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The Dracaena resin is widely used in traditional medicine as
an anticancer agent, and benzofuran lignan is the active compo-
nent. In this report, we provide evidence that the synthetic
derivative of benzofuran lignan (Benfur) showed antitumor
activities. It induced apoptosis in p53-positive cells. Though it
inhibited endotoxin-induced nuclear factor �B (NF-�B) activa-
tion in both p53-positive and -negative cells, the activation of
caspase 3 was observed in p53-positive cells. It showed partial
cell death effect in both p53-positive and -negative cells through
inhibition of NF-�B. Cell cycle analysis using flow cytometry
showed that treatment with this novel benozofuran lignan
derivative to Jurkat T-cells, but not U-937 cells, resulted in a
G2/M arrest in a dose- and time-dependent manner. It
increased amounts of p21, p27, and cyclin B, but not phos-
pho-Rb through p53 nuclear translocation in Jurkat T-cells, but
not in U-937 cells. It inhibited amounts ofMDM2 (murine dou-
ble minute 2) by repressing the transcription factor Sp1, which
was also proved in silico. It induced cell death in tumor cells, but
not in primary T-cells. Overall, our data suggest that Benfur-
mediated cell death is partially dependent uponNF-�B, but pre-
dominantly dependent on p53. Thus, this novel benzofuran
lignan derivative can be effective chemopreventive or chemo-
therapeutic agent against malignant T-cells.

The majority of the chemotherapeutic agents presently used
for cancer treatment are developed by simple screening for cell
growth inhibition assay without knowing the mechanism of
their action. Even chemotherapy becomes useless when cells
become resistant against those drugs. Thus, understanding of
the mechanism of action would be helpful in multiple ways to
designmany drugs in combination chemotherapy; low concen-
tration of drugs that give better results with lower side effects
and to administer alternative drugs for chemotherapy. Such
drugs inhibit the growth of a variety of cancer cells by utilizing
diverse mechanisms that include cell cycle arrest, induction of

apoptosis, disruption of microtubules, inhibition of angiogene-
sis, and/or increasing oxidative damage (1).
Apoptosis is the consequence of a series of precisely regu-

lated events that are frequently altered in tumor cells. Apopto-
tic stimuli induce a variety of genes involved in the promotion
or inhibition of apoptosis by modulating cell cycle by targeting
G2/M checkpoint (2–4). Cyclin B1 often expresses during G2
phase, translocates to the nucleus during early mitosis, and
degrades toward the end of mitosis (5). The protooncogenes,
p53 (tumor suppressor gene), Bcl-2 (antiapoptotic gene), and
Bax-� (proapoptotic gene), are a class of such genes known to
regulate cell cycle and apoptosis (6). Expression of Bcl-2 and
Bax is transcriptionally regulated by p53 (7). Bcl-2 expression is
also regulated by nuclear factor �B (NF-�B)3 (8). Furthermore,
the p53 gene is involved in regulation of cell cycle specifically at
G2/M arrest and expression of the apoptosis-associated genes
(9–11). The murine double minute 2 (MDM2) is a key compo-
nent of p53 signaling pathway. MDM2 is expressed by tran-
scriptional activation of p53 (12) and Sp1 (13). MDM2 again
regulates the amount of p53 by targeting p53 for ubiquitin-
mediated degradation (14, 15). MDM2 induces expression of
p65 (RelA) through activation of Sp1 (16).
Sangre de drago (dragon’s blood), blood-red latex produced

by various South American Croton species, is widely used in
traditional medicine as an anticancer agent. 3�,4-di-O-methyl-
cedrusin or 3-[2-(3,4-dimethoxyphenyl)-3-hydroxymethyl-7-
methoxy-2,3-dihydro-1-benzofuran-5-yl]propan-1-ol 5 is one
of the naturally occurring active principals of latex and has been
used as an inhibitor of tumor cell proliferation (17, 18). A dihy-
drobenzofuran lignan derivative has been identified as a poten-
tial antiproliferative and antitumor agent (19). Precursors and
analogues of benzofuran lignan derivatives were synthesized
and explored for their potential anti-angiogenic and anti-tubu-
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lin/anti-mitotic activities (19). In the current study, we report
the discovery of a novel benzofuran lignan, 5-{(E)-2-carboxyvi-
nyl}-2-(4-hydroxy-3-methoxyphenyl)-7-methoxy-2,3-di-
hydro-1-benzofuran-3-carboxylic acid (designated as Ben-
fur), as a potent antimitotic agent and inducer of apoptosis.We
report here, for the first time, that this novel benzofuran effi-
ciently arrests Jurkat T lymphocytes (p53�/�) in the G2/M
phase of the cell cycle and induces apoptosis, thus inhibiting
cell growth. Benfur shows differential behavior in cells with
different p53 status. Together it may indicate that the Benfur
might be an efficient chemotherapeutic agent against cancer.
Possibly p53 function is required to observe the maximum re-
sponse exerted via G2/M arrest. Benfur also interacts with Sp1
transcription factor thereby decreasing MDM2 expression and
in turn stabilizing the p53. However it also shows partial cell
death activity in U937 cells possibly by inhibition of NF-�B,
suggesting a p53-independent mechanism.

EXPERIMENTAL PROCEDURES

Materials—All synthetic chemicals were obtained from
commercial sources. Lipopolysaccharide (LPS), propidium
iodide (PI), MTT, 4-methyl umbelliferyl phosphate (4-MUP),
caspase 3 substrate (Ac-DVED-pNA), caspase 8 substrate (Ac-
ITED-pNA), DMSO, and anti-tubulin antibody were obtained
from Sigma Aldrich Chemicals. Penicillin, streptomycin, neo-
mycin, RPMI 1640, Iscove’s modified Dulbecco, DMEM
medium, and fetal bovine serum, were obtained from Invitro-
gen (Grand Island, NY). Anti-PARP-FITC conjugate was pur-
chased from Novus Biologicals (Littleton, CO). DAPI and anti-
rabbit IgG conjugated with horseradish peroxidase and Alexa
Fluor were obtained from Molecular Probes (Eugene, OR).
Antibodies against cytochrome c, Bcl-2, I�B�, p53, p65, p21,
p27, cyclin B, CRM1, MDM2, retinoblastoma (Rb), and phos-
pho-Rb and gel shift oligonucleotides forNF-�B, Sp1,Oct1, and
p53were obtained fromSantaCruz Biotechnology (SantaCruz,
CA).
Cell Lines—The cell lines used in this study were as follows:

Jurkat E6.1 TIB-152 (human T cell leukemia), MCF-7 (human
breast cancer cell line), U-937 (human histiocytic lymphoma),
HeLa (human cervical cancer cell line), K562 (human myeloid
leukemia), and HT29 and HCT116 (human colon carcinoma)
were obtained from American Type Culture Collection (Man-
assas, VA). HCT116 cells were stably transfected with the p53
construct (HCT116 p53�/�) and maintained in the laboratory.
T-cells were isolated from fresh human blood by the Ficoll-
hypaque method. PBMC layer was used, and T-cell population
was isolated by removing adherent cells (monocytes/macro-
phages) and a nylon wool column (B-cells) as described previ-
ously (20).
Chemical Synthesis and Characterization of the Novel Benzo-

furan Lignan Compound—Dimer of methyl ferulate methyl
(E)-3-[2-(4-hydroxy-3-methoxyphenyl)-7-methoxy-3-me-
thoxycarbonyl-2,3-dihydro-1-benzofuran-5-yl]prop-2-enoate
was prepared according to the method of Lemière et al. (18).
Briefly, ferulic acid methyl ester was dimerized in the presence
of silver oxide, dry benzene, and acetone. After evaporation, the
residual red brown oil was purified by column chromatography
with ethyl acetate-hexane as eluent to produce a white com-

pound. The obtained compoundwas taken in dichloromethane
and treated with tribromide for 2 h at 0 °C. The reaction mix-
ture was decomposed by adding water. The organic layer was
washed with a saturated solution of sodium bicarbonate, water,
brine, and kept over anhydrous sodium sulfate to yield a con-
centrated crude mass. This crude mass was further purified by
radial chromatography with increasing concentrations of ethyl
acetate in petroleum ether to yield a viscous yellow mass as 5-
[(E)-2-carboxyvinyl]-2-(4-hydroxy-3-methoxyphenyl)-7-
methoxy-2,3-dihydro-1-benzofuran-3-carboxylic acid. Mo-
lecular formula: C20H18O8.

1H NMR (CD3OD, 500MHz) �
ppm: 3.66 (s,3H, 1� Ar-OCH3), 4.2(d,1H, J � 7 Hz),
5.86(d,1H,J � 7 Hz), 6.21 (d,1H,J � 15.5 Hz), 6.5–
7.2(m,5H,ArH), 7.47 (d,1H, J � 16.0 Hz). 13C NMR (CD3OD,
125 MHz) � ppm: 50.37 (OCH3), 51.54 (OCH3), 55.29,
86.85, 112.22 (ArH), 114.13, 114.69 (olefinic carbon), 115.54
(ArH), 116.39 (ArH), 117.00 (ArH), 125.88, 128.10, 131.35,
141.39, 144.80 (olefinic carbon), 144.99, 145.21, 149.03,
163.84(�C�O), 171.15(.C�O). DEPT: 50.37 (CH3), 51.54
(CH3), 55.29 (CH), 86.85 (CH), 112.22 (CH),114.13 (CH),
114.69 (�CH), 115.54 (CH), 116.39 (CH), 117.00 (CH), 125.88
(�C�), 128.10 (�C�), 131.35 (�C�), 141.39 (�C�), 144.80
(�CH 144.99 (�C�), 145.21 (�C�), 149.03 (�C�), 167.84
(�C�O), 171.15(�C�O). The compound was also character-
ized by mass spectrometry TOF MS ES: 387 (M � H), with
purity �93% as determined by high performance liquid
chromatography.
Cytotoxicity Assay—Cytotoxicity was assayed by the modi-

fied tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay as described previously
(21). Briefly, 5 � 104 cells/well of a 96-well plate were treated
with different agents, and the cell viability was determined by
incubating the cells with 25�l ofMTTdye (5mg/ml in PBS) for
4 h at 37 °C. The cells were incubated with 100 �l of lysis buffer
(20% SDS in 50% dimethylformamide) overnight at 37 °C, and
the absorbance was read at 570 nm.
Cell Cycle Analysis—Cells (log phase culture) were treated

with various concentrations of the Benfur. After treatments,
the cells were harvested and washed with cold EDTA/PBS (5
mmol/liter) and then suspended in cold EDTA/PBS (300 �l)
and 100% chilled ethanol (700 �l), vortexed, and incubated at
37 °C for 1 h. Sampleswere centrifuged at 200� g for 5min, and
the supernatant was removed. A solution containing pro-
pidium iodide (100�g/ml) andRNaseA (1�g/ml) was added to
the samples and incubated for 1 h at 37 °C. Samples were then
transferred to 5-ml tubes and analyzed in a flow cytometer
(FACS Calibur; Becton Dickinson, San Jose, CA) after gating
(FL2-A/FL2-W) the single nuclei population, and data were
analyzed using Cell Quest analysis software.
Caspase 3 and 8 Activity Assay—To evaluate caspase 3 and 8

activities, cell extracts were prepared after their respective
treatments with the compounds. 50 �g of cell extract protein
was incubated with 200 �M caspase 3 substrate (Ac-DVED-
pNA) or caspase 8 substrate (Ac-ITED-pNA) in 100-�l reaction
buffer (1% Nonidet P-40, 20 mM Tris-HCl, pH 7.5, 137 mM

NaCl, and 10% glycerol) and incubated for 2 h at 37 °C. The
release of chromophore pNA was monitored spectrophoto-
metrically at 405 nm (21).
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Lactate Dehydrogenase (LDH) Release Assay—Necrosis of
cellswas assayed bymeasuring LDH, the cytosolicmarker, from
Benfur-treated cells supernatant. Culture supernatants were
incubatedwith the substrate solution (230mMsodiumpyruvate
and 5 mMNADH in 0.1 M phosphate buffer, pH 7.5) and rate of
decrease in absorbance at 340 nm was measured.
PARP Cleavage Assay using Flow Cytometry—The PARP

cleavage was determined using anti-PARP (85-kDa fragment)
antibody (Novus Biologicals) and is used as amarker for detect-
ing apoptotic cells. Treated cells were fixed with chilled 70%
ethanol, incubated with 200 �l of permeabilized solution (0.5%
bovine serum albumin, 0.02% NaN3, and 0.5% saponin in PBS)
for 30 min at 37 °C, and stained with anti-PARP Ab conjugated
with FITC for 1 h. Cells were washed with wash buffer and
analyzed in FACS.
Transcription Factor Assay by Electrophoretic Mobility Shift

Assay (EMSA)—To determine NF-�B DNA binding activity,
EMSA were conducted essentially as described (22). Briefly, 8
�g of nuclear extract proteins were incubated with 32P end-
labeled double-stranded NF-�B oligonucleotides for 30 min at
37 °C, and the DNA-protein complex was separated from free
oligonucleotide on 6.6% native polyacrylamide gels. Similarly
transcription factors like p53, Sp1, andOct1DNAbindingwere
assayed using respective 32P end-labeled double-stranded oli-
gonucleotides by EMSA.
NF-�B-dependent Reporter Gene Expression Assay—The

NF-�B-dependent reporter gene expression was measured as
previously described (22). Briefly, cells were transfected with
Qiagen SuperFect reagent with 1ml of medium containing p65
plasmid (0.5 �g), I�B�-DN (I�B� dominant negative) (0.5 �g),
reporter gene of NF-�B promoter DNA linked to the heat-sta-
ble secretory alkaline phosphatase (SEAP) (0.5 �g), and GFP
(0.5�g) constructs as described previously byDarnay et al. (23).
After 3 h of transfection, cells were washed and cultured for
12 h. Cells were visualized under a fluorescent microscope, and
27–30% cells were GFP-positive for different combinations.
After different treatments, cell culture-conditioned medium
was harvested, and 25�l of eachwas analyzed for alkaline phos-
phatase activity essentially as described by the Clontech proto-
col (Palo Alto, CA).
Immunocytochemistry—Levels of p21 were examined by the

immunocytochemical method as described (24). Briefly, U-937
cells were treated with Benfur and coated in slides, or MCF-7
cells were cultured on poly-L-lysine-coated chamber slides,
washed after different treatments, air-dried, fixedwith 3.5% form-
aldehyde, and permeabilized with 0.5% of Triton X-100. Slides
were blocked by 5% goat serum, and incubated with anti-p21 Ab
for 8 h followed by incubation with goat anti-rabbit IgG-Alexa
Fluor for 1 h. Slides were mounted with mounting medium with
DAPI and analyzed under a fluorescencemicroscope.
Study of Molecular Docking—Benfur docking to Sp1 tran-

scription factor was performedwith theAutoDock 4.0 program
using the empirical free energy function and the Lamarckian
genetic algorithm (25). The initial structures of Benfur was
designed and optimized in PRODRG server (26). Three-dimen-
sional crystal structures of Sp1 (PDB code 1SP1) (27) (PDB code
1E7A) were used as starting models. The grid maps for whole
protein were calculated using an 80 � 80 � 80 points rid size

with 0.375Å grid spacing and with an initial population of 300
randomly placed individuals, a maximum number of 2.5 � 107
energy evaluations, a mutation rate of 0.02, a crossover rate
of 0.80, and an elitism value of 1, where the average of the
worst energy was calculated over a window of the previous
10 generations. For the local search, the so-called Solis and
Wets algorithm was applied, using a maximum of 300 inter-
actions. The probability of performing a local search on an
individual in the population was 0.06, and the maximum
number of consecutive successes or failures before doubling
or halving the local search step size was 4 and 100 indepen-
dent docking runs was carried out for each ligand. Results
were clustered according to the 1.0 Å root-mean-square
deviation (RMSD) criterions. All torsion angles for each
compound were considered flexible. After docking the Ben-
fur-Sp1 complexes were analyzed using PyMol visualization
programs (available in the World Wide Web).

RESULTS

Characterization of Benfur—The chemical synthesis of ben-
zofuran derivative is well described under “Experimental Pro-
cedures.” The chemical structure, mass spectra as well as the
NMR data of the novel benzofuran lignan (Benfur) is shown in
Fig. 1A.Weexamined its effectondifferentcell lines. Forall exper-
iments, the compound was dissolved in DMSO as 10 mM stock
solution, and further dilutions were made in Complete medium.
Benfur-mediated Cell Death Is Cell Type-specific—As cell

signaling varies from cell to cell, we incubated Jurkat, U-937,
HT29, andMCF-7 cells with different concentrations of Benfur
for 72 h, and cell viability was assayed using MTT dye. Cell
viability was decreased 60–80% (p � 0.005) in Jurkat and
MCF-7 cells but 15–20% (p � 0.001) in HT29 and U-937 cells
(Fig. 1B). The 50% growth inhibitory concentration (IC50) of
Benfur is about 80 nM at 72 h of incubation for Jurkat cells.
Apoptosis was measured by the amounts of cleaved poly(ADP-
ribose) polymerase (PARP). Benfur (100 nM) treatment for 24 h
showed PARP cleavage almost 40–50% in Jurkat, HeLa, and
MCF-7 cells, but only 16% in U-937 cells (Fig. 1C). Cell death
was observed in Jurkat cells in a time-dependent manner but
not in T-cells isolated from fresh human blood (Fig. 1E). These
data suggest that Benfur-induced cell death is specific for tumor
cells. Benfur, at 5,000 and 10,000 nM concentrations increased
release of LDH in U-937 and Jurkat cells (Fig. 1D), suggesting
cytolysis at higher concentrations of Benfur treatments in both
cells.
Benfur Increases the Amount of Cytoplasmic Cytochrome c,

Cleavage of PARP, Activation of Caspase, andExpression of Bax,
but Decreases Bcl-2 Expression—The amounts of cleaved PARP
were increased in Benfur-treated Jurkat cells in a concentra-
tion- and time-dependent manner as detected through FACS
(Fig. 2A). The 116-kDa pro-PARP was cleaved to active 85 kDa
cleaved PARP in Jurkat cells by the treatment of Benfur in a
concentration-dependent manner in Jurkat cells, but not in
U-937 cells (Fig. 2B). Activity of caspase 3 increased in Benfur-
treated cells in a concentration-dependent manner in Jurkat
cells, but not in U-937 cells (Fig. 2C1). The activity of caspase 8
was not altered in Benfur-treated Jurkat or U-937 cells (Fig.
2C2), indicating the effect of Benfur lies more downstream of

Benfur Stimulates p53-mediated G2/M Phase Arrest

22320 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 29 • JULY 16, 2010

 at C
E

N
T

R
E

 FO
R

 D
N

A
 FIN

G
E

R
PR

IN
T

IN
G

 A
N

D
 D

IA
G

N
O

ST
IC

S on A
ugust 27, 2015

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


caspase 8 and may be at the mitochondrial level. The amounts
of cytochrome c and Bax increased, but Bcl-2 decreased in the
cytoplasm as shown by Western blot in Jurkat cells; however
they were unaltered in U-937 cells (Fig. 2D). All these data sug-
gest that Benfur induces cell death in Jurkat cells, and this effect
lies more at the mitochondrial level.
Benfur Blocks Cell Cycle in Jurkat, but NotU-937Cells—Ben-

fur arrested Jurkat cells in the G2-M phase of the cell cycle (Fig.
2E1) leading to significant apoptosis as shown in the sub-G1
content (Fig. 2E2). The data shown here confirmed that the
concentration of the Benfur (as low as 100 nM) is effective in
significant increases (�65%) of the live cells in the G2/M phase
of the cell cycle (Fig. 2E1). At 50 nM, no significant increase in
G2/M population was achieved (data not shown). At 500 nM
Benfur, there was further increases in both G2/M and sub-G1
populations (Fig. 2F). When U-937 cells were similarly treated
with different concentrations of Benfur (upto 500 nM), there

was almost no arrest of cells at G2-M phase (Fig. 2G1) and also
no significant cell death (Fig. 2G2). Doxorubicin (100 nM)
induced 43 and 45% cell death in Jurkat andU-937 cells, respec-
tively, at 24 h of treatment (data not shown).
Benfur Inhibits DNA Binding Activity of NF-�B and the

Dependent Reporter Gene Expression, I�B� Degradation, and
p65 Nuclear Translocation—Jurkat and U-937 cells were pre-
treated with varying concentrations of Benfur for 12 h and then
stimulated with 100 ng/ml serum-activated LPS (SA-LPS) for
1 h; nuclear extracts were prepared and assayed for NF-�B by
gel shift assay. Benfur inhibited SA-LPS-induced NF-�B DNA
binding activity in a dose-dependent manner in both cells
(Fig. 3A). Benfur inhibited SA-LPS-induced expression of
NF-�B dependent reporter gene SEAP in the NF-�B SEAP
reporter construct transfected in both Jurkat and U-937 cells
(Fig. 3B). To determine whether the inhibitory action of Benfur
was due to inhibition of I�B� degradationmediated by SA-LPS,

FIGURE 1. Effect of Benfur on cell death. The structural formula (5-[(E)-2-carboxyvinyl]-2-(4-hydroxy-3-methoxyphenyl)-7-methoxy-2,3-dihydro-1-
benzofuran-3-carboxylic acid, designated IUPAC name) (inset) and chemical characterization by NMR data for benzofuran lignan (Benfur) are provided
(A). Jurkat, U-937, HT29, and MCF-7 cells (10,000/well) were treated with different concentrations of Benfur for 24 and 48 h in triplicate. Cell viability was
determined by MTT assay and indicated in percentage of cell viability. Error bars indicate � S.D. B, different cells were treated with 100 nM Benfur for 24 h,
and the level of apoptosis was measured by incubating cells with FITC-PARP (cleaved fragment) and detected in FACS. Percentage of apoptotic
populations are represented as the M2-gated population (C). Untreated controls showed an M2 population (Apoptotic) between 4 – 8% (figures are not
included here). Jurkat and U-937 cells were treated with different concentrations of Benfur for 48 h in triplicate. The culture supernatant was assayed for
LDH and indicated in percentage above untreated cells, considering the 1% Triton X-100-treated cells as 100% (D). Jurkat and T-cells (isolated from fresh
human blood and purified by nylon wool column) were incubated with 100 nM Benfur for 24 h. Cell viability was measured by MTT assay and indicated
as inhibition of cell viability in percentage (E).
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I�B� proteins was measured from cytoplasmic extracts (CE),
and p65 wasmeasured from nuclear extracts (NE). I�B� degra-
dation started at 1 h of SA-LPS (100 ng/ml) treatment in cells.
Benfur-pretreated cells showed inhibition of SA-LPS-induced
I�B� degradation (Fig. 3C, upper left & right panels). In SA-
LPS-stimulated Jurkat and U-937 cells, the amount of p65
decreased in the CE at 1 and 2 h and increased in the NE at the
same time points. Benfur-pretreated cells showed that high
amounts of p65 were in CE, but not in NE (Fig. 3C, middle &
lower and left & right panels).
Benfur Partially Induces Cell Death in NF-�B-expressing

Cells—Jurkat and U-937 cells (transfected with vector alone or
p65 constructs) were incubated with varying concentrations of
Benfur for 12 h. The p65-transfected cells showed high
amounts of NF-�B DNA binding activity in nuclear extracts
(Fig. 3D). Jurkat and U-937 cells (transfected with vector alone,
p65, or I�B�-DN constructs) were treated with 100 nM Benfur
for 24 h, and cell viability was measured by MTT assay. Benfur
induced cell death 50% in vector-transfected, 30% in p65-trans-
fected, and 80% in I�B�-DN-transfected Jurkat cells. The 40%
cell death was observed in I�B�-DN-transfected cells (Fig. 4E,
left panel). Benfur induced 20% cell death in vector-transfected
U-937 cells. No cell death was observed in p65-transfected
U-937 cells by Benfur treatment. Like Jurkat cells, 40% cells
death was observed in I�B�-DN-transfectedU-937 cells, which
was not further enhanced by Benfur treatment (Fig. 3E, right
panel). These data suggest that partial cell death was observed
due to inhibition of NF-�B in Jurkat cells, whereas the 15–20%
cell death, whichwas observed byBenfur inU-937 cells is due to
inhibition of NF-�B.
Primary T-cells, isolated from fresh human blood, showed

high basalNF-�BDNAbinding. Benfur did not decreaseNF-�B
DNA binding in primary T-cells, but decreased in serum-acti-
vated Jurkat cells (Fig. 3F). These results suggest that Benfur is
ineffective in primary cells.
Benfur Increases p53 DNA Binding Activity and Amounts of

p21 and p27 in Jurkat and U-937 Cells—To understand the
difference between Benfur-sensitive versus -resistant cells, we
treated U-937 and Jurkat cells with different concentrations of
Benfur for 12 h, and the nuclear extracts were used to measure
p53 by gel shift assay. U-937 cells showed very low basal p53
DNA binding compared with Jurkat cells. Benfur treatment
increased p53 DNA binding in Jurkat cells at 200 nM concen-
tration (Fig. 4A). The amounts of p21, p27, or cyclin B, but not
phospho-Rb or Rb were increased with increasing concentra-
tions of Benfur as shown by Western blot from whole cell

extracts (Fig. 4B). The amount of p21 was also increased in
MCF-7 cells upon treatment of Benfur as shown by immuno-
fluorescence technique (Fig. 4C). These data suggest that p53
might have a role in Benfur-mediated cell signaling. To confirm
further the role of Benfur on p53-mediated induction of cell
death, p53-stably transfected HCT116 (p53�/�) cells were
treated with different concentrations of Benfur, and cell viabil-
ity was assayed by MTT dye uptake. Benfur treatment did not
alter high basal amounts of p53 as shown byWestern blot (Fig.
4D). HCT116 cells showed only 10–15% cell death at 100–200
nM Benfur, whereas in p53-positive cells Benfur induced cell
death with increasing concentrations (Fig. 4E). These data fur-
ther suggest that Benfur-mediated apoptosis is p53-dependent.
Benfur Decreases Amounts of MDM2 and p53 and DNA

Binding to Sp1 in Jurkat Cells—To understand the mechanism
of Benfur-mediated increases in p53 DNA binding activity, we
treated U-937 and Jurkat cells with 100 nM Benfur for different
times. The amount of MDM2 as measured by RT-PCR
decreased with the increasing time of Benfur treatment in Jur-
kat, but not in U-937 cells (Fig. 5A). The expression of MDM2
decreased, and the p53 increased with the increasing time of
Benfur treatment in Jurkat, but not in U-937 cells (Fig. 5B). As
MDM2 expression is regulated by Sp1 transcription factor, we
havemeasured the Sp1 upon similar treatment conditions. The
Sp1 DNA binding activity decreased in Jurkat cells with
increasing time of Benfur treatmentwithout interfering inOct1
DNA binding (Fig. 5C). The Sp1 DNA binding activity
decreased in vitro upon Benfur treatment (Fig. 5D). The Benfur
binds to Sp1 catalytic amino acids Lys29, Gln20, and Glu07 (Fig.
5E). Results were obtained under 298.15 K temperatures with
solvation of water molecule as the solvent parameter.
AutoDock binding affinities of the Benfur, evaluated by free
energies (	Gb, kcal/mol), inhibition constants (Ki), hydrogen
bonds, and RMSD values. The obtained success rates of
AutoDock is high, where the docked Benfur binding energies is

13.42 kcal/mol at 1.21 Å RMSD (Table 1), and predicted
hydrogen bonds form inbetween the Lys29, Gln20, and Glu07 of
Sp1 and Benfur. These data suggest that Benfur inhibits Sp1
transcription factor thereby decreases the amount of MDM2
and thus increases the amount of p53.

DISCUSSION

Chemoprevention is considered a promising strategy in the
field of cancer therapy and suppressing or reversing the process
of tumor formation has gained much attention (28, 29). Classic
cytotoxic agents, known to act on the cell cycle, continue to

FIGURE 2. Effect of Benfur on PARP cleavage, caspase activity, cell cycle stages, and amounts of cytoplasmic cytochrome c, Bax, and Bcl-2. Jurkat cells
were treated with 100 and 500 nM Benfur for the indicated time period, and PARP cleavage was determined using FACS analysis as described under “Experi-
mental Procedures.” Percentage apoptotic populations are represented as the M2-gated population (A). Jurkat and U-937 cells were treated with different
concentrations of Benfur for 48 h, and then PARP was detected from whole cell extracts by Western blot (B). Jurkat cells were treated with indicated concen-
trations of the compound for 24 h and harvested in lysis buffer. Cellular lysates were incubated with caspase 3 substrate (Ac-DVED-pNA) (C1) or caspase 8
substrate (Ac-ITED-pNA) (C2), and absorbance was recorded at 405 nm. Results are presented as percentage of caspase activities considering 100% for
untreated cells. Oleandrin (OL) (100 ng/ml) was used to treat the cells as a positive control. Jurkat and U-937 cells were treated with 100 nM Benfur for variable
times, and the amounts of cytochrome c, Bax, and Bcl-2 were measured from cytoplasmic extracts by Western blot (D). Jurkat (5 � 105) cells were treated with
different concentrations of Benfur for 24 h and after staining with PI, cell cycle distribution was analyzed using a flow cytometer. The data indicate the
percentage of live cell population in each phase of the cell cycle (E1). All experiments were performed in duplicate and showed similar results. The percentage
apoptotic population is depicted in the graph (E2). Jurkat cells were treated with 100 and 500 nM Benfur for 24, 48, and 72 h in triplicate, and the percentage live
population in the cell cycle phases (G1, S, and G2/M) were analyzed by flow cytometry (F). U-937 (5�105) cells were treated with different concentrations of the Benfur
for 24 h and after staining with PI, cell cycle distribution was analyzed using a flow cytometer. Data indicate the percentage of live cell population in each phase of the
cell cycle (G1). All experiments were performed in duplicate and gave similar results. The percentage apoptotic population is depicted in the graph (G2).
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FIGURE 3. Effect of Benfur on SA-LPS-induced activation of NF-�B and nuclear translocation of p65. Jurkat and U-937 cells were treated with different concen-
trations of Benfur for 12 h and then stimulated with 100 ng/ml SA-LPS for 1 h. Nuclear extracts were prepared and used for NF-�B DNA binding (A). Jurkat and U-937
cells were transiently transfected with an NF-�B containing plasmid linked to the SEAP gene. After 12 h, cells were treated with different concentrations of Benfur for
12 h and then stimulated with 100 ng/ml SA-LPS for 6 h. Cell culture-conditioned medium was harvested and assayed for SEAP activity as described in the Clontech
Great EscApe SEAP protocol. Results are expressed as fold activity over the nontransfected control value. Transfection efficiency was analyzed with pEGFP-N1 (Clon-
tech) control vector (B). Jurkat and U-937 cells, pretreated with Benfur (100 nM) for 12 h were stimulated with 100 ng/ml SA-LPS for different times. Cytoplasmic extracts
were used to measure the amount of I�B�, and the same blot was reprobed for p65 and tubulin. Nuclear extracts were used to measure p65 by Western blot (C). Jurkat
and U-937 cells were transfected with p65 and NF-�B-SEAP reporter constructs for 3 h with Lipofectamine. Cells were cultured for 12 h and then treated with different
concentrations of Benfur for 12 h. Nuclear extracts were used to measured NF-�B DNA binding (D). Jurkat and U-937 cells (vector, p65-transfected, or I�B�-DN
(dominant negative I�B�) transfected for 3 h and then cultured for 12 h) were treated without or with 100 nM Benfur for 24 h. Cell viability was assayed by MTT assay
and indicated as inhibition of cell viability in percentage (E). Jurkat cells and T-cells (isolated from fresh human blood by Ficoll-hypaque followed by nylon wool column
methods) were treated with 100 nM Benfur for different times. NF-�B was assayed from nuclear extracts (F).
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underline first line treatments in
oncology. Therefore, novel targeted
therapeutics, especially, those mod-
ulating the G2/M cell cycle check-
point have emerged as an attractive
candidate for new cancer therapies
(30).
Some of the derivatives of benzo-

furan lignan were found to act
against tumor proliferation (19, 31).
We provided evidence that a novel
synthetic benzofuran lignan (known
as Benfur) induced cell death by
G2/M phase arrest in p53�/� cells
at low concentration. Benfur was
able to inhibit cell growth in specific
cell types.Molecules involved in cell
signaling that lead to cell growth
vary from cell to cell. The cells that
have high p53 expression were
affected at low concentrations of
Benfur. It inhibited cell growth in a
dose-dependent manner with an
IC50 value of around 80 nM in Jurkat
cells, known to be p53�/� cells (32).
Flow cytometric analysis of DNA
content showed a dose-dependent
block in the G2/M phase and an
increase in the sub-G1 (apoptotic)
cell population. At 100 nM concen-
tration, almost 66% of the live pop-
ulation were arrested in the G2/M
phase and around 54% of the total
population appeared in the sub-G1
(apoptotic) state in Jurkat cells. Fur-
thermore the effect of the G2/M
promoting doses of the compound
was time-dependent with maximal
arrest at 24 h. Though in the lower
concentrations of Benfur only
10–20% cell death was observed in
U-937 cells, at higher concentra-
tions, it induced cell death in U-937
cells by increasing marginal S phase
population followed by apoptosis.
Though at higher concentrations of
Benfur, both cells showed necrosis,
how it induces S-phase arrest in
U-937 cells should be studied. Acti-
vation of the p53 gene (tumor sup-
pressor) is known to play a role in
the regulation of cell cycle arrest at
G2/M phase (9, 10). The high basal
expression of p53 was observed in
Jurkat than U-937 cells. However,
U-937 cells lack the p53 protein
because of a 46-base deletion muta-
tion in the p53 gene (33). Benfur

FIGURE 4. Effect of Benfur on the amounts of p53, p21, p27, cyclin B, and retinoblastoma. U-937 and Jurkat
cells were treated with different concentrations of Benfur for 12 h. The p53 DNA binding was detected from
nuclear extracts by gel shift assay (A). The amounts of p21, p27, cyclin B, phospho-Rb, and Rb were measured
from 100 �g of whole cell extracts by Western blot (B). All those blots were reprobed for tubulin. U-937 and
MCF-7 cells were treated with Benfur (100 nM) for 12 h, and cells were used to measure p21 by immunofluo-
rescence microscope (C). HCT116 and p53 stably transfected [HCT116 (p53�/�)] cells were treated with differ-
ent concentrations of Benfur for 48 h. The amount of p53 was measured by Western blot (D), and cell viability
was assayed by MTT assay and indicated as inhibition of cell viability in percentage (E).

FIGURE 5. Effect of Benfur on the amount of MDM2 and Sp1 DNA binding. U-937 and Jurkat cells were
treated with Benfur (100 nM) for different times. The amounts of MDM2 and actin were detected by RT-PCR
followed by PCR from total RNA (A). The amounts of MDM2 and p53 were measured from whole cell extracts by
Western blot (B). The DNA binding to Sp1 and Oct1 was detected from nuclear extracts by gel shift assay (C).
Nuclear extracts from Jurkat cells were incubated with different concentrations of Benfur for 2 h, and Sp1 DNA
binding was carried out by gel shift assay (D). Docking interaction of Benfur with Sp1 transcription factor (PDB
ID: 1SP1) was performed with the AutoDock 4.0 program (E).
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increased p53 DNA binding activity and its dependent p21 and
p27 genes. Cyclin B has shown to degrade inG2/Mphase of cell
cycle (34). Increased amounts of cyclin B were decreased at
higher concentrations of Benfur treatment in U-937, but not in
Jurkat cells, suggesting G2/M phase arrest only in Jurkat cells.
Benfur possibly affectsmitochondrial events that lead to release
of cytochrome c followed by activation of caspase 3. Activation
of caspase 8, an upstream of mitochondrial event, was not
affected by Benfur treatment.
NF-�B regulates cell cycle by expressing several NF-�B-de-

pendent genes and also induces cell proliferation. Benfur
potentially inhibits NF-�B DNA binding activity by inhibiting
I�B� (inhibitory subunit of NF-�B) and thereby nuclear trans-
location of p65 (subunit of NF-�B) in both Jurkat and U-937
cells. I�B� degradation is preceded by phosphorylation by I�B�
kinase complex (IKKs), and this may be the target of action.
Activation of NF-�B exerts both pro- and anti-apoptotic activ-
ities through expression of its dependent genes (35). NF-�B-
expressing cells are known to be resistant to cell death (22,
36–38). Alone Benfur showed almost 50% cell death. Surpris-
ingly, NF-�B-expressing (p65-transfected) cells showed only
35% apoptosis, which suggests that Benfur-mediated cell death
occurs mostly through the non-NF-�B pathway. In Jurkat cells,
Benfur was shown to induce cell death by 10–20% and that was
due to inhibition of NF-�B, as Benfur did not induce cell death
in NF-�B-expressing U-937 cells or did not potentiate cell
death in null/low NF-�B-expressing (I�B�-DN-transfected)
cells.
As Benfur inhibited MDM2 expression in p53�ve cells and

MDM2 also activates p65 via the Sp1 transcription factor, Ben-
fur has a role in down-regulating NF-�B via decreasingMDM2
that leads to cell death. In silico data suggest that Benfur
strongly binds with Sp1 and represses its dependent gene
MDM2 expression. Low amounts of MDM2 thus stabilize p53,
which might be important for Benfur-mediated cell death in
p53-positive cells. NF-�B down-regulated (I�B�-DN-trans-
fected) cells showed almost 40% cell death, and this increased to
75%withBenfur treatment.Decreases in the basal expression of
NF-�B-dependent genes drives cells to cell death and inhibits
the proliferative effect. These data suggest that in low or null
NF-�B-expressing cells, Benfur induced an additive cell death
effect. The expression of p53 is dependent upon MDM2.
MDM2 again negatively regulates p53 by activating ubiquitin-
mediated degradation of p53. Benfur treatment was shown to
increase p53 DNA binding, which is correlated with the
decrease in the amount of MDM2 and Sp1 DNA binding. The
Sp1 DNA binding is directly inhibited by Benfur. So, Benfur-

mediated repression of Sp1 might lead to inhibition of MDM2
expression and that causes increase in the amount of p53.
Decreases in the amount ofMDM2 again inhibit NF-�B activa-
tion via blocking of p65 expression. Thus, Benfur-mediated
decreases in MDM2 might have a double-sword effect to
induce cell death via expression of p53 (39) and inhibition of
NF-�B (16). Benfur treatment decreased NF-�B DNA binding
and induced cell death in Jurkat cells, but not in primary T-cells
isolated from blood, a striking effect of Benfur. Tumor cells are
more aggressive in the uptake of the nutrients from medium
than primary cells, and this property may be a possible way to
uptake Benfur from medium to show its effect in tumor cells.
Overall, our data indicate a correlation between the G2/M

arrest and an induction of apoptosis in response to the treat-
ment with novel benzofuran lignan of Jurkat cells. The in-
fluence of the compound is cell type-specific. At lower concen-
trations, no arrest in the G2/M phase was seen in the case of
p53-negative or mutant cells, but partial cell death was
observed due to inhibition of NF-�B. Taken together, this may
indicate that there are two independent mechanisms, p53-de-
pendent and p53-independent, occurring in the examined cell
lines at different doses. Possibly p53 function is required to
observe a maximum response to the compound exerted via
G2/M cell cycle arrest and induction of apoptosis. Thus, this
novel derivative of benzofuran may be a promising anticancer
drug alone or in combinationwith other drugs that need further
validation by in vivo study.
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