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Quercetin (QU) and trichostatin A (TSA) are promising anticancer drugs. While QU mainly exerts its
anticancer activity through scavenging reactive oxygen species (ROS), the anticancer activity of TSA
was attributed to its inhibition on histone deacetylases (HDAC). In the present study it was investi-
gated, whether the combination of QU and TSA could improve their anticancer activity against human
leukemia cells (HL-60). The cytotoxicity of QU and TSA increased in a time and dose-dependent
manner. QU (10, 20 and 40 uM) was able to diminish the ROS generation (indicated by the level of
malondialdehyde, MDA) but showed no influence on the histone acetylation in HL-60 cells; on the
contrary, TSA (20, 40, 80 and 160 nM) showed no inhibition on ROS generation but significantly
increased the histone acetylation, indicating the possible role of both scavenging ROS and increasing
histone acetylation in the induction of cell death in HL-60 cells. This conclusion was confirmed by the
findings that the combinations of QU and TSA at different concentrations could not only diminish ROS
generation, but also increase histone acetylation, and hence showed more significant cytotoxicity in
HL-60 cells than either of its components. Collectively, the present data indicate that a combination of
QU and TSA can cooperatively kill HL-60 cells through the combination of their activities of scavenging

ROS and increasing histone acetylation.

1. Introduction

Quercetin, a common dietary flavonoid found in onions,
apples, and tea (Morand et al. 1998; Hollman et al. 1997),
has been found to show anticancer activity in different
cancer cells (Chen et al. 2004a, 2004b; Cipak et al. 2003;
Kaneuchi et al. 2003; Chan et al. 2003; Lee etal. 2002;
Feng etal. 2001; Liesveld et al. 2003; Kang et al. 1997;
Uddin et al. 1995; Kuo et al. 2002; Kim et al. 2000; Ka-
waii etal. 1999). Like most polyphenols, QU is a natu-
rally occurring antioxidant (Morand et al. 1998; Hollman
et al. 1997; Duthie et al. 2000), and this antioxidant activ-
ity is critically involved in its anticancer activity (Chen
et al. 2004a, 2004b; Duthie et al. 2000; Feng et al. 2001).

Recent studies found that histone hypoacetylation plays an
important role in gene silencing and carcinogenesis (Ar-
cher et al. 1999; Klochendler-Yeivin et al. 2001; Lehrmann
et al. 2002). Specifically, histone acetylation contributes to
the formation of a transcriptionally competent environment
by ‘opening’ chromatin and permits access of transcription
factors to DNA (Fry et al. 2002; Grunstein 1997), whereas
histone deacetylation contributes to a ‘closed’ chromatin
state and transcriptional repression. The histone acetyla-
tion-deacetylation balance favors hypoacetylation in tumor
cells (Archer et al. 1999), while it is accurately maintained
through a balance of histone acetyltransferase (HAT) and
histone deacetylase (HDAC) enzyme activities in normal
cells (Archer et al. 1999; Klochendler-Yeivin et al. 2001).
Thus increasing the acetylation of histones in tumor cells
through inhibiting the activity of HDAC has been sug-
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gested as an efficient strategy to combat cancer, and
HDAC inhibitors are thought to be promising both as sin-
gle anti-cancer agents and in combination therapies
(Marks et al. 2000; Hendersona etal. 2003; Yamashita
etal. 2003; Donadelli etal. 2003; Rosato etal. 2003;
Marks etal. 2001; Kim et al. 2003). Among the HDAC
inhibitors, trichostatin A (TSA) has been studied well
(Yamashita et al. 2003; Donadelli et al. 2003; Rosato et al.
2003; Marks et al. 2001).

Considering that QU and TSA exert their anticancer activ-
ity through different mechanisms, the combination of
them may significantly improve their cytotoxicity to neo-
plastic cells. To address this hypothesis, the cytotoxicity
of QU, TSA and their combination was studied in human
leukemia HL-60 cells, and their effects on ROS generation
(as indicated by the level of malondialdehyde, MDA) and
histone acetylation were also evaluated.

2. Investigations, results and discussion
2.1. Cytotoxicity of QU and TSA in human leukemia cells

Treating cells with QU and TSA markedly decreased cell
proliferation in a concentration- (Fig. 1A) and time-depen-
dent manner (Fig. 1B, 1C). At the same time, the trypan
blue exclusion assay showed that QU and TSA treatment
significantly increased the trypan blue-stained cells, indi-
cating the loss of cell membrane integrity and cell death
(Fig. 1D), this increase of cell death also exhibited a time-
dependent manner (Fig. 1E, 1F).
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2.2. Effect of QU and TSA on the ROS generation and
histone acetylation

Since ROS and histone hypoacetylation are critically in-
volved in the different stages of carcinogenesis (Desh-
pande et al. 2002; Archer et al. 1999; Klochendler-Yeivin
et al. 2001; Lehrmann et al. 2002), both antioxidants and
HDAC inhibitors are thought to be promising anti-cancer
agents (Kang et al. 1999, 2000, 2004; Prasad et al. 1999;

Drisko etal. 2003; Conklin 2000; Marks etal. 2000,
2001; Hendersona et al. 2003; Yamashita et al. 2003; Do-
nadelli etal. 2003; Rosato et al. 2003; Kim et al. 2003).
QU is a naturally occurring antioxidant (Morand et al.
1998; Hollman et al. 1997; Duthie et al. 2000), and this
antioxidant activity plays important roles in its anticancer
activity (Chen etal. 2004a, 2004b; Duthie etal. 2000;
Feng etal. 2001), while TSA is a well-known HDAC
inhibitor and has been found to exhibit cytotoxicity in
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different tumor cells (Yamashita etal. 2003; Donadelli
et al. 2003; Rosato et al. 2003; Marks et al. 2001). Thus
we detected whether QU and TSA affected the ROS
generation and histone acetylation in HL-60 cells at the
conditions where they exhibited cytotoxicity. For this
purpose, according to Gutteridge et al. (1990), lipid per-
oxidation (LPO, as indicated by MDA content), resulting
from the direct interaction between in vivo ROS and un-
saturated fatty acids, was used as one representative of
in vivo ROS accumulation. Fig. 2A shows that treating
cells with gradually increased QU led to a concentration-
dependent decrease in the concentration of MDA, while
TSA showed no influence on ROS generation at all.
Based on Fig.2B, QU treatment caused a rapid, fol-
lowed by a sustained decrease in the amount of MDA in
HL-60 cells. On the contrary, when the state of histone
acetylation was evaluated in differently treated cells, QU
had no obvious influence on the acetylation of histones
(Fig. 3A), while TSA significantly increased the histone
acetylation in HL-60 cells in a dose-dependent manner
(Fig. 3A). As indicated by Fig. 3B, TSA caused a rapid,
followed by a sustained increase in histone acetylation.
Collectively, these results suggest that QU and TSA kill

HL-60 cells via different mechanisms, i.e., QU via its
antioxidant activity, while TSA via its HDAC inhibition
activity.

2.3. Combination of QU and TSA improved their cyto-
toxicity in HL-60 cells

Since QU and TSA exert their anticancer activity through
different mechanisms in HL-60 cells, it was investigated
whether the combination of them could cooperatively kill
HL-60 cells. For this purpose, the effect of QU and TSA
combinations on ROS generation and histone acetylation
was determined. As expected, the combinations of QU
and TSA at different concentrations not only significantly
attenuated the ROS generation (Fig. 4A), but also signifi-
cantly increased the histone acetylation (Fig.4B). Speci-
fically, the QU and TSA combinations showed similar
activity in scavenging ROS with different concentrations
of QU alone and similar activity in increasing histone
acetylation with the TSA alone, indicating that their com-
binations did not weaken the ROS scavenging activity of
QU or the inhibition activity of TSA on HDAC (Fig. 4A,
4B). In other words, these combinations possessed both
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ROS scavenging, histone acetylation increas-
ing and anticancer activity of QU and TSA
combinations. Cells were treated with different
concentrations of QU alone, or the combina-
tions of QU with different concentrations of
TSA for 16 h. The effect of QU and TSA
combinations on ROS generation (A), histone
acetylation (B), cell proliferation (C), and the
trypan blue penetration (D) was examined.
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the characteristic of QU and the activity of TSA. More-
over, these combinations of QU and TSA significantly im-
proved each of their effect on the proliferation arrest
(Fig. 4C) and trypan-blue penetration (Fig. 4D), indicating
the cooperative anticancer activity of QU and TSA.

In summary, although additional experiments are needed
to clarify the detailed mechanism on the anticancer activity
of QU, TSA and their combinations, our present study
proved that 1), in human leukemia cells, QU and TSA
exert their anticancer activity through scavenging ROS or
increasing histone acetylation, respectively; 2), the combi-
nation of QU and TSA did not weaken either the ROS
scavenging activity of QU or the HDAC inhibition activity
of TSA; 3) combining these compounds is a promising
strategy to improve the anticancer activity of QU and
TSA. Given the fact that polyphenols with similar struc-
tures possess similar antioxidant activity (Wang et al.
1996), our present data may also suggest a good strategy
to improve the anticancer activity of other polyphenols
with structures similar to QU.

3. Experimental

3.1. Reagents

Quercetin, trichostatin A, trypsin, trypan blue, 1,1,3,3-tetramethoxypropane
and thiobarbituric acid were purchased from Sigma (Sigma, St. Louis,
MO), RPMI-1640 was purchased from Gibco (Gibco, Santa Clara, CA).
All other reagents are of analytical grade.

3.2. Cell culture and treatment

Human leukemia cells (HL-60) were maintained in RPMI-1640 medium
supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin
(equivalent to 100 units/ml and 100 mg/ml, respectively) at 37°C in a
humidified atmosphere containing 5% CO,. After culturing the cells
(1 x 10° cells/ml) for 24 h, the culture medium was aspirated and replaced
with new medium containing quercetin (QU) and/or trichostatin A (TSA)
where indicated. After that, the different cultures were replaced with fresh
medium containing the corresponding reagents every 24 h.

3.3. Determination of cell proliferation and viability

Cells at a concentration of 1 x 10°/ml were cultured for 24 h, then treated
with QU and/or other agents at the indicated concentrations, three dishes
for each of the differently treated cells were collected every 8 h in the first
2 days, the total and dead cells were counted respectively by using the
trypan blue stain exclusion method under a phase-contrast microscope.

3.4. The malondialdehyde (MDA) assay

After different treatment, HL-60 cells were collected and suspended in the
lysis buffer (Kang etal. 2003). And the suspension was collected after
pipetting the cell mixture up and down for 20 times. MDA amount in the
obtained suspension was immediately evaluated using a colorimetric assay
(Ohkawa et al. 1979). All the analyses were performed in triplicate.

3.5. Histone purification and histone acetylation assay

Cells were plated at a density of 2 x 10° cells/ml, exposed to QU and/or
TSA as indicated in the presence of 10 uCi/ml [PH] acetate (5.0 Ci/mmol)
for the indicated times. Preparation of histones from HL-60 cells was done
according to Cousens et al. (1979) with the following modifications: the
washed cells were suspended in lysis buffer (Cousens et al. 1979) contain-
ing TSA (100 ng/ml) and PMSF (1 mM). After pipetting up and down for
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 centrifugation, 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. *H-labelled his-
tones were determined by liquid scintillation counting.

3.6. Statistical analysis

Statistical analysis was performed by analysis of variance (ANOVA post-
hoc Bonferroni), and p <0.05, 0.01, or 0.001 were denoted as *, **, or
*#% | respectively.
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