
p16 (F), GAATAGTTACGGTCGGAGGCC-3 0; p16 (R), 50-ATGGT-
TACTGCCTCTGGTGCC-3 0; E-cadherin (F), 50-TGATGCCCCCAA-
TACCCCAG-3 0; E-cadherin (R), CTGTGGAGGTGGTGAGAGAGA-
G-30; GAPDH (F), 5 0-ACCTGACCTGCCGTCTAGAA-3 0; GAPDH
(R), 50-TCCACCACCCTGTTGCTGTA-3 0. The thermal cycling profile
was composed of an initial denaturation step at 95� C for 10 min, 35 cycles
of 30 s of denaturation at 95� C, 30 s of annealing at 60� C, and 1 min of
extension at 72� C, and a final 10-min extension step at 72� C. The intensity
of bands was analyzed by GS-800 calibrated imaging densitometer
(Quantity One 4.0.3 software; Bio-Rad), and levels of GAPDH were used
as control.

Western Blot Analysis.Approximately 5 � 106 cells were cultured in
100-mm2 dishes and then incubated in various concentrations of isochai-
hulactone for the indicated time. The cells were lysed on ice with 200� L of
lysis buffer (50 mM Tris-HCl, pH 7.5, 0.5 M NaCl, 5 mM MgCl2, 0.5%
Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, 1 � g/mL pepstatin,
and 50� g/mL leupeptin) and centrifuged at 13 000� g at 4 � C for 20 min.
The protein concentrations in the supernatants were quantified using a
BSA protein assay kit. Electrophoresis was performed on a NuPAGE Bis-
Tris electrophoresis system using 50� g of reduced protein extract per lane.
Resolved proteins were then transferred to polyvinyldenefluoride (PVDF)
membranes. Filters were blocked with 5% nonfat milk overnight and then
incubated with 1:500 dilutions of primary antibodies for 1 h at room
temperature. Membranes were washed three times with 0.1% Tween 20
and incubated with a 1:5000 dilution of HRP-conjugated secondary
antibody for 1 h at room temperature. All proteins were detected using
Western Lightning chemiluminescence reagent plus and quantified using a
densitometer.

DNA Extraction. Genomic DNA was extracted from � 50 mg of
colorectal tumor tissue using the Puregene genomic DNA purification kit
(Gentra Systems, Inc., Minneapolis, MN). The extracted DNA was
quantified spectrophotometrically (DU 640, Beckman Instruments, Inc.,
Fullerton, CA) before being subjected to further analysis.

Methylation-Specific PCR.Methylation in the promoter regions of
MGMT was determined by methylation-specific PCR (MSP). In brief,
genomic DNA was modified by bisulfite-mediated conversion of un-
methylated cytosines using the EpiTect bisulfite kit (Qiagen, Hilden,
Germany). The modified genomic DNA was amplified using primer sets
designed specifically for the promoters ofMGMT (16). All samples were
amplified in a 30 � L reaction volume containing 50 ng of genomic DNA,
10 mM Tris-HCl, 50 mM KCl, 2.5 mM MgCl 2, 0.2 mM of each dNTP,
200 mM of each primer, and 0.2 U of AmpliTaq Gold DNA poly-
merase (Applied Biosystems; Roche Molecular Systems, Inc., Branchburg,
NJ). The thermal cycle profile was set as follows: initial denaturation
at 95�C for 10 min, 40 cycles of 30 s denaturation at 95� C, 45 s annealing
at 56 � C, and 45 s extension at 72� C, and a final 10 min extension
at 72 � C added at the end of the cycle. PCR products were separated
on 3% NuSieve agarose (3:1) gels (Cambrex Bio Science Rockland, Inc.,
Rockland, ME), stained with ethidium bromide, and visualized by UV
transillumination.

Preparation of MGMT Vector. The pCDNA3.1 consists of a neo
gene and cytomegalovirus promoter driving high-level constitutive gene
expression in many mammalian cells. The coding region for human
MGMT (624 bp) was inserted into the pCDNA3.1 vector (Invitrogen,
Carlsbad, CA) at BamHI - EcoRI. Expressed MGMT protein had
a molecular mass of 21 kDa. After the pcDNA- MGMT was transformed
into J5 cells, the plasmid DNA was extracted using a QIAGEN Plasmid
Midi kit (Qiagen, Santa Clarita, CA). The MGMT DNA was quantified
with a Gene Quant spectrophotometer.

In Vitro Transfection.Conditions for liposome-mediated transfec-
tion were optimized for gene transfection as previously described (8).
J5 was transfected with 2� g of CDNA3.1 - MGMT or pCDNA3.1 - neo
plasmids using GeneJammer reagent. After 48 h, the cells were subjected to
selection for stable integrants by exposure to 800� g/mL G418 (Invitrogen)
in complete medium containing 10% FBS for 3 weeks to select the
transfected cells. The cells were then assessed for overexpression of
MGMT by RT-PCR analysis.

Detection of Apoptosis.Apoptosis was analyzed according to the
method described by van Engeland et al. (17) to detect the integrity of
cellular membrane and the externalization of phosphatidylserine. In brief,
approximately 106 cells were grown in 35 mm diameter plates. The cells
were treated with various herbal extracts and chemicals according to
experimental design and then labeled with 10� g/mL annexin V-FLOUS
and 20� g/mL propidium iodide (PI) prior to harvesting. After labeling,
the cells were washed with binding buffer and harvested by scraping. Cells
were resuspended in binding buffer at a concentration of 2� 105 cells/mL
before analysis by flow cytometry (FACScan). The data was analyzed on
WinMDI V2.8 software. The percentage of cells undergoing apoptosis was
determined by three independent experiments.

MGMT Activity Assay. MGMT activity was assayed by detecting
removal of O6-methylguanine using an MGMT assay kit (Sigma). In brief,
cell lysates from control cells and cells transfected with MGMT (50 g
protein samples) were reacted separately with 0.1 pmol of an [R-32P]dTTP
end-labeled 18-bp O6-methylguanine-containing DNA substrate at 37� C
for 2 h in 150 � L of analysis buffer (50 mM Tris 3HCl, pH 8.0, 0.1 mM
EDTA, 5 mM dithiothreitol, and 5% glycerol). The 18 bp oligonucleotide
substrate, containing a single methyl lesion at the O6 position of guanine
within a PvuII site was custom synthesized using an automated DNA
synthesizer and purified (10). The DNA substrate was precipitated by
centrifugation and air-dried. The samples were reacted withPvuII for 1 h
at 37� C, and the reaction was terminated by addition of 90% formamide
loading buffer. The samples were electrophoresed on a 20% denaturing
gel. The gel was dried, and DNA oligonucleotides with or without cleavage
were visualized by X-ray film. Densitometry analysis was done using
Kodak analysis software.

Antitumor Activity in Vivo. Xenograft mice were used as a model
system to study cytotoxicity of BPin vivo: the implantation of cancer cells
was carried out similarly to previous reports. Female congenital athymic
BALB/c nude (nu/nu) mice were purchased from National Sciences
Council (Taipei, Taiwan), and all procedures were performed in compli-
ance with the standard operating procedures of the Laboratory Animal
Center of Ilan University (Ilan, Taiwan). All experiments were carried out
using 6- 8-week old mice weighing 18- 22 g. The animals were subcuta-
neously implanted with 2 � 106 HepG2 or 5 � 106 J5 cells into their
backs. When the tumor reached 80- 120 mm3 in volume, animals were
divided randomly into control and test groups consisting of six mice per
group (day 0). Daily subcutaneous (sc) administration of BP, dissolved
in a vehicle of 20% Tween 80 in normal saline (v/v), was performed from
days 0 to 4 far from the inoculated tumor sites (>1.5 cm). The control
group was treated with vehicle only. The mice were weighed three
times a week up to days 21- 28 to monitor the effects, and at the same
time, the tumor volume was determined by measurement of the length (L)
and width (W) of the tumor. The tumor volume at day n (TVn) was
calculated as TV (mm3) = ( LW 2)/2. The relative tumor volume at
day n (RTV n) versus day 0 was expressed according to the following
formula: RTV n = TV n/TV 0. Tumor regression (T/C (%)) in treated versus
control mice was calculated using:T/C (%) = (mean RTV of treated
group)/(mean RTV of control group) � 100. Xenograft tumors as well
as other vital organs of treated and control mice were harvested and
fixed in 4% formalin, embedded in paraffin, and cut in 4 mm sections for
histologic study.

Table 1.Gene-Specific Primer Sequences for Reverse-Transcription PCR
and Their Expected Product Size

gene direction sequence
size(bp) of

PCR products

DAPK1
sense TCTACCAGCCACGGGACTTC

134antisense GCTGGCCTGTGAGTAGACGT

p53
sense AGCGATGGTCTGGCCCCTCCT

120antisense CTCAGGCGGCTCATAGGGCAC

RASSF1
sense TTCACCTGCCACTACCGCTG

292antisense AGGGTGGCTTCTTGCTGGAG

pl6
sense GAATAGTTACGGTCGGAGGCC

304antisense ATGGTTACTGCCTCTGGTGCC

MGMT
sense CCAGCAAGAGTCGTTCACCAG

134antisense TCATTGCTCCTCCCACTGCTC

E-cadherin
sense TGATGCCCCCAATACCCCAG

209antisense CTGTGGAGGTGGTGAGAGAG

GAPDH
sense ACCTGACCTGCCGTCTAGAA

247antisense TCCACCACCCTGTTGCTGTA



obviously changed in the two cell lines used (Figure 4A). Further-
more, the hypermethylation of theMGMT promoter was con-
sistent with the down-regulation of MGMT protein expression
(Figure 3B). Figure 4Bshows the percentage of apoptosis induced
by BP or BP combined BCNU in HCC cells. In HepG2 and
J5 cells, 12.5� M BP induced apoptosis at a percentage 20.5%
and 17.6%, compared with 2.5% in the control. The apoptosis
rate percentage induced by 25� M of BCNU alone in HepG2 and
J5 cells was 11.2% and 17.8%. In addition, the apoptosis
percentage induced by combined exposure of BP with BCNU
was 48.5% and 46.3% in HepG2 and J5 cells. Therefore, we
suggest that the synergistic effect demonstrated with BP and
BCNU may be due to MGMT inactivation. By using MSP
analysis, we found an increase in the methylation bands for
the BP and BCNU combined treatment, whereas there was no
obvious change in the unmethylated bands for either of the HCC
cell lines (Figure 4A), and the hypermethylation of theMGMT
promoter was consistent with the down-regulation of MGMT
protein expression (Figure 3B). Furthermore, this study indicated
that a dose of BP showed a synergistic antiproliferative effect
in combination with BCNU.

MGMT Reversed BP-Induced Apoptosis.It has been reported
that MGMT expression protects cells from the cytotoxicity
caused by alkylating agents (22- 24). In our study, J5 cells were
stably transfected with an expression vector containing the
full-length MGMT coding region in the sense orientation.
A pooled population of cells obtained after selection with
G418 selection reagent was then used. A Western blot of
MGMT -transfected J5 cell populations revealed MGMT as a
21 kDa protein (Figure 5A). Furthermore, MGMT activity in
the cells was assessed by a radiolabeled oligonucleotide clea-
vage assay. As a representation of the MGMT activity assays,
transfected J5 cells are shownthat were positive for MGMT
activity (Figure 5B). The MGMT-transfected J5 cells cleaved
59.6% ( 3.1% of the methyl-containing oligonucleotide,

whereas untransfected J5 cells exhibited only an 8.8%(
0.6% cleavage (P < 0.01). The data from Figure 5Cindicated
that increased MGMT expression enhanced BP resistance. In
the presence of 50� g/mL BP, MGMT overexpression resulted
in a significant reduction (� 40%) of the clonogenic capacity of
J5 cells. A higher percentage of pCDNA3.1- MGMT trans-
fected cells than vector-transfected cells underwent apoptosis
(Figure 5C).

MGMT is a unique protein that removes O6-guanine adducts
from DNA, thereby restoring the original DNA in a single
step (25). There are no other proteins or cofactors involved in
this reaction, and the MGMT protein is inactivated in the repair
process. Because production of adducts at the O6 position of
guanine is the primary mechanism of cytotoxicity of some
alkylating agents, silencing or inactivating MGMT results in an
increase in the number of toxic or mutagenic lesions in DNA. In
particular, methylating agents (i.e., temozolomide, dacarbazine,
and procarbazine) and chloroethylating agents (i.e., BCNU) are
known to produce toxic lesions at the O6 position of guanine.
There is compelling evidence demonstrating the importance
of MGMT expression in mediating resistance to BCNU.
Although the mechanism of increasing sensitivity is unclear,
tumors deficient in MGMT might be treated more effectively
with the combination of MGMT inhibitor O 6-benzylguanine
(O6-BG) and an alkylating agent (26- 28). Further, it was
observed that knockout of MGMT expression with small
interfering RNA in human nasopharyngeal carcinoma
HONE-1 cells conferred increased sensitivity to BCNU (29).
To explore the hypothesis that MGMT may be involved in
determining BP cytotoxicity, a plasmid construct containing
the coding region for human MGMT was successfully trans-
fected into HCC cells using liposome delivery. High-level
expression of MGMT in HCC cells was confirmed by inc-
reased protein expression and MGMT DNA repair activity
(Figure 5A,B). Protection of HCC cells from the cytotoxic

Figure 4.Additive effect of BP onMGMTpromoter hypermethylation from BCNU in HepG2 and J5 HCC cells.(A) Both HCC cell types were treated with
6.25� g/mL BP combined with various concentrations of BCNU(6.25- 25� M) for 48 h as indicated. Alteration of promoter methylation status was examined
by bisulfite modification and methylation-specific PCR as described in Materials and Methods. The upper panel presents the methylation-specific band(MSP)
and the bottom panel presents the unmethylation-specific band(UMSB). Bottom panels represent theMGMTmRNA and protein expression levels.
(B) In HepG2 and J5 cells, 12.5� g/mL BP induced apoptosis at a percentage of 20.5% and 17.6%, compared with the control of 2.5%. The apoptosis
percentage induced by 25� M of BCNU alone in HepG2 and J5 cells was 11.2% and 17.8%. In addition, the apoptosis percentage induced by combined
exposure to BP and BCNU was 48.5% and 46.3% in HepG2 and J5 cells.


