 1995; Sun et al.
1997; Jamison et al. 2004; Noto et al. 1989). Recent stu-
dies disclosed that histone acetylation alteration was dif-
ferentially involved in the in vivo function of ROS. For
example, histone hyperacetylation was triggered by ROS
during cytokine expression (Ito etal. 2001; Tomita et al.
2003; Gilmour et al. 2002), whereas ROS-induced histone
hypoacetylation was involved in Ni’*-triggered tumor cell
proliferation arrest and cell death (Kang etal. 2003,
2004a). But up to date, no information is available on
whether histone acetylation alteration is also involved in
the anticancer activity of VK3 and its-generated ROS.

Histone acetylation plays a pivotal role in the control of
eukaryotic gene transcription. This is because in euka-
ryotes, binding of genomic DNA with histones in the nu-
cleosome prevents the transcription machinery from inter-
acting with promoter DNA sequences, while histone
acetylation results in weaker DNA binding, allows access
of transcription factors and coactivators to target gene pro-
moter sites, and hence initiates gene transcription (Cheung
etal. 2000; Grunstein 1997). The histone acetylation-de-
acetylation balance is maintained through a balance of
histone acetyltransferase (HAT) and histone deacetylase
(HDAC) enzyme activities in normal cells (Archer and
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Hodin 1999; Klochendler-Yeivin and Yaniv 2001), while
in tumor cells, this balance favors histone hypoacetylation
(Archer and Hodin 1999). Thus development of HDAC
inhibitors as anti-cancer drugs has been pursued exten-
sively (Archer and Hodin 1999; Marks et al. 2000; Klo-
chendler-Yeivin and Yaniv 2001; Saito et al. 2003).

Here, we suppose that histone acetylation alteration might
be triggered by VK3-induced ROS generation and hence
is involved in its anticancer activity. The effects of VK3
on cell viability, ROS generation and histone acetylation
were studied in human leukemia HL-60 cells. VK3-treat-
ment simultaneously induced cell death, O,"~ and H,O,
generation, and histone hyperacetylation in HL-60 cells,
and this histone hyperacetylation was mainly caused by

H,0, and played important roles in VK3-induced cell
death. These results provide a previously unrecognized
mechanism involved in the anticancer activity of VK3,
and suggest a new approach, through combination of VK3
with HDAC inhibitors, to synergistically kill cancer cells.

2. Investigations and results
2.1. Anticancer activity of VK3 in human leukemia cells

Treating cells with VK3 concentration- and time-depen-
dently inhibited the proliferation (Fig. 1A and B) and trig-
gered the death of HL-60 cells (Fig. 1C and D).
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2.2. Induction of VK3 on O,"~ and H»0,

ROS generation has been reported in VK3-treated differ-
ent cells (Juan and Wu 1993; Noto etal. 1989; Nutter
et al. 1991; Nath et al. 1995; Sun et al. 1997). To evaluate
the generation of ROS in VK3-treated HL-60 cells, fluor-
escent molecular probes DHE and DCFH-DA were uti-
lized to determine intracellular O,*~ and H,O, generation,
respectively. DHE reacts with O,"~ primarily and forms
red fluorescent ETH, which binds to DNA and causes
amplification of the red fluorescence signal (Vanden Hoek
etal. 1997); while DCFH-DA unfixes its diacetate group
after entering cells (becoming DCFH) and is oxidized by

intracellular H>O, to highly fluorescent DCF (LeBel et al.
1992). As shown in Fig.2 A and B, VK3-treatment led
to a concentration- and time-dependent increase of O,
generation in HL-60 cells. When treated with 20 uM
VK3, intracellular O,"~ increased continuously and
reached to 4.2 folds of that in control group. As shown
in Fig. 2C and D, H,O, generation was also triggered in
a concentration- and time-dependent manner in VK3-treat-
ed HL-60 cells. When treated with 20 uM VK3, intracel-
lular H,0O, increased rapidly within first 25 min and
reached 2.5 folds at 1h as compared with the control

group.
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2.3. Promotion of VK3 on histone acetylation

Our previous study proved that [*H]-labelled histone acet-
ylation assay and western blotting analysis are equally ef-
ficient for evaluating the status of histone acetylation in
cultured cells, especially when histones were purified
(Kang etal. 2003, 2004a, 2004b), thus [*H]-labelled his-
tone acetylation assay was used in this study. VK3 expo-
sure resulted in a concentration- and time-dependent in-
crease in histone acetylation in HL-60 cells. The
remarkable augment was observed at a concentration of
20 uM of VK3 (Fig. 3A), and the increase of histone acet-
ylation was sustained for all tested times (Fig. 3B).

2.4. CAT, but not SOD, attenuated VK3-induced histone
hyperacetylation and cell death

Both CAT and SOD are antioxidant enzymes. CAT is able
to specifically quench H,O,, and SOD specifically sca-
venges O,°". In the present study, when 100 U/mL CAT
was added into medium, 20 uM VK3-induced histone hy-
peracetylation (Fig. 4A), cell proliferation arrest (Fig. 4B),
and cell death (Fig.4C) was attenuated, while treating
cells with heat-inactivated CAT showed no such effects.
But SOD, even at 500 U/mL, could not attenuate those
effects of VK3 (Fig. 4D, E and F). These results led to a
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conclusion that H,O, generation plays an important role
in the induction of histone hyperacetylation and cell death
by VK3.

2.5. VC enhanced VK3-induced H,0, generation, his-
tone hyperacetylation and cell death

VC potentiated anticancer activity of VK3 through enhan-
cing ROS generation in a wide variety of human cancer
cells (Gilloteaux etal. 2003; Jamison etal. 2004; von
Gruenigen et al. 2003; Zhang et al. 2001). In the present
study, VC showed no effect on VK3-induced O,'~ genera-
tion (Fig. SA), but significantly enhanced H,O, generation
(Fig. 5B), histone acetylation (Fig. 5C), cell proliferation
arrest (Fig. 5D) and cell death (Fig. SE) in human leuke-
mia cells, which further confirmed the specific contribu-
tion of HyO, generation to VK3-induced histone hyperace-
tylation and cell death.

2.6. Sodium butyrate enhanced VK3-induced histone hy-
peracetylation and cell death, but no effect on ROS gen-
eration

Sodium butyrate is known to inhibit HDAC activity, lead-
ing to histone hyperacetylation in different systems (Riggs
et al. 1977; Boffa et al. 1978; Bernhard et al. 1999). In the
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present study, sodium butyrate did not affect VK3-induced
0O,"” and H,0; generation (Fig. 6 A and B), but signifi-
cantly enhanced histone hyperacetylation (Fig. 6C), cell
proliferation arrest and cell death (Fig. 6 D and E).

3. Discussion

The anticancer activity of VK3, alone or in combination,
has been demonstrated both in vivo and in vitro, but its
mechanism remains unclear. Here we report that histone
hyperacetylation resulted from H,O, generation is a novel
mechanism involved in the anticancer activity of VK3.
Previous studies showed that O,"~ and H,O, are the main
molecules contributing to VK3’s anticancer activity (War-
ren et al. 2000; Nath et al. 1995; Sun et al. 1997; Jamisson
etal. 2004; Noto etal. 1989). Reduced VK3 (hydroqui-
none) has been found to undergo one-electron oxidation
and convert the electrons to molecular oxygen, resulting in
the generation of O,"~ in cultured cells (Warren et al.
2000). Superoxide, O,"~, can automatically (Lamson and
Plaza 2003) or enzymatically (SOD) (Kachadourian et al.
2001; Saito et al. 2003; Hileman et al. 2004) convert to
H,0,.

Our previous studies indicated that as possible signaling
molecules (Kang and Zheng 2004), ROS triggered either
histone hyperacetylation or histone hypoacetylation in dif-
ferent situations (Ito et al. 2001; Tomita et al. 2003; Gil-
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mour et al. 2002; Kang et al. 2003, 2004a). Our studies
found that diminishing or enhancing H,O, generation by
CAT or VC could significantly decrease or increase VK3-
induced histone hyperacetylation and cell death, whereas
eliminating VK3-generated O,"~ by SOD showed no ef-
fects on histone hyperacetylation or cell death. We proved
at least that H,O, generation was critically involved in
VK3-induced histone hyperacetylation and cell death in
HL-60 cells. Consistent with our results, H;O, alone aug-
mented histone acetylation level in other cells (Ito et al.
2001; Gilmour et al. 2002; Tomita et al. 2003). HAT and
HDAC are two kinds of enzymes that control histone acet-
ylation modification, and VK3-triggered H,O, generation
induced histone hyperacetylation probably through pro-
moting HAT activity and/or inhibiting HDAC activity, due
to the fact that H,O, alone are found to increase HAT
activity and decrease HDAC activity (Gilmour et al.
2002).

The enhancement or suppression of VK3-induced histone
hyperacetylation by regulating H,O, generation also sig-
nificantly enhanced or suppressed cell proliferation arrest
and cell death, suggesting the involvement of histone hy-
peracetylation in its anticancer activity. Moreover, the en-
hancement of VK3-induced histone hyperacetylation by
sodium butyrate, which did not affect ROS generation, ob-
viously potentiated the anticancer activity of VK3, indicat-
ing that histone hyperacetylation indeed is important for
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the anticancer activity of VK3, and a combination with
HDAC inhibitors maybe one useful strategy to improve
the anticancer activity of VK3. Additionally, in VK3-treat-
ed cells, VC triggeres ROS generation, and sodium buty-
rate increases histone acetylation level, which leads to the
suggestion that a combination of VC and sodium butyrate
is like to more consumingly enhance the anticancer activ-
ity of VK3. This probably provides a new approach to
design efficient chemotherapy strategies, which combine
oxidants, especially H,O, producing agents, with HDAC
inhibitors to improve their anticancer activity.

Our results will be more convictive, supposed that the in-
hibition of histone acetylation attenuates VK3-induced cell
proliferation arrest and cell death. Unfortunately, a suita-
ble agent could not be found to inhibit broad range his-
tone acetylation and not to affect ROS generation in VK3-
treated cells by this time, though some agents are reported
to inhibit histone acetylation (Kang etal. 2003, 2004b;
Coull et al. 2002; Balasubramanyam et al. 2004a, b).

In agreement with a previous study (Brinkmann et al. 2001),
histone hyperacetylation shoud not be the only mechanism
involved in the VK3-induced cell proliferation arrest and
cell death. We noticed that 5 uM VK3 triggered ROS gen-
eration (both O,'~ and H,0,), inhibited cell proliferation
and promoted cell death, but did not induce remarkable
histone hyperacetylation in HL-60 cells; while 100 U/mL
CAT fully restored 20 uM VK3-caused histone acetylation
increase, but did not completely block VK3-induced cell
proliferation arrest and cell death. These results demon-
strated that, besides increasing histone acetylation, VK3
and H,O, might also lead to other molecule events during
their induction of cell death. In fact, even at low levels,
VK3 is found to efficiently induce DNA strand breaks in
human lymphocytes (Woods et al. 1997), and VK3, alone
or in combination with VC, induced internucleosomal
DNA fragmentation in HL-60 cells due to oxidative stress
(Wang et al. 1995).

4. Experimental

4.1. Reagents and chemicals

RPMI 1640 medium was purchased from Gibco Laboratories (Santa Clara,
CA, USA) and bovine serum from Si-Ji-Qing Biotechnology Corporation
(Hangzhou, China). [*H] acetate was obtained from Beijing Institution of
Isotopes. VK3, VC, superoxide dismutase (SOD), catalase (CAT), trypan
blue, trichostatin A (TSA), dihydroethidium (DHE), and 2’,7'-dichlorofluor-
escein diacetate (DCFH-DA) were purchased from Sigma Corporation. So-
dium butyrate was prepared by titrating butyric acid with sodium hydroxide
to pH 7.3 (Bernhard et al. 1999). All other reagents are of analytical grade.

4.2. Cell culture and treatment

The HL-60 cells were grown in RPMI 1640 medium supplemented with
10% inactivated bovine serum, penicillin 100 units/mL, streptomycin
100 pg/mL, and 2 mM glutamine at 37 °C in 5% CO, humidified incuba-
tor. VK3 alone or simultaneously combined with other agents, was added
into culture medium until cells were harvested. The concentrations and the
treated time of VK3 and other agents are indicated in the figures.

4.3. Cell proliferation and viability assay

After seeded in 5 mL culture bottle at a density of 5 x 10* cells/mL, cells
were treated with corresponding agents, harvested every 8 h until 48 h and
mixed with an equal volume of 0.4% trypan blue solution for 5 min. The
stained and unstained cells were counted under a microscope by one inves-
tigator. Mean values were obtained from three separate experiments.

4.4. Measurement of intracellular O,"~ and H,0,

The level of intracellular O, or H,O, was measured by the alteration of
fluorescence resulting from oxidation of dihydroethidium (DHE) to ethi-
dium (ETH) (Miller et al. 1998; Somers et al. 2000), or 2',7’-dichlorofluo-
rescein diacetate (DCFH-DA) to dichlorofluorescein (DCF) (LeBel et al.
1992). DHE and DCFH-DA was dissolved in DMSO to a final concentra-
tion of 20 mM before use. For the measurement of O,*~ or H,O,, cells

770

were pre-incubated with 10 uM DHE or DCFH-DA at 37 °C for 30 min,
then the excess DHE or DCFH-DA was washed with RPMI-1640 media
prior to the treatment with reagents for the indicated time. The intensity of
fluorescence was recorded using a fluorescence spectrophotometer, with an
excitation filter of 485 nm and an emission filter of 585 nm (O,°7), or with
an excitation filter of 485 nm and an emission filter of 535 nm (H,O,).
The O, or H,O; level was calculated as a ratio: [O,° "] or [H,O,] = mean
intensity of exposed cells/mean intensity of unexposed cells.

4.5. Histone purification

Preparation of histones from HL-60 cells was done according to Cousens
et al. (1979) with the following modifications: the washed cells were sus-
pended in lysis buffer (Cousens etal. 1979) containing trichostatin A
(TSA, 100 ng/mL) and phenylmethanesulfonyl fluoride (PMSF, 1 mM).
After pipetting up and down 20 times, the nuclei were washed three times
in the lysis buffer and once in 10 mM Tris and 13 mM EDTA (pH 7.4).
The histones were extracted from the pellet in 0.4 N H>SO,4. After centri-
fugation, the histones in the supernatant were collected by cold-acetone
precipitation, air-dried, then suspended in 4 M urea and stored at —20 °C
before use.

4.6. Histone acetylation assay

Cells were plated at a density of 1x10° cells/mL for 24 h and then stimu-
lated with reagents for the indicated times in the presence of 10 uCi/mL
[PH] acetate. Then histones were purified as above and [*H] labelled his-
tones were determined by a liquid scintillation counter (Wallac MicroBeta
Trilux 1450, Wallac, Turku, Finland).

4.7. Statistical analysis

All data were collected from at least three separate experiments. The statis-
tical analysis for all the experiments in this paper was done using a Stu-
dent’s t-test, and p values less than 0.05, 0.01 or 0.001 were denoted as *
% g

, or *** respectively.
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