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A B S T R A C T

The chemopreventive and chemotherapeutic properties associated with resveratrol offer promise for the

design of new chemotherapeutic agents. However, resveratrol is not a potent cytotoxic compound when

compared with other chemotherapeutic drugs. Thus, several studies were undertaken to obtain synthetic

analogues of resveratrol with potent activity. The present study was undertaken to examine whether four

resveratrol analogues (HS-1784, -1792, -1791 and -1793) that we had designed and synthesized show

antitumor activity. Here, we observed that all of these resveratrol analogues displayed stronger antitumor

effects than resveratrol in most cancer cells tested. We further examined whether HS-1793, showing potent

antitumor effects in most cancer cells tested, overcomes the resistance conferred by Bcl-2, since

overcoming the resistance conferred by Bcl-2 represents an attractive therapeutic strategy against cancer.

Our viability assay showed that HS-1793 overcomes the resistance conferred by Bcl-2 in human leukemic

U937 cells. Various apoptosis assessment assays demonstrated that HS-1793 overcomes the resistance

conferred by Bcl-2 in human leukemic U937 cells by inducing apoptosis. Noticeably, we elucidated the

marked downregulation of 14-3-3 protein by HS-1793, indicating that HS-1793 overcomes the resistance

conferred by Bcl-2 in U937 cells via 14-3-3. We also observed that HS-1793 exerts its antitumor activity via

Bad. However, overall data obtained from methylation specific PCR, RT-PCR and real-time PCR suggest that

HS-1793 plays a role in the downregulation of 14-3-3 at a post-transcriptional level. Further understanding

exactly how HS-1793 overcomes the resistance conferred by Bcl-2 via 14-3-3 may guide the development

of future anticancer agents.

Crown Copyright � 2009 Published by Elsevier Inc. All rights reserved.
1. Introduction

Bcl-2 functions as an anti-apoptotic protein [1]. Bcl-2, in
general, regulates mitochondrial outer membrane permeabiliza-
tion and thereby determines the cellular commitment to apoptosis
[1–3]. The anti-apoptotic function of the Bcl-2 protein depends, at
least in part, on its ability to dimerize with another member of the
Bcl-2 family, Bax [4]. Overexpression of Bcl-2 has been reported in
a wide variety of cancers.

In some preclinical systems, Bcl-2 overexpression has been
shown to attenuate apoptosis, or to restore the clonogenic
potential of malignant progenitor cells [5,6]. On the other hand,
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anti-apoptotic factors, including Bcl-2, impair the ability to achieve
remission and cure with chemotherapy, protecting the tumor cells
from the apoptotic effects of various anti-neoplastic agents [7–9].
Therefore, overcoming the resistance conferred by anti-apoptotic
factors such as Bcl-2 represents an attractive therapeutic strategy
against leukemia cells [3]. We previously demonstrated that
overexpression of Bcl-2 attenuates resveratrol-induced apoptosis
in U937 cells by inhibition of caspase-3 activity and sustained
expression of the IAP caspase inhibitors [6].

Resveratrol, a naturally occurring phytoalexin (3,40,5-tri-hydro-
xystilbene) present in medicinal plants, grape skin, peanuts and red
wine [10,11], acts on the process of carcinogenesis by affecting the
three phases (tumor initiation, promotion and progression) and is
also able to activate apoptosis [6,12–14]. The chemopreventive and
chemotherapeutic properties associated with resveratrol offer
promise for the design of new chemotherapeutic agents. However,
ll rights reserved.
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resveratrol is not a potent cytotoxic compound when compared with
other chemotherapeutic drugs. Thus, exposure to high doses of
resveratrol is required to induce apoptosis in cancer cells, including
U937 cells [6,15–18]. Moreover, resveratrol’s biological activity is
limited by its photosensitivity and metabolic instability. Thus,
several studies were undertaken to obtain synthetic analogues of
resveratrol with potent activity.

The present study was undertaken to examine whether four
resveratrol analogues that we had designed and synthesized [19]
show antitumor activity. Here, we demonstrate that resveratrol
analogues show stronger antitumor activity than resveratrol in
various cancer cells. To further examine the mechanism under-
lying the antitumor activity, we employed a resveratrol deriva-
tive, 4-(6-hydroxy-2-naphthyl)-1,3-benzenediol (HS-1793), and
human leukemic U937 cells. As will be shown, HS-1793 induces
apoptosis and overcomes the resistance conferred by Bcl-2 in
U937 cells through 14-3-3.

2. Materials and methods

2.1. Reagents

Rabbit polyclonal anti-human Bcl-2, cytochrome C, 14-3-3b,
14-3-3u, glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and mouse monoclonal anti-human 14-3-3 antibodies were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse
polyclonal anti-human Poly(ADP)-Ribose Polymerase (PARP) was
obtained from Oncogene (Cambridge, MA). Rabbit polyclonal anti-
human caspase-3 and -6 antibodies were obtained from Cell
Signaling Technology (Danvers, MA). Fluorescein isothiocyanate
(FITC)-conjugated goat anti-rabbit and horse anti-mouse IgG
antibodies were obtained from Vector (Burlingame, CA). HRP-
conjugated donkey anti-rabbit and sheep anti-mouse IgG anti-
bodies were obtained from Amersham Pharmacia Biotech (Piscat-
away, NJ). JC-1 was obtained from Molecular Probes (Eugene, OR).
Neomycine sulfate (G418) was from Calbiochem (Canada, U.S.).
DMEM, MEM, RPMI-1640 and fetal bovine serum (FBS) were
obtained from Gibco (Gaithersburg, MD). The enhanced chemilu-
minescent western blotting detection reagent (SuperSignal West
Pico chemiluminescent substrate) was obtained from Pierce
(Rockford, IL). Resveratrol and propidium iodide were obtained
from Sigma (St. Louis, MO).

2.2. Preparation of resveratrol analogues

To obtain analogues with improved antitumor activity, we
substituted the stilbene double bond present in resveratrol with a
naphthalene ring.

2.2.1. General procedure of coupling

2-Bromo-6-methoxy-naphthalene, 5-bromo-1,2,3-trimethoxy-
benzene, 1-bromo-3-methoxy-benzene, and 1-bromo-2,4-
dimethoxy-benzene were slowly added to the mixture of
magnesium turnings (1 equiv.) and iodine (cat.) in THF. After
the formation of the Grignard reagent (2 h, reflux), a solution of 1-
bromo-3,5-dimethoxy-benzene (0.5 equiv.) in THF was slowly
added to the Grignard reagent. The reaction mixture was stirred
overnight under reflux, cooled to room temperature, poured onto
ice containing HCl solution, extracted with ether, dried over
MgSO4. The combined organic extract was concentrated under
reduced pressure, and the solid residue was purified by flash
chromatography to give brown solid of 2-phenyl-naphthalene.

2.2.2. 2-(3,5-Dimethoxyphenyl)-6-methoxy-naphthalene

mp 77 8C; 1H NMR (300 MHz, Benzene-D6) d 3.39 (s, 6H), 3.40 (s,
3H), 6.64 (t, 1H, J = 2.5 Hz), 6.96 (d, 1H, J = 2.5 Hz), 7.03 (d, 2H,
J = 1.8 Hz), 7.21 (dd, 1H, J = 8.3 and 2.4 Hz), 7.55 (d, 1H, J = 9.1 Hz),
7.65 (d, 1H, J = 8.5 Hz), 7.75 (dd, 1H, J = 8.5 and 1.9 Hz), 7.99 (s,
1 Hz); 13C NMR (75 MHz, Benzene-D6) d 55.13, 55.27, 100.26,
106.20, 106.37, 119.98, 126.62, 126.84, 127.96, 130.06, 130.51,
134.93, 137.41, 144.32, 158.67, 162.23; HRMS (EI), m/z 294.1257
(calculated for C19H18O3 294.1256).

2.2.3. 2-Methoxy-6-(3,4,5-trimethoxyphenyl)-naphthalene

mp 74 8C; 1H NMR (300 MHz, Benzene-D6) d 3.43 (s, 3H), 3.46 (s,
6H), 3.94 (s, 3H), 6.89 (s, 2H), 7.02 (d, 1H, J = 2.5 Hz), 7.25 (dd, 1H,
J = 8.8 and 2.5 Hz), 7.63 (d, 1H, J = 9.1 Hz), 7.75 (s, 1H), 7.76 (d, 1H,
J = 1.7 Hz), 8.01 (s, 1H); 13C NMR (75 MHz, Benzene-D6) d 54.74,
55.78, 60.49, 105.42, 105.88, 119.58, 125.82, 126.39, 127.49,
127.88, 129.65, 129.88, 134.26, 137.17, 137.25, 154.34, 158.18;
HRMS (EI), m/z 324.1359 (calculated for C20H20O4 324.1362).

2.2.4. 2-Methoxy-6-(3-methoxyphenyl)-naphthalene

mp 84 8C; 1H NMR (300 MHz, Benzene-D6) d 3.38 (s, 3H), 3.39 (s,
3H), 6.83 (d, 1H, J = 7.6 Hz), 6.95 (s, 1H), 7.16–7.30 (m, 3H), 7.35 (s,
1H), 7.54 (d, 1H, J = 9.1 Hz), 7.65 (d, 1H, J = 8.5 Hz), 7.71 (d, 1H,
J = 8.6 Hz), 7.94 (s, 1H); 13C NMR (75 MHz, Benzene-D6) d 55.13,
106.24, 113.33, 113.80, 119.99, 120.53, 126.65, 126.83, 130.15,
130.50, 130.53, 134.88, 137.25, 143.66, 158.70, 161.11; HRMS (EI),
m/z 264.1149 (calculated for C18H16O2 264.1150).

2.2.5. 2-(2,4-Dimethoxyphenyl)-6-methoxy-naphthalene

mp 99 8C; 1H NMR (300 MHz, Benzene-D6) d 3.25 (s, 3H), 3.39 (s,
3H), 3.41 (s, 3H), 6.48 (d, 1H, J = 9.2 Hz), 6.58 (s, 1H), 6.99 (s, 1H),
7.21 (d, 1H, J = 8.8 Hz), 7.38 (d, 1H, J = 8.5 Hz), 7.59 (d, 1H,
J = 9.0 Hz), 7.72 (d, 1H, J = 8.6 Hz), 7.88 (d, 1H, J = 8.5 Hz), 8.00 (s,
1H); 13C NMR (75 MHz, Benzene-D6) d 55.12, 55.33, 55.43, 100.04,
105.39, 106.26, 119.49, 124.67, 12.79, 128.73, 129.71, 130.04,
130.33, 132.27, 134.34, 135.03, 158.43, 158.62, 161.26; HRMS (EI),
m/z 294.1255 (calculated for C19H18O3 294.1256).

2.2.6. General procedure of demethylation

To a stirred solution of prepared product in CH2Cl2 at �78 8C
was added BBr3 (5 equiv.). The resulting yellow solution was
stirred at�78 8C for 20 min and then was allowed to warm to room
temperature and stirred for 6 h. The mixture was then washed with
water to neutrality. The organic layer was separated and dried over
MgSO4. The combined organic extract was concentrated under
reduced pressure, and the solid residue was purified by flash
chromatography to give brown solid of naphthol.

2.2.7. 5-(6-Hydroxy-2-naphthyl)-1,3-benzenediol

mp 189 8C; 1H NMR (300 MHz, Benzene-D6) d 6.85 (t, 1H,
J = 2.2 Hz), 7.12 (d, 2H, J = 2.2 Hz), 7.30 (dd, 1H, J = 2.5, 8.8 Hz), 7.40
(d, 1H, J = 2.5 Hz), 7.60 (s, 1H), 7.63 (s, 1H),7.74 (dd, 1H, J = 1.6,
8.5 Hz), 8.04 (d, 1H, J = 1.4 Hz); 13C NMR (75 MHz, Benzene-D6) d
102.0, 106.6, 109.8, 119.1, 126.0, 126.3, 127.0, 129.3, 130.8, 135.0,
138.5, 144.8, 155.9, 159.9; HRMS (EI), m/z 252.0785 (calculated for
C16H12O3 252.0786).

2.2.8. 5-(6-Hydroxy-2-naphthyl)-1,2,3-benzenetriol

mp 215 8C; 1H NMR (Benzene-D6) d (ppm): 7.13 (s, 2H), 7.28
(dd, 1H, J = 2.5, 8.8 Hz), 7.37 (d, 1H, J = 2.5 Hz), 7.62 (dd, 1H, J = 1.9,
8.8 Hz), 7.71 (dd, 1H, J = 1.9, 8.5 Hz), 7.98 (d, 1H, J = 1.6 Hz); 13C
NMR (75 MHz, Benzene-D6) d 107.4, 109.8, 119.8, 125.7, 126.6,
127.8, 129.8, 130.5, 133.4, 134.2, 134.9, 136.9, 147.0, 155.8; HRMS
(EI), m/z 268.0733 (calculated for C16H12O4 268.0736).

2.2.9. 6-(3-Hydroxyphenyl)-2-naphthol

mp 174 8C; 1H NMR (300 MHz, Benzene-D6) d 7.08 (dt, 1H,
J = 1.9, 7.1 Hz), 7.26 (t, 1H, J = 8.4 Hz), 7.33 (dd, 1H, J = 2.5, 8.8 Hz),
7.41 (d, 1H, J = 2.5 Hz), 7.50 (d, 1H, J = 1.6 Hz), 7.65 (d, 2H,
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J = 8.8 Hz), 7.68 (dd, 1H, J = 1.6, 8.2 Hz), 7.98 (s, 1H); 13C NMR
(75 MHz, Benzene-D6) d 109.8, 114.8, 115.0, 119.5, 126.4, 126.6,
127.5, 129.7, 130.6, 130.7, 135.3, 136.7, 143.8, 156.2, 158.5; HRMS
(EI), m/z 236.0834 (calculated for C16H12O2 236.0837).

2.2.10. 4-(6-Hydroxy-2-naphthyl)-1,3-benzenediol

mp 186 8C; 1H NMR (300 MHz, Benzene-D6) d 6.72 (dd, 1H,
J = 2.2, 8.5 Hz), 6.86 (d, 1H, J = 2.5 Hz), 7.23 (dd, 1H, J = 2.5, 8.8 Hz),
7.28 (d, 1H, J = 8.5 Hz), 7.37 (d, 1H, J = 2.5 Hz), 7.60 (d, 1H,
J = 5.8 Hz), 7.62 (d, 1H, J = 5.5 Hz), 7.78 (dd, 1H, J = 1.6, 8.5 Hz), 7.98
(s, 1H); 13C NMR (75 MHz, Benzene-D6) d 104.0, 108.4, 109.8,
119.1, 121.9, 126.7, 127.4, 129.3, 129.7, 130.4, 132.5, 134.6, 134.7,
155.8, 156.1, 158.5; HRMS (EI), m/z 252.0790 (calculated for
C16H12O3 252.0786).

2.3. Cell culture and establishment of Bcl-2-overexpressing U937 cells

Human leukemia U937 cells were obtained from the American
Type Culture Collection (ATCC; Rockville, MD). The culture
medium used throughout these experiments was RPMI-1640
medium, containing 10% fetal calf serum (FCS), 20 mM HEPES
buffer and 100 mg/ml gentamicin. Bcl-2-overexpressing U937 cells
were generated using a pMAX vector containing the human bcl-2

gene (provided by Dr. Rakesh Srivastava, NIH/NIA). U937 cells
(400 ml) in RPMI 1640 (20 � 106 cells/ml) were transfected by
pre-incubating with 15 mg Bcl-2 plasmid for 10 min at room
temperature and then electroporating at 500 V, 700 mF. The
sample was immediately placed on ice for 10 min, then 10 ml of
complete medium was added, and the cells were incubated at 37 8C
for 24 h. The cells were selected in a medium containing 0.7 mg/ml
geneticin (G418) for 4 weeks. Single cell clones were obtained by
limiting dilution and subsequently analyzed for an increase in Bcl-
2 protein expression relative to identically cloned empty vector
controls.

2.4. Resveratrol and resveratrol analogues treatment and assessment

of cell viability

Ten millimolars of resveratrol analogues and 100 mM of
resveratrol in EtOH were prepared and stored at �80 8C until
use. Cells were treated with resveratrol analogues (0–5 mM) or
resveratrol (0–120 mM). Cells were harvested 48 h after treatment,
and cell viability was determined with the Vi-Cell cell counter
(Beckman Counter, Fullerton, CA), which performs an automated
trypan blue exclusion assay.

2.5. Clonogenic study

The clonogenic assay was performed on a single-cell suspension
of exponentially growing cells. Stock agar solution was prepared by
dissolving agar (Sigma; St. Louis, MO) in bidistilled water and
autoclaving at 120 8C under 1 atm of pressure and kept at 45 8C
until use. Four volumes of RPMI-1640 were then rapidly mixed
with one volume of stock agar solution, and 1 ml of this solution
was placed into each well of a 6-well plate as an underlayer. Plates
were then incubated at 4 8C for 15 min. For each well, 200 100%
vital cells were suspended in 1 ml of RPMI-1640 medium. They
were then mixed with 2 ml of the mixture of 4 volumes of RPMI-
1640 plus 1 volume of stock agar solution. One millilitre of this
suspension was then put into each underlayer of the 6-well plate,
and drugs were added to a final volume of 100 ml to the
corresponding group. The 6-well plates were then kept in an
incubator in a humidified atmosphere of 5% CO2 and air-mixed for
14 days. Colonies with more than 50 cells were counted under
an inverted microscope. Calculation of survival fraction (SF)
was performed using the equation SF = colonies counted/cells
seeded � (PE/100), taking the individual plating efficiency (PE)
into consideration.

2.6. Nuclear morphology analysis of apoptosis

Twenty-four hours after treatment, the cell suspension was
cytospun onto a clean fat-free glass slide with a cytocentrifuge.
Cytocentrifuged samples were fixed for 10 min in 4% paraformal-
dehyde and stained in 4 mg/ml Hoechst 33342 for 30 min at 4 8C.
The total cell number (300 cells from each experiment) was
counted using differential interference contrast (DIC) optics, and
the number of cells showing condensed or fragmented nuclei on
Hoechst staining was calculated using epifluorescence optics by an
observer who was blinded with regard to the experimental group.

2.7. Methylation-specific polymerase chain reaction (MSP)

Genomic DNA was extracted using the Qiagen QIAamp DNA Mini
Kit (Qiagen, Hilden, Germany). Bisulphite treatment of 2 mg DNA of
each sample was undertaken using the EZ DNA Methylation KitTM

(ZYMO Research Co., Orange, CA). Two primer sets were used for
MSP amplification of 14-3-3b as follows: methylated 1 (14-3-3b-
M1, F-AGAGGATTGATATCGGTTTTC & R-ACTAAAAACGCGCCAAAA)
and unmethylated 1 (14-3-3b-UnM1, F-GTAAGAGGATTGATATTG-
GTTTTT & R-ACTAAAAACACACCAAAACCA); methylated 2 (14-3-3b-
M2, F-GGAGCGGAAGTGGAGTTATC & R-CCCACTACTCAAACGAC-
GAC) and unmethylated 2 (14-3-3b-UnM2, F-GGAGTGGAAGTG-
GAGTTATT & R-CCCACTACTCAAACAACAAC). All PCR primers used in
this work were designed using Methyl Primer Express1 Software
(www.appliedbiosystems.com/methylprimerexpress), based on the
NCBI site (>refjNC_000020.9jNC_000020:42945759-42970575
Homo sapiens chromosome 20, reference assembly, complete
sequence, homo sapiens build 36.3). MSP PCR reactions (50 ml)
were performed in reaction mixes containing 2 ml of bisulfate-
treated DNA, 10 mM primers, 100 ng/ml TITANIUMTM Taq DNA
polymerase (Takara, Japan), 1� TITANIUMTM Taq PCR Buffer and
0.2 mM dNTPs. PCR was performed in a 9700 Thermocycler
(PerkinElmer, CT, USA), and the general thermocycling conditions
were as follows: (1) one cycle of 5 min of initial denaturation at
95 8C, followed by 35 cycles of 30 s at 95 8C, annealing for 30 s at
56 8C and reaction for 45 s at 72 8C, and then a final 10 min extension
at 72 8C for 14-3-3b-M1 and 14-3-3b-UnM1; (2) one cycle of 5 min
of initial denaturation at 95 8C, followed by 35 cycles of 30 s at 95 8C,
annealing for 30 s at 59 8C and reaction for 45 s at 72 8C, and then a
final 10 min extension at 72 8C for 14-3-3b-M2 and 14-3-3b-UnM2.
PCR products were separated by gel electrophoresis using 3%
SeaKem LE agarose (Cambrex, ME, USA) in 1� TAE buffer.

2.8. Quantitative reverse transcriptase (RT)-PCR

For RT-PCR of 14-3-3b and 14-3-3u mRNA, total RNA was
extracted from U937/vector and U937/Bcl-2 cells using the RNeasy
plus Mini kit (QIAGEN) following the manufacturer’s instructions.
RT reactions were performed with the iScriptTM cDNA Synthesis Kit
for RT-PCR (Bio-Rad) using 1 mg of fractionated cellular RNA,
which was purified as described above, as a template. Real-time
PCR was carried out using TaqMan gene expression pre-
synthesized reagents and iTaqTM Super mix with ROX (Bio-Rad).
Reactions were prepared following the manufacturer’s protocol.
All reactions were carried out in triplicate (Bio-Rad). Specific
primers were used to detect the presence of the 14-3-3b and 14-3-
3u mRNAs. Standard thermal cycling conditions included a hot
start of 2 min at 50 8C and 10 min at 95 8C. The DNA was amplified
through 50 cycles of 15 s at 95 8C and 1 min at 60 8C for STAT3 and
b-actin, respectively. Data analysis was carried out using MJ
Opticon Monotor 3 software (version 3.1) and Microsoft Excel.

http://www.appliedbiosystems.com/methylprimerexpress
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Expression values are presented relative to the measurements for
b-actin values in the corresponding samples.

2.9. RT-PCR

Total RNA was extracted from the cultured cells using the
Qiagen RNaesy Mini Kit. Total RNA (2 mg) was converted to cDNA
using a Thermoscript reverse transcriptase kit (Invitrogene,
Carlsbad, CA, USA) according to the manufacturer’s instructions.

RT-PCR products containing 14-3-3b exon 2 were amplified
using gene a specific primer (F-GCTGAGCAGGCTGAGCGATA & R-
TTGCCCATCTGCTGCTTCTTC). PCR reactions (40 ml) were per-
formed in reaction mixes containing 3 ml cDNA, 10 mM primers,
2.5 U Go Taq Flexi DNA polymerase (Promega, WI, USA), 50 mM
KCl, 10 mM Tris–HCl (pH 9.0), 3.0 mM MgCl2 and 0.2 mM dNTPs.
PCR was performed in a 9700 Thermocycler (PerkinElmer, CT,
USA), and the general thermocycling conditions were as follows:
one cycle of 2 min of initial denaturation at 94 8C, followed by 25
cycles of 30 s at 94 8C, annealing for 20 s at 64 8C and reaction for
30 s at 72 8C, followed by a final 7 min extension at 72 8C. PCR
products were separated by gel electrophoresis using 2% SeaKem
LE agarose in 1� TAE buffer.

2.10. DNA electrophoresis

Cells (2 � 106) were resuspended in 1.5 ml lysis buffer (10 mM
Tris [pH 7.5], 10 mM EDTA [pH 8.0], 10 mM NaCl and 0.5% sodium
dodecyl sulfate [SDS]), to which proteinase K (200 mg/ml) was
added. After samples were incubated overnight at 48 8C, 200 ml of
ice-cold 5 M NaCl was added and the supernatant containing
fragmented DNA was collected after centrifugation. The DNA was
then precipitated overnight at �20 8C in 50% isopropanol and
treated with RNase A for 1 h at 37 8C. A loading buffer containing
100 mM EDTA, 0.5% SDS, 40% sucrose and 0.05% bromphenol
blue was added to the DNA samples at a ration of 1:5 (v/v).
Separation was performed in 2% agarose gels in Tris/acetic acid/
EDTA buffer containing 0.5 mg/ml ethidium bromide (EtBr) at
50 mA for 1.5 h.

2.11. Flow cytometric analysis

Ice-cold 95% ethanol supplemented with 0.5% Tween 20 was
added to cell suspensions to a final concentration of 70% ethanol.
Fixed cells were pelleted and washed in 1% BSA-PBS solution. Cells
were re-suspended in 1 ml PBS containing 11 Kunitz U/ml RNase,
incubated at 4 8C for 30 min, washed once with BSA-PBS, and re-
suspended in a PI solution (50 mg/ml). The cells were incubated at
4 8C for 30 min in the dark and were then washed with PBS. DNA
content was measured on an Epics XL (Beckman Coulter, FL, USA),
and the data were analyzed using Multicycle software, which
allowed for simultaneous estimation of cell cycle parameters and
apoptosis.

2.12. Western blot analysis

Conducted as described previously [20,21]. In brief, cell
lysates were centrifuged at 14,000 rpm for 15 min at 4 8C.
Protein concentrations of cell lysates were determined with
Bradford protein assay (Bio-Rad) and 50 mg of proteins was
loaded onto 7.5–15% SDS-polyacrylamide gels. The gels were
transferred to Nitrocellulose membrane (Amersham Pharmacia
Biotech, Piscataway, NJ) and reacted with each antibody.
Immunostaining with antibodies was performed using Super-
Signal West Pico enhanced chemiluminescence substrate and
detected with LAS-3000PLUS (Fuji Photo Film Company,
Kanagawa, Japan).
2.13. Assay of mitochondrial membrane potential (MMP)

3,30 dihexyloxa carbocyanine iodide (DIOC6) was added directly
to the cell culture medium (1 mM final concentration). After a 30-
min incubation, the cells were pelleted and resuspended with PBS.
The cells were submitted to flow cytometry on the Epics XL
(Beckman Coulter) to measure the MMP. Data were acquired and
analyzed using EXPO32 ADC XL 4 color software. The analyzer
threshold was adjusted on the forward scatter channel to exclude
noise and most of the subcellular debris.

2.14. Immunofluorescent staining and confocal microscopy

Cytocentrifuged cells were fixed for 10 min in 4% paraformal-
dehyde, incubated with each primary antibody for 1 h, washed 3�
for 5 min each and then incubated with FITC-conjugated secondary
antibodies for 1 h at room temperature. Fluorescent images were
observed and analyzed under a Zeiss LSM 510 laser-scanning
confocal microscope (Zeiss, Gőettingen, Germany).

2.15. Coimmunoprecipitation assay

Conducted as described previously [20,21]. In brief, cells were
collected and lysed in 1 ml of immunoprecipitation lysis buffer
(300 mM NaCl, 50 mM Tris–Cl [pH 7.6], 0.5% Triton X-100, protease
inhibitors, 10 mM Na4P2O7, 1 mM Na3VO4, 25 mM NaF and 1 mM
ß-glycerophosphate). Protein concentrations of cell lysates were
determined using the Bradford method and 500 mg of protein was
precleared and then incubated with PML or p53 antibody in
extraction buffer at 4 8C overnight. The immune complexes were
precipitated with protein A/G-agarose beads (Sigma) for 2 h and
washed 5 times with extraction buffer prior to boiling in SDS
sample buffer. Immunoprecipitated proteins were separated by
SDS-polyacrylamide gel electrophoresis and Western blot analysis
was performed as described above.

2.16. Statistical analysis

Four independent in vitro experiments were carried out.
Statistical results were expressed as the mean � standard deviation
of the means obtained from triplicates of each independent
experiment. Statistical significance of differences was determined
by the paired Kruskal–Wallis nonparametric test. A P-value less than
0.05 was considered significant.

3. Results

3.1. Resveratrol analogues display antitumor activity in most cancer

cell lines tested

The structures of four resveratrol analogues that we synthe-
sized are shown in Fig. 1A. Depending on 1H NMR, the purity of
each compound was higher than 99%. We examined the antitumor
activity of these 4 analogues using the following 9 different cancer
cell lines: human breast adenocarcinoma cell line MCF-7; human
hepatocellular carcinoma cell line HepG2; human colorectal
adenocarcinoma cell line HT-29; human anaplastic thyroid cancer
cell line KAT-18; human histiocytic lymphoma cell line U937;
human chronic myelogenous leukemia cell line K562; human
adenocarcinoma cell line HeLa; human carcinoma cell line LNCap;
and human malignant melanoma cell line SK-MEL-28. Our data
show that most resveratrol analogues displayed antitumor activity
in all cancer cell lines tested. Most analogues in general had
stronger antitumor effects than resveratrol in most of the cancer
cells tested (Fig. 1B). Among these four analogues, HS-1784 and -
1792 had the same structures as the analogues that have been



Fig. 1. Antitumor activity of synthetic resveratrol analogues. Synthesis of resveratrol analogues and their structures (Panel A). Resveratrol analogues show antitumor activity.

Forty-eight hours after treatment, cell viability was determined with the Vi-cell counter performing an automated trypan blue exclusion assay (Panel B).
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already reported [22–24]. In addition, a synthetic analogue having
the same structure as HS-1784 was documented to have high
ceramide-mediated proapoptotic activity in human breast cancer
cells and to block the cell cycle in the G0-G1 phase in leukemia cells
[22]. On the contrary, the synthesis of HS-1791 and -1793 has not
been reported to date.

3.2. HS-1793 overcomes the resistance conferred by Bcl-2 in human

leukemic U937 cells

HS-1793 showed relatively potent antitumor effects in most
cancer cells tested. IC50 for MCF-7, HepG2, HT-29, KAT-18, U937,
K562, HeLa, LNCap, and SK-MEL-28 cells is approximately 25, 15,
25, 10, 4, 20, 25, 30 and 50, respectively. Since overexpression of
Bcl-2 attenuates resveratrol-induced apoptosis in U937 cells [6],
we employed this novel single analogue to further examine
whether HS-1793 overcomes the resistance by Bcl-2 in human
leukemic cells. We first conducted a cell viability assay. Our
viability assay demonstrated that HS-1793 overcomes the
resistance by Bcl-2 in human leukemic cells. Although resveratrol
at 20–120 mM significantly reduced the viability of U937/vector
cells compared to the controls (control U937 and U937/vector
cells), the overexpression of Bcl-2 significantly attenuated the
resveratrol-induced reduction of viability. On the contrary, HS-
1793 at 2–5 mM reduced the viability to a similar extent in both the
U937/vector and U937/Bcl-2 cells (Fig. 2A). Long-term survival as
determined by a clonogenic assay revealed a significant decline in
clonogenic survival after treatment with HS-1793 (�1.5 mM) in
U937, U937/vector and U937/Bcl-2 cells (Fig. 2B). These data
suggest that HS-1793 overcomes the resistance conferred by Bcl-2
in human leukemic U937 cells. To examine whether or not HS-
1793 counter Bcl-2 besides U937 cells, we conducted the viability
assay on another cell line on which overexpression of Bcl-2
attenuates resveratrol-induced apoptosis. Our viability assay on



Fig. 2. HS-1793 overcomes the resistance conferred by Bcl-2 in U937 cells. Cell viability assay 48 h after treatment with resveratrol or HS-1793 shows that the overexpression

of Bcl-2 significantly attenuated the resveratrol-induced reduction of viability whereas HS-1793 reduced the viability to a similar extent in both the U937/vector and U937/

Bcl-2 cells. **P < 0.01 comparing to controls (U937 control and U937/vector cells) (Panel A). Determination of cellular survival with clonogenic assay. Survival curves as

determined by the clonogenic survival assay 14 days after HS-1793 or resveratrol treatment (Panel B).
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human renal carcinoma Caki cells showed that HS-1793 reduced
the viability to a similar extent in both the Caki/vector and Caki/
Bcl-2 cells (data not shown).

3.3. HS-1793 overcomes the resistance conferred by Bcl-2 in human

leukemic U937 cells by inducing apoptosis

We next examined the mechanism by which HS-1793
overcomes the resistance conferred by Bcl-2. Since HS-1793
and resveratrol showed half-maximal inhibition of viability
in U937 cells 48 h after treatment at 3 mM and 100 mM,
respectively, these concentrations were used as the experi-
mental doses. Since resveratrol at 3 mM did not show antitumor
activity, 3 mM resveratrol treatment was used as an experi-
mental control to 100 mM resveratrol treatment. In the same
respect, 0.1 mM HS-1793 was used as an experimental control to
3 mM HS-1793.

Hoechst staining showed that the percentage of apoptotic cells
with condensed or fragmented nuclei was not significantly
reduced in 3 mM HS-1793-treated U937/Bcl-2 cell compared to
3 mM HS-1793-treated U937 cells while the percentage of these
apoptotic cells was significantly reduced in 100 mM resveratrol-
treated U937/Bcl-2 cells compared to the 100 mM resveratrol-
treated U937 or U937/vector cells. Immunofluorescent stating to
cytochrome c showed that translocation of cytochrome c from the
mitochondria to the cytosol in 3 mM HS-1793-treated U937, U937/
vector and U937/Bcl-2 cells and 100 mM resveratrol-treated U937
and U937/vector cells, but not in 100 mM resveratrol-treated
U937/Bcl-2 cells. Mitochondrial membrane potential assay also
showed that reduction of DCm in 3 mM HS-1793-treated U937,
U937/vector and U937/Bcl-2 cells and 100 mM resveratrol-treated
U937 and U937/vector cells, but not in 100 mM resveratrol-treated
U937/Bcl-2 cells (Fig. 3A). DNA electrophoresis demonstrated DNA
ladder in 3 mM HS-1793-treated U937/vector and U937/Bcl-2 cells
and 100 mM resveratrol-treated U937/vector cells but not in
100 mM resveratrol-treated U937/Bcl-2 cells (Fig. 3B). Western
blot assay showed the degradation of casapse-3 and -6 and PARP in
3 mM HS-1793-treated U937/vector and U937/Bcl-2 cells and
100 mM resveratrol-treated U937/vector cells, but not in 100 mM
resveratrol-treated U937/Bcl-2 cells (Fig. 3C). Flow cytometry also
demonstrated that apoptotic population was increased in 3 mM
HS-1793-treated U937/vector and U937/Bcl-2 cells, and 100 mM
resveratrol-treated U937/vector cells but not in 100 mM resver-
atrol-treated U937/Bcl-2 cells (Fig. S1). These data indicate that
HS-1793 overcomes the resistance conferred by Bcl-2 by inducing
apoptosis.

3.4. HS-1793 overcomes the resistance conferred by Bcl-2 in human

leukemic U937 cells through 14-3-3

We next examined whether HS-1793 alters the expression
level of anti-apoptotic factors. Western blot assays showed that
several representative anti-apoptotic proteins such as Mcl-1, Bcl-
2, Bcl-xL, XIAP, phosphorylated Akt and 14-3-3 were down-
regulated in cells undergoing apoptosis in response to HS-1793 or
resveratrol treatment (Fig. 4A). Most previous reports showed
that the expression level of the 14-3-3 protein was constantly
sustained, although cells undergo apoptosis through the 14-3-3/
Bad pathway. Thus, it is noticeable that HS-1793 (3 mM) and
resveratrol (100 mM) markedly downregulated 14-3-3 protein to
�20% of to the controls. Importantly, whereas HS-1793 (3 mM)
reduced 14-3-3 protein expression in U937/Bcl-2 cells to�20% of
the controls, resveratrol (100 mM) had no significant effect on 14-
3-3 protein expression in U937/Bcl-2 cells. Since downregulation
of 14-3-3 protein is bound to result in decreasing the opportunity
of the association between Bad and 14-3-3, this downregualtion of
14-3-3 and subsequent modulation of the 14-3-3/Bad pathway
can be speculated to be involved in overcoming the resistance
conferred by Bcl-2. Thus, our further investigation was focused on
14-3-3.
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Western blot assays using antibodies to two representative
anti-apoptotic 14-3-3 isoforms, b and u, demonstrated that the
expression levels of both proteins were substantially down-
regulated in U937/vector cells in response to HS-1793 or
resveratrol treatment. HS-1793, but not resveratrol, showed
the corresponding downreguation in U937/Bcl-2 cells (Fig. 4B).
Time-sequenced western blot assays showed that downregula-
tion of 14-3-3 protein in cells undergoing apoptosis is evident
at early time points after HS-1793 or resveratrol treatment
(Fig. 4C). Conversely, the reduction of cell viability begins at
later time points (Fig. 4D). These data indicate that the
downregulation of 14-3-3 precedes the reduction of cell
viability

We next examined whether HS-1793 exerts its antitumor
activity via Bad, a representative client protein of 14-3-3.
Neither HS-1793 (3 mM) nor resveratrol (100 mM) altered the
expression level of total Bad protein both in U937/Vector and
U937/Bcl-2 cells. Notably, downregulation of phosphor-Bad
(Ser136 and 155) was observed in U937/vector cell apoptosis
in response to HS-1793 (3 mM) or resveratrol (100 mM)
treatment. HS-1793 (3 mM), but not resveratrol (100 mM),
showed the corresponding downreguation in U937/Bcl-2 cells
(Fig. 5A). Co-immunoprecipitation assays showed that the
interaction between 14-3-3 and Bad is reduced in U937/vector
cells in response to HS-1793 (3 mM) or resveratrol (100 mM)
treatment. HS-1793 (3 mM), but not resveratrol (100 mM),
showed the corresponding reduction of the interaction in
U937/Bcl-2 cells (Fig. 5B). Time-sequenced western blot assays
showed that the downregulation of phosphor-Bad and Bcl-2,
like 14-3-3, precedes the reduction of viability (Fig. 5C).
Taken together, the downregulation of 14-3-3 and subsequent
modulation of the14-3-3/Bad pathway presumably plays a
pivotal role in resveratrol- or HS-1793-induced apoptosis in
U937 cells.

3.5. HS-1793 downregulates 14-3-3 at a post-transcriptional

level in U937/Bcl-2 cells

To this end, we examined whether downreguation of 14-3-3
protein by resveratrol or HS-1793 is regulated at a transcriptional
level. Our real-time PCR data indicate that the gene expression
level of 14-3-3b and u in cells undergoing apoptosis in response
to HS-1793 or resveratrol treatment did not show significant
differences compared to the controls (Fig. 6A). To corroborate
that the downreguation of 14-3-3 protein by resveratrol or HS-
1793 is not regulated at a transcriptional level, we next examined
whether resveratrol and HS-1973 can affect the transcriptional
level of the 14-3-3 gene family by an epigenomic regulation.
Since we found the CpG islands in the 1 kb upstream regions of
the 14-3-3 gene family using Methyl Primer Express1 Software,
and 14-3-3b is a relatively well-known isoform to exert an anti-
apoptotic function, we conducted the DNA methylation and RT-
PCR assay for the 14-3-3b gene. Our data show that the
methylation level of the promoter regions of 14-3-3b was not
changed by either resveratrol or HS-1973, indicating that the
transcription of the 14-3-3b gene is not affected by methylation
(Fig. 6B). We further undertook RT-PCR to examine the level
of transcription of 14-3-3b. In contrast to 14-3-3b protein
expression, the corresponding analysis of 14-3-3b gene expres-
sion did not demonstrate a significant difference in the relative
levels of 14-3-3b mRNA in cells undergoing apoptosis in response
to HS-1793 or resveratrol treatment compared to the control
(Fig. 6C). Overall, these data suggest that HS-1793 or resveratrol
plays a role in the downregulation of 14-3-3 at a post-
transcriptional level. Furthermore, our data suggest that HS-
1793 overcomes the resistance conferred by Bcl-2 in human
leukemic U937 cells through downregulating 14-3-3 at a post-
transcriptional level.

4. Discussion

Although resveratrol is unstable and its stilbene double bonds
are readily oxidized, the simplicity of resveratrol, associated with
its interesting anticancer activity, offers promise for the rational
design of new chemotherapeutic agents. Previous studies reported
several resveratrol analogues showing stronger antitumor effects
than resveratrol. cis-3,5-Dimethoxy analogues of rhapontigenin
and its 30-amino and 30-hydroxy analogues showed apoptotic
activity at nanomolar concentrations [24–26]. 30-Hydroxy stil-
benes showed interesting antileukemic properties, indicating that
they may constitute effective and powerful drugs in MDR and
apoptosis-resistant hematological malignancies [25]. 3,4,5,40-
tetramethoxystilbene, a methoxylated derivative of resveratrol,
also potently inhibited the growth of cancer cell lines [27]. 3,40,5-
Trimethoxystilbene was demonstrated to be active as an apoptotic
agent at 0.24 mM [26]. In addition, it was delineated that the
introduction of a naphthalene ring on the intact resveratrol
molecule confers an improved ceramide-mediated proapoptotic
activity [23].

Previous studies showed that the high potency of stillben
analogues may be due to their preferential interaction with their
receptor. In addition, the chemical configuration of the stilbene
analogues may determine the subcellular sites exerting the
potent apoptosis-inducing activity. It was also delineated that
the potent activity of resveratrol analogues may result from their
efficacy modulating the activity of several genes or kinases
[28,29]. Although HS-1793 was not directly derived from
resveratrol but from HS-1784, we used the term resveratrol
derivative/analogue for HS-1793 since HS-1784 was derived
from resveratrol. HS-1793 does not contain the unstable double
bond which resveratrol has. In addition, the position of two of
three hydroxyl groups in HS-1793 at the aromatic ring is
different from resveratrol. Thus, we assume that these config-
urations of HS-1793 might confer an improved apoptosis
inducing activity. To understand the mechanism by which HS-
1793 exerts potent antitumor activity, further future studies are
required.

14-3-3 is a family of ubiquitously expressed, dimeric
proteins, consisting of seven known mammalian isoforms
[30]. 14-3-3 proteins are multifunctional phosphoserine binding
molecules, and one of their prominent features is the ability to
bind a plethora of client proteins. Through binding with client
proteins, a variety of effects can be exerted specific to the client
protein. By mediating these effects in a diverse array of clients,
14-3-3 controls the cell cycle progression, mitogenic signal
transduction, metabolism, oncogenesis and apoptosis. Impor-
tantly, 14-3-3 plays a critical role in cellular survival by the
interaction of numerous proteins such as Bad [31]. Bad is a
representative 14-3-3 client protein. Apoptotic stimuli separate
Bad from 14-3-3. Bad isolated from 14-3-3 heterodimerizes with
Bcl-2 and Bcl-xL, liberating Bax from those proteins to induce
apoptosis [32]. The interaction of Bad with 14-3-3 is regulated
extensively by phosphorylation on serine. At least three sites on
Bad can be phosphorylated in vivo, including Ser112, Ser136, and
Ser155 [31,33–35]. It is generally accepted that phosphorylation
of Ser155 disrupts the interaction of Bad with Bcl-xL, which
causes the translocation of Bad from the mitochondria to the
cytosol, resulting in the binding of Bad to 14-3-3 [33], and
phosphorylation of Ser112 and Ser136 causes the binding of
Bad to 14-3-3 [31]. However, it is still controversial
whether phosphorylation of Ser112 is indispensible for 14-3-3
[36].



Fig. 3. HS-1793 efficiently induces apoptosis in U937/Bcl-2 cells. M, molecular marker; C, control; V, vehicle; HS, HS-1793; RSV, resveratrol. Hoechst staining showing nuclear

morphology of U937 cells 48 h after resveratrol or HS-1793 treatment. Values are the mean � S.D. percentage of apoptotic cells with condensed or fragmented nuclei. While the

percentage of apoptotic cells with condensed or fragmented nuclei in 100 mM resveratrol-treated U937/Bcl-2 cells was significantly reduced compared to the 100 mM resveratrol-
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Fig. 4. HS-1793 overcomes the resistance conferred by Bcl-2 in human leukemic U937 cells through 14-3-3. Western blot assay showing downregulation of representative

anti-apoptotic factors in cells undergoing apoptosis in response to resveratrol or HS-1793 treatment. Twenty-four hours after treatment (Panel A). Western blot assay

showing the downreguation of 14-3-3 and 14-3-3 isoforms b and u proteins in 3 mM HS-1793-treated U937/vector and U937/Bcl-2 cells, and 100 mM resveratrol-treated

U937/vector cells but not in 100 mM resveratrol-treated U937/Bcl-2 cells. The relative intensity of the protein bands to the control is shown below each western blot data,

which indicates that 14-3-3 and 14-3-3 isoforms b and u proteins are significantly downregluated in 3 mM HS-1793-treated U937/vector and U937/Bcl-2 cells, and 100 mM

resveratrol-treated U937/vector cells but not in 100 mM resveratrol-treated U937/Bcl-2 cells. **P < 0.01 comparing to controls (U937 control and U937/vector cells). Twenty-

four hours after treatment (Panel B). Time-sequenced Western blot assay showing that downregulation of 14-3-3 protein in cells undergoing apoptosis is evident at early time

points after HS-1793 or resveratrol treatment. GAPDH is shown as a loading control (Panel C). Time-sequenced viability assay showing that the reduction of viability begins at

later time points after HS-1793 or resveratrol treatment. See Fig. 3 for other definitions (Panel D).
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Through previous studies, targeting 14-3-3 proved to provide
an effective strategy to sensitize tumor cells for therapy-induced
cell death. Reduction of 14-3-3 levels increased the sensitivity of
lung adenocarcinoma cells to ionizing radiation [37], and 14-3-3
deletion was correlated with the increased sensitivity of colorectal
cancer cells to doxorubicin-induced apoptosis [38]. Furthermore,
deletion of 14-3-3 in yeast resulted in hypersensitivity to
rapamycin, an mTOR inhibitor [39,40], and knockdown of 14-3-
3 in MCF7/AdrVp3000 by siRNA increased the sensitivity of these
cells to doxorubicin. 14-3-3 was also found upregulated in a drug-
resistant pancreatic adenocarcinoma cell line [41,42]. These
observations strongly enhance the rationale for the development
of specific 14-3-3 inhibitors as anticancer agents, both alone and in
combination with other targeted agents.

Most chemotherapeutic agents have been delineated not to
alter the expression level of 14-3-3 protein, although they exert
antitumor activity via the 14-3-3/Bad pathway. Only a few
chemotherapeutic agents have been documented to down-
regulate 14-3-3 in cells undergoing apoptosis via the 14-3-3/
treated U937 or U937/vector cells, the percentage of apoptotic cells with condensed or frag

treated U937/Bcl-2 cells was not significantly reduced. **P < 0.01. Immunofluorescent statin

the cytosol in 3 mM HS-1793-treated U937, U937/vector and U937/Bcl-2 cells and 100 mM

U937/Bcl-2 cells. Mitochondrial membrane potential assay shows that reduction of DCm is o

resveratrol-treated U937 and U937/vector cells, but not in 100 mM resveratrol-treated U937

48 h after treatment. DNA ladder was demonstrated in 3 mM HS-1793-treated U937/vect

100 mM resveratrol-treated U937/Bcl-2 cells (Panel B). Western blot assay showing activatio

1793-treated U937/vector and U937/Bcl-2 cells and 100 mM resveratrol-treated U937/vect

loading control (Panel C).
Bad pathway [43–46]. In the present study, we first revealed that
the antitumor activity of HS-1793, as well as resveratrol, is
mediated by the downregulation of 14-3-3 which seems, at least
in part, to play a role in resveratrol- or HS-1793-induced apoptosis
in U937 cells.

Our data suggest that HS-1793 could be a novel therapeutic
strategy for overcoming the resistance conferred by Bcl-2.
However, it remains an open question through which exact
mechanism(s) HS-1793 downregulates 14-3-3 in Bcl-2 over-
expressing U937 cells. At this moment, only a few studies in the
literature provide fragmentary information on this question. In a
previous study, we demonstrated that the sustained activation of
Akt by the overexpression of Bcl-2 is involved in the attenuation
of chemotherapeutic-induced apoptosis [44]. In the present
study, we also observed the sustained activation of Akt in
resveratrol-treated Bcl-2 overexpressing U937 cells. Although
these data suggest that Bcl-2 may be involved in the stabilization
of 14-3-3 via Akt, a detailed molecular mechanism remains to be
delineated. It also remains to be determined exactly how 14-3-3
mented nuclei showing the nuclear condensation or fragmentation in 3 mM HS-1793-

g to cytochrome c shows that translocation of cytochrome c from the mitochondria to

resveratrol-treated U937 and U937/vector cells, but not in 100 mM resveratrol-treated

bserved in 3 mM HS-1793-treated U937, U937/vector and U937/Bcl-2 cells and 100 mM

/Bcl-2 cells. Bar, 20 mm (Panel A). DNA electrophoresis conducted on the cells harvested

or and U937/Bcl-2 cells and 100 mM resveratrol-treated U937/vector cells but not in

n of caspase-3 and -6. Degradation of casapse-3 and -6 and PARP are shown in 3 mM HS-

or cells, but not in 100 mM resveratrol-treated U937/Bcl-2 cells. GAPDH is shown as a



Fig. 5. HS-1793 exerts its antitumor activity via Bad. Western blot assay showing total Bad and phosphor Bad (Ser136 and 155) proteins expression level. 48 h after treatment

(Panel A). Co-immunoprecipitation assay showing the interaction between 14-3-3 and Bad. IgG is shown as a loading control (Panel B). Time-sequenced Western blot assay

showing the alteration of Bad, phosphor Bad (Ser136 and 155) and Bcl-2 expression level after HS-1793 or resveratrol treatment. See Fig. 3 for other definitions (Panel C).

Fig. 6. HS-1793 plays a role in the downregulation of 14-3-3 at a post-transcriptional level. Real-time PCR data showing the gene expression level of 14-3-3b and u in cells

undergoing apoptosis in response to HS-1793 or resveratrol treatment (Panel A). A representative DNA methylation specific PCR analysis 14-3-3b gene. UM, reaction with

primers specific for the unmethylated target. M: reaction with primers specific for the methylated target. Primer sets used for amplification are designated M1, UM1, M2 and

UM2 (Panel B). A representative RT-PCR assay for the 14-3-3b gene. The levels of GAPDH served as loading controls. B, Blank. See Fig. 3 for other definitions (Panel C).
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is regulated post-transcriptionally in Bcl-2 overexpressing U937
cells by HS-1793, but not resveratrol. The answer to these
questions may guide the development of novel anticancer
drugs targeting 14-3-3 to overcome the resistance conferred
by Bcl-2.

In summary, a novel resveratrol derivative, HS-1793, over-
comes the resistance conferred by Bcl-2 in human leukemic U937
cells via 14-3-3.
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