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Introduction
Telomerase is an RNA-dependent DNA polymerase that 
synthesizes telomeres after cell division and maintains 
chromosomal stability, leading to cellular immortaliza  tion[1, 2].  
This ribonucleoprotein enzyme consists of a template-
containing RNA component and a human telomerase 

reverse transcriptase (hTERT) in humans[3–6].  High levels 
of telomerase activity have been detected in germinal cells, 
immortalized cell lines and 85%–90% of human cancer cells, 
while most normal somatic cells do not display telomerase 
activity[7–13].  Telomerase activity was seen in most lung 
cancers and not detected in normal lung tissues[14–17].  The 
presence of telomerase activity in tumors of non-small cell 
lung cancer patients correlates with a high cell proliferation 
rate and an advanced pathologic stage[18], making it one of the 
most important prognostic factors in lung cancer patients and 
an attractive target in the development of novel therapeutic 
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Immunohistochemistry of this tumor tissue also showed a decrease in the expression of hTERT.
Conclusion: The antiproliferative effects of n-BP on A549 cells in vitro and in vivo suggest a novel clinical application of this compound 
in the treatment of lung cancers.
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strategies for the treatment of lung cancers.
The expression of hTERT is tightly regulated by various 

cellular factors such as c-Myc which induces the expression 
of hTERT and SP1 (stimulating protein-1) which suppresses 
it[19, 20].  Two E-boxes and an activating enhancer-binding 
protein-2 (AP-2) site in a 320-bp region of the hTERT promoter 
have been shown to be essential for the transcriptional 
activity of the hTERT gene in RD rhabdomyosarcoma cells[21].  
AP-2 is an eukaryotic transcription factor required for 
normal development and morphogenesis during vertebrate 
embryogenesis.  The AP-2 family consists of five different 
isoforms (AP-2α, AP-2β, AP-2γ, AP-2δ, AP-2ε) with different 
biologic functions that are encoded by separate genes.  AP-2 
expression is tissue- and cell-specific.  AP-2α and AP-2γ are 
known to regulate the expression of many cancer-related 
genes such as HER-2[22], p21[23], c-kit[24], bcl-2[25], vascular 
endothelial growth factor[26], MUC18[27] and p53[28].  AP-2α 
has been speculated to act as a tumor suppressor gene.  
Human cancers of lung, breast, ovary, colon, skin and brain 
exhibit reduced or no AP-2α expression.  Moreover, while 
expression of dominant negative mutant AP-2α resulted in 
increased invasiveness and tumorigenicity, overexpression 
of AP-2α  inhibited the growth of cancer cells by promoting 
apoptosis[26, 29–33].  

Angelica sinensis (Oliv) Diels (AS), also referred to as dong 
quai or danggui, is a traditional Chinese medicine used to 
treat menopausal symptoms.  It has been used clinically in the 
United States to treat gynecological symptoms[34].  We previ-
ously reported that the chloroform extract of AS (AS-C) and 
n-butylidenephthalide (BP), derived from AS-C, both caused 
growth arrest and apoptosis of malignant brain tumors and 
hepatocellular carcinoma (HCC) cells in vitro and in vivo, 
resulting in tumor inhibition[35–38].  We also demonstrated that 
n-BP caused DNA damage followed by cell cycle arrest at the 
G0/G1 phase.  n-BP-induced apoptosis could not be blocked 
with either a caspase 8 inhibitor or a Ca2+ blocker leading 
us to speculate that n-BP induced apoptosis could occur via 
multiple pathways[38].  

In the present study, we investigated the role of hTERT 
gene expression in n-BP-induced apoptosis in A549 lung 
cancer cells.  We showed that n-BP caused an AP-2α mediated 
inhibition of telomerase activity and the inhibition was 
independent of c-Myc or SP1 activation.  hTERT promoter-
driven luciferase expression was largely attenuated in n-BP 
treated A549 cells suggesting that this regulation was at the 
transcriptional level.  hTERT overexpressing A549 cells that 
were treated with n-BP showed decreased apoptosis and 
enhanced colony formation efficiency when compared to 
untransfected cells.  These results distinguish the mechanism 
of action of n-BP from that of other pure compounds making it 
a novel model for understanding the downstream effectors for 
n-BP-induced apoptosis in A549 cells.

Materials and methods
Cell line and culture
A549 cells (a human lung carcinoma cell line) were maintained 

in Dulbecco’s modified Eagle’s medium supplemented with 
10% heat-inactivated fetal bovine serum (FBS), 100 units/mL 
penicillin and 100 μg/mL streptomycin (Invitrogen, Carlsbad, 
CA).  The cells were incubated at 37 °C in a humidified atmo-
sphere containing 5% carbon dioxide.  The growth media was 
changed every 2−3 days per week and subcultured when 80% 
confluent.

Chemicals and reagents
Dulbecco’s modified Eagle’s medium, fetal bovine serum 
(FBS), penicillin, streptomycin, trypsin/EDTA, and a NuPAGE 
Bis-Tris Electrophoresis System (precast polyacrylamide 
minigel) were purchased from Invitrogen (Carlsbad, CA).  An 
RNA isolation kit was purchased from QIAGEN (Valencia, 
CA).  Dimethyl sulfoxide (DMSO), 3-(4,5-dimethyl thizol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT), the PKC inhibitor 
GF109203X, gambogic acid, beta-actin monoclonal antibody, 
and horseradish peroxidase-conjugated secondary antibod-
ies were purchased from Sigma Chemical (St Louis, MO).  
The ERK1/2 kinase inhibitor PD98059 was purchased from 
R&D Systems (Minneapolis, MN).  The PI3K/AKT inhibitor 
LY294002 were purchased from Calbiochem (San Diego, CA).  
Phosphor-GSK-3β (1:1000) rabbit polyclonal antibodies were 
purchased from Upstate Biotechnology (Lake Placid, NY).  
Telomerase, hTR, c-Myc, Sp1, AP-2phosphor-AKT (1:1000), 
phosphor-ERK1/2 (1:2000) and ERK1/2 (1:1000) monoclonal 
antibodies were purchased from Cell Signaling Technology, 
Inc (Danvers, MA).  Mycoplasma removal reagent was from 
Dainippon Pharmaceutical Co (Osaka, Japan).  The annexin 
V-FLOUS Staining Kit was from Roche Molecular Biochemi-
cals (Mannheim, Germany).  Polyvinylidene difluoride mem-
branes, a bovine serum albumin protein assay kit, and West-
ern blot chemiluminescence reagent were purchased from 
Amersham Biosciences (Arlington Heights, IL).  

Cell growth assay
Viability of control and treated cells were evaluated using the 
MTT (Sigma–Aldrich Company, Milan, Italy) assay in trip-
licate.  Briefly, A549 cells (5×103) were incubated in 96-well 
microtiter plate containing 100 μL of the growth medium.  
Cells were permitted to adhere for 16−18 h, and then treated 
with agents dissolved in medium.  After different concentra-
tions (25, 50, and 100 μg/mL) of n-BP-containing medium was 
replaced by fresh medium.  The MTT assay was performed 
after 24 h, 48 h, and 72 h.  Then cells in each well were incu-
bated at 37 °C in 50 μg of MTT (5 mg/mL) for 2 h.  After 
the medium and MTT were removed 100 μL of DMSO were 
added to each well.  Absorbance at 570 nm of the mixture was 
detected using a microplate ELISA reader.  The absorbance 
of untreated cells was considered as 100%.  The results were 
determined by three independent experiments.

Isolation of RNA and RT-PCR
Total cellular RNA was extracted from cells using the TRIzol® 
Reagent (Invitrogen, Carlsbad, CA) according to the manu-
facture’s protocol.  Then, two μg of total RNA was reverse 
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transcribed at 65 °C for 5 min, after at 37 °C for 60 min in 
the presence of omniscript reverse transcriptase (QIAGEN) 
according to manufacturer’s protocol.  One μg of cDNA was 
amplified in the presence of 20 μmol of the following primers: 
hTERT (F), 5’-CGGAAGAGTGTCTGGAGCAA-3’; hTERT (R), 
5’-GGATGAAG-CGGAGTCTGGA-3’; hTR (F), 5’-CTAAC-
CCTAACTGAGAAGGGCGTAG-3’; hTR (R), 5’-GAAGGCG-
GCAGGCCGAGGCTTTTCC-3’; AP-2α (F), 5’-ACCAGCAAC-
GGGACGGCACGG C-3’; AP-2α (R), 5’-TGGCGGAGACAG-
CATTGCTGTTG-3’ ; GAPDH (F), 5’-TGAAGGTCGGAGT-
CAACGGATTTGGT-3’; GAPDH (R), 5’-CAT-GTGGGCCA-
TGAGGTCCACCAC-3’ with Taq DNA polymerase (Takara 
Shuzo Co, Shiga, Japan).  The thermal cycling profile was 
composed of an initial denaturation step at 95 °C for 10 min, 
30 cycles of 30 s of denaturation at 95 °C, 30 s of annealing 
at 60 °C, and 1 min of extension at 72 °C, with 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, Hercules, CA), and levels of GAPDH 
were used as control.  

Western blot analysis
A549 cells were seeded in a 10 cm dish and later treated with 
n-BP at different doses (0, 25, 50, and 100 μg/mL; 0 μg/mL as 
a vehicle control).  Cell pellets were resuspended in lysis buf-
fer [10 nmol/L Tris-HCl (pH 7.5), 1 mmol/L EGTA, 0.5% 3-[3-
(cholamidopropyl) dimethylammonio]-1-propanesulfonate, 
10% (v/v) glycerol, 5 mmol/L beta-2-mercaptoethanol and 0.1 
mmol/L phenyl-methylsulfonyl fluoride] and incubated on 
ice for 30 min.  After centrifugation at 16 000×g for 10 min at 4 
°C, total cell lysates were collected.  The protein concentration 
of the cell lysates was measured with a Bio-Rad protein assay 
(Bio-Rad Laboratories, USA) following the manufacturer’s 
instructions.  Aliquots (20 μg) of the cell lysates were sepa-
rated by 10%–12% sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS-PAGE; Bio-Rad, Hercules, CA, USA) and 
transferred to polyvinylidenedifluoride (PVDF) membranes 
(Millipore, USA).  The membranes were blocked with 5% skim 
milk overnight and probed with an appropriate dilution of 
primary antibodies for 1 h at room temperature.  The immo-
bilized primary antigen-antibody complex was detected with 
the respective horseradish peroxidase-conjugated anti-mouse, 
anti-rabbit IgG secondary antibodies (1/5000 dilution; Cell 
Signaling Technology, Beverly, MA, USA) for 1 h at 25 °C, 
then visualized with an enhanced chemiluminescence (ECL) 
plus chemiluminescence system (Millipore, USA).  The degree 
of protein expression was calculated as the expression index.  
The expression indexes were calculated as [(sample intensity/
sample beta-actin intensity)/(vehicle control intensity/vehicle 
control β-actin intensity)].

Telomerase activity assay
Telomerase activity was measured using the modified telom-
ere repeat amplification protocol (TRAP) assay (Roche Diag-
nostics).  Briefly, A549 cells were exposed to either different 
concentrations of n-BP for a given period of 48 h.  At the end 

of the specified incubation time, cells were harvested by cen-
trifugation at 5000×g for 3 min at 4 °C.  Cell pellets were lysed 
with 200 μL of lysis buffer, incubated on ice for 30 min and 
centrifuged for 20 min at 4 °C (16,000×g).  The concentration of 
protein in the supernatant extracts was measured using a Bio-
Rad protein assay (Bio-Rad Laboratories, USA) following the 
manufacturer’s instructions.  Typically, 400 ng total protein 
of the supernatant and 25 μL of reaction mixture contain-
ing Tris–buffer, telomerase substrate.  Positive control was 
400 ng total protein of cell lysate extracted from telomerase-
expressing human 293 kidney cells and it was used as positive 
control.  The biotin-labeled P1-TS primer, P2 primer, deoxy-
nucleotide triphosphates (dNTPs) and Taq polymerase were 
transferred into an assay tube.  Sterile water was then added 
to bring the final volume to 50 μL.  After 20 min incubation at 
25 °C, the reaction mixture was heated at 94 °C for 5 min and 
then subjected to 25 cycles of PCR including denaturation at 
94 °C for 30 s, annealing at 50 °C for 30 s, and extension at 72 
°C for 90 s.  The amplification product (5 μL) from the PCR 
reaction was mixed with 20 μL of denaturation reagent and 
incubated at room temperature for 10 min.  An aliquot of 225 
μL of hybridization buffer was then added to each well.  After 
thorough mixing, 100 μL of the mixture from each well was 
transferred into the precoated microtiter plate (MTP) modules 
and incubated at 37 °C for 2 h with shaking (300 r/min).  Anti-
digoxigenin- peroxidase working solution (100 μL) was then 
added and incubated at room temperature for another 30 
min.  Then the solution was removed completely from each 
well and the precipitate was rinsed five times with 250 μL of 
washing buffer for a minimum of 1 min.  After removal of the 
washing buffer, 100 μL of POD substrate 3,3’,5,5’-tetramethyl 
benzidine (TMB) substrate solution was added to each well 
and the mixture was incubated at room temperature for 15 
min with gentle shaking for color development.  Finally, 100 
μL of quenching reagent was added to each well to stop color 
development and the amount of TRAP products was deter-
mined by measuring the absorbance ratio at 450 nm.

Construction of plasmids
Human hTERT promoter was isolated from volunteer blood 
using a DNA extraction kit (QIAGEN) according to the manu-
facturer’s protocol.  The -211/+40 (pAP-211/+40) hTERT pro-
moter regions was generated using the following two primers: 
pAP-211/+40: sense, 5’-GGTTTTAATTCCTGGTGTTTTC-
CGATC-3’, and antisense, 5’-GCTCGCCTTCCTCCGCCTC-
CTTTGG-3’.  The amplified product was digested with MluI 
and BglII restriction enzymes and ligated into pGL3-basic 
luciferase vector (Promega, Madison, WI) digested with the 
same enzymes.  The AP-2α binding site was mutated using the 
Quick Change site mutagenesis kit (Stratagene).  For the point 
mutation of AP-2α site on the pAP-211/+40 mutant promoter 
region, the following primers were used: pAP-211/+40mut: 
sense, 5’-GCCTCTGCCAAGTCttCGGAGACGGAC-3’, and 
antisense, 5’-CCTGTCCGAATGCTCCCGGAGCTCTCG-3’.  
The lowercase letters indicate mutation, and the underlined 
letters indicate the AP-2 binding site. Site-specific mutation 
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was confirmed by DNA sequencing.

Transfection of the luciferase reporter system
A549 cells were plated in six-well plates at 2×105 cells/well in 
F-12K medium supplemented with 10% fetal bovine serum.  
After growth overnight, plasmid mixtures containing 2 μg 
hTERT promoter linked to luciferase and 0.2 μg of pRT-null 
(Promega) were transfected by GeneJemmer reagent according 
to the manufacturer’s protocol.  After 48 h of transfection, the 
cells were harvested in 1×luciferase lysis buffer, and luciferase 
activity was determined and normalized to the pRL-TK 
luciferase activity with a dual luciferase assay kit (Promega).  
For n-BP treatment, the cells were treated with the drug in 
the absence of serum for 24 h and then assayed for luciferase 
activity.  The results were determined by three independent 
experiments.

Antitumor activity in vivo
Xenograft mice were used as a model system to study the 
cytotoxic effect of n-BP in vivo; implantation of cancer cells 
was performed similarly to previous reports.  Male congenital 
athymic BALB/c nude (nu/nu) mice were purchased from 
the National Sciences Council (Taipei, Taiwan), and all 
procedures were performed in compliance with the standard 
operating procedures of the Laboratory Animal Center of 
ILAN University (I-Lan, Taiwan).  All experiments were 
carried out using 6- to 8-week-old mice weighing 18 to 22 g.  
The mice were implanted with 5×106 cells sc into their backs.  
When the tumors reached 80 to 120 mm3 in volume, animals 
were divided randomly into control and test groups consisting 
of three mice per group (day 0).  Daily sc administration of 
n-BP, dissolved in a vehicle of vitamin K1 ( STANDARD), 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 to 28 to monitor 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 (cubic millimeters)=(L×W2)/2.  The relative 
tumor volume at day n (RTVn) versus that at day 0 was 
expressed according to the following formula: RTVn=TVn/TV0.  
Tumor regression [T/C (percent)] in treated versus control 
mice was calculated using T/C (percent)=(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 10% formalin, embedded in 
paraffin, and cut in 4-mm sections for histologic study.

Immunohistochemical staining
All tumor tissues (sc A549 tumors with or without n-BP treat-
ment) were fixed in 10% formalin at 4 °C for 16 h and then 
embedded in paraffin.  Paraffin sections (5 μm) were deparaf-
finized in xylene and rehydrated through a graded series of 
ethanol solutions.  The sections were incubated with block-
ing solution (5% non-fat milk powder in phosphate-buffered 
saline) for 60 min at room temperature, followed by a 4 °C 

overnight incubation with anti-telomerase-mouse (1/100 dilu-
tion; abcam) and anti-caspase-3-rabbit monoclonal antibody 
(1/100 dilution; Cell Signaling Technology, Beverly, MA, 
USA) in PBS.  Subsequently, the immune complexes were 
visualized using the LSAB2 system (Dako North America Inc, 
Carpinteria, CA), respectively, and then, incubated for 15 min 
with 0.5 mg/mL diaminobenzidine and 0.03% (v/v) H2O2 in 
PBS.  Finally, sections were counterstained with hematoxylin, 
mounted, observed under a light microscope at magnifications 
of ×400, and photographed.

Statistical analysis 
The data are shown as mean with standard deviation.  The 
statistical difference was analyzed using the Student’s t test 
for normally distributed values and by nonparametric Mann-
Whitney U test for values of non-normal distribution.  Values 
of P<0.05 were considered significant.

Results
n -Butylidenephthalide inhibited cell growth and induced 
apoptosis in human lung adenocarcinoma A549 cells were 
treated with different concentrations of n-BP for 24, 48 and  
72 h and cell viability was determined by MTT assay (Figure 
1A).  n-BP treated cells exhibited reduced cell viability 
in a time- and dose-dependent manner.  At the highest 
concentration (100 μg/mL) used, cell viability was inhibited 
78.6%.  A549 cells were treated with the IC50 of n-BP (which we 
determined as 62.5 μg/mL) for 48 h, Flow cytometry analysis 
showed that treatment with 50 μg/mL of n-BP induced 
apoptosis in a significant numbers of cells (37.56%−45.32% 
based on triplicate experiments) whereas almost no apoptotic 
cells were observed in the untreated samples (Figure 1B).  
These results indicated that n-BP could reduce the viability 
of A549 cells in a dose-dependent manner, likely due to 
significant levels of cell death.

n-BP inhibits telomerase activity while hTERT decreases n-BP-
induced toxicity
We showed (Figure 2A) that A549 cells treated with 25 and 
50 μg/mL of n-BP for 48 h showed a significant inhibition of 
telomerase activity (about 50% and 85%, respectively).  High 
telomerase activity has previously been implicated in pro-
longed cellular lifespan[11–13].  In order to look at the effect 
of hTERT on n-BP induced apoptosis, we stably transfected 
A549 cells with an expression vector containing the full-length 
hTERT coding region in the sense orientation and used G418 
to select a pooled population of stably transfected cells.  The 
stably transfected cells expressed hTERT protein to a 2.0-fold 
higher level when compared to empty vector-transfected cells 
(Figure 2B).  Using a colony formation assay, we demonstrated 
that over-expression of hTERT decreased n-BP toxicity.  In the 
presence of 50 µg/mL of n-BP, hTERT overexpression resulted 
in a significant mRNA and activity increase (Figure 2B and 
2C).  Furthermore, in the presence of 50 μg/mL n-BP, hTERT 
overexpression resulted in an obviously increase (~22%) of the 
clonogenic capacity of A549 cells (Figure 2D).  
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Effect of n-BP on gene expression in A549 cells
In order to investigate the effect of n-BP on hTERT expression, 
we treated hTERT overexpressing, A549 cells with various 
concentration of n-BP for various duration of time.  Using 
reverse transcription-PCR and Western blot analysis, we dem-
onstrated that hTERT mRNA and protein expression were 
significantly inhibited after 1 day of treatment.  Additionally, 
hTERT and AP-2α were down-regulated by n-BP in a time- 
and dose-dependent manner in A549 cells (Figure 3) while the 
expression of c-Myc and Sp1 genes showed no alteration.  

The AP-2α binding site has an important role in BP-inhibited 
hTERT expression 
The region -211 to +40 of the hTERT promoter contains an 
AP-2α binding site, which plays a pivotal role in regulating 

basal gene expression[16].  We constructed a luciferase reporter 
using the -211 to +40 region of the hTERT promoter to drive 
the expression of the luciferase gene in order to evaluate 
the role of cis acting elements in n-BP-inhibited hTERT 
expression.  These vehicle or constructs were transfected into 
A549 cells, which were then treated with n-BP for 24 h.  As an 
internal control, the plasmid pRL-null was used for adjusting 
transfection efficiency.  n-BP treatment resulted in a 2.5 to 3.5 
fold inhibition of luciferase activity in phTERT -211 to +40 
transfected cells (Figure 4A) compared to negative control 
transfected cells where no increase in luciferase activity was 
seen.  We performed a mutational analysis of the AP-2α site in 
the hTERT promoter in order to investigate the role of AP-2α 
in n-BP -induced hTERT expression.  A site directed mutation 
of the AP-2α sites resulted in a dramatic reduction of luciferase 
activity (~80%) compared with the wild type construct (Figure 
4B) suggesting that AP-2α may be involved in n-BP-inhibited 
hTERT expression.  

nBP-inhibited ERK activation followed by growth inhibition in 
A549 cells 
To determine whether MAPK/ERK, PKC, or PI3K/AKT/
GSK3β play a role in BP-induced growth inhibition of A549 
cells, these cells were treated with BP in the presence or 
absence of the mitogen-activated protein kinase kinase 1/2 
inhibitor PD98059 (12.5–50 μmol/L), PI3K/AKT/GSK3β 
inhibitor LY294002 (5–20 μmol/L), or the PKC inhibitor 
GF1023X (5–20 μmol/L).  It was shown that all the three 
inhibitors enhanced BP-induced growth inhibition in a 
concentration-dependent manner (Figure 5A).  To determine 
which above mentioned pathways were involved in BP-
induced growth inhibition, the effect of BP on ERK inhibition 
was assessed.  Inhibition of phosphor-ERK protein expression 
was observed after exposure of A549 cells to BP.  PKC protein 
expression had no obvious changes whereas phosphor-AKT 
protein expression was activated after drug treatment (Figure 
5B).  To investigate a possible role for ERK in the regulation 
of AP-2α, A549 cells were treated with BP in the presence 
or absence of the MAPK inhibitor PD98059.  Using Western 
blot analysis, PD98059 had synergistic effects with n-BP in 
suppressing AP-2α and enhancing cleaved caspase-3 protein 
levels (Figure 5C).  These observations suggest that inhibition 
of the ERK1/2 signaling pathway was involved in n-BP-
inhibited AP-2α expression and led to apoptosis in A549 cells .

n-BP blocks tumor growth in vivo by inhibition of hTERT
In order to study the in vivo antitumor effect of n-BP on A549 
cells (which may be partially mediated by hTERT expression), 
we established human lung cancer xenografts by sc injection 
of approximately 1×107 A549 cells on the backs of nude mice.  
After the tumor reached about 80–120 mm3 in size, the mice 
were randomized into vehicle control and treatment groups 
(six animals each) and given a daily sc injection of either 0 
(control group), 100 mg/kg or 300 mg/kg of n-BP (treatment 
groups) for five consecutive days.  The median tumor size 
was effectively decreased by up to 80% after treatment with 

Figure 1.  BP caused growth inhibition of human lung adenocarcinoma 
cells in vitro and induces apoptosis.  (A) Growth inhibition effect was 
assessed in human lung cell lines A549.  The cells were treated with 
various concentrations ranging from 25 to 100 µg/mL BP or vehicle 
(0.2% DMSO) for various times (24, 48, and 72 h) as indicated.  GA-
treated cells were used as positive control.  Growth inhibition effect 
(IC50) was determined by MTT assay.  (B) cells were treated with various 
concentrations of 0 to 50 µg/mL BP or vehicle for 24 h.  Cells were 
collected, and apoptosis was analyzed using PI/Annexin V staining.  The 
data represent the means±SD of three different experiments.  bP<0.05, 
cP<0.01 vs the control.
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n-BP (Figure 6A).  In order to correlate the inhibition of tumor 
growth with hTERT expression, samples of the tumors were 
removed with a knife 35 days after the initiation of drug 

treatment.  We showed by immunohistochemistry that there 
was a decrease in hTERT protein expression in tumor cells 
relative to the control group in vivo (Figure 6B).  

Figure 2.  Effects of BP treatment on telomerase activity in human lung cancer cell line A549.  (A) Telomerase was extracted from A549 cells treated 
with BP at various concentrations for a period of 48 h.  Telomerase activity was determined using the TRAP ELISA method as described in Materials and 
methods.  Positive control (P.C.) represents assay with telomerase extract from kit, while DMSO is cells treated with solvent (0.1% DMSO).  GA indicated 
Gambogic acid-treated A549 cells.  BP dose-dependently inhibited telomerase activity in the A549 cell line.  The data represent the means±SD of 
three different experiments.  bP<0.05, cP<0.01 vs the control.  (B) The full-length hTERT was cloned into pCI-neo5.4 expression vector and trnasfected 
into A549 cells.  Each cell was grown under G418 (500 µg/mL) for 2 weeks.  Total mRNA of 2 µg was loaded in each lane and RT-PCR analysis was 
described in “Materials and Methods”.  (C) Telomerase activity in transfected A549 cells.  A549 cells transfected with one of the pCI-neo5.4 (CI-neo5.4; 
empty vector) and pCI-neo-hEST2-HA8.9 (hTERT) and incubated in the presence of BP (50 μg/mL) for 48 h.  Cells were collected and telomerase activity 
was analyzed using TRAP ELISA method.  The data reveals that A549 cells contain more activity of hTERT than vector alone, and shown that BP could 
repress telomerase activity.  The data represent the means±SD of three different experiments.  bP<0.05, cP<0.01 vs the control.  (D) Effects of hTERT 
expression on BP-induced apoptosis with colony formation.  Colony formation assay using hTERT overexpression cells.  A549 cells were transfected with 
either pCI-neo5.4 or pCI-neo-hEST2-HA8.9, and stably transfected clones were selected by exposoure to G418 (500 μg/mL) for 2 weeks.  The stably 
transfected clones were treated with either vehicle or BP at various concentrations for a period of 48 h and then grown in culture medium for 2 weeks.  
The data represent the means±SD of three different experiments.  bP<0.05, cP<0.01 vs the control.

Figure 3.  Effect of n-BP on mRNA and protein expression of hTERT, hTR, AP-2α, c-Myc and Sp1 in A549 cells.  (A) mRNA expression of hTERT, hTR, AP-
2α, c-Myc and Sp1 in the cells treated with various concentrations of n-BP (0, 12.5, 25 and 50 μg/mL) for 2 days and the cells treated with 50 μg/mL 
BP or vehicle for various durations (0, 6, 12, 24, and 48 h) as indicated.  Cells were collected and total RNA isolated for RT-PCR analysis, and expression 
of GAPDH was used as an internal control.  (B) protein expressions of hTERT, hTR, AP-2α, c-Myc and Sp1 in the cells treated with various concentrations 
of n-BP (0, 12.5, 25 and 50 μg/mL) for 2 days and the cells treated with 50 μg/mL BP or vehicle for various durations (0, 6, 12, 24, and 48 h) as 
indicated.  These expressions were assessed by Western blot assay, and expression of β-actin was used as an internal control.  
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Figure 4.  The AP-2α binding site has an important 
role in BP-induced hTERT expression.  (A) comparison 
of wild-type and mutant sequences between -211 and 
+40 in the hTERT promoter region.  Mutated base 
pairs are indicated in each mutated sequence.  (B) 
wildtype (phTERT -211/+40) or AP-2α mutant vector 
(phTERT -211/+40 mut) and pRL-null cotransfected 
into A549 cells.  These indicated promoter regions were 
fused to a luciferase report gene.  Each construct (2 
μg) was cotransfected with 0.2 μg of pRL-null vector 
into A549 cells using GeneJammmer transfection 
reagent followed by treatment with 50 μg/mL BP for 
48 h.  Cells were lysed, and luciferase activity was 
measured.  Transfection efficiency for luciferase activity 
was normalized to vehicle luciferase (pRL-null vector).  
The x-axis shows relative luciferase units (RLU) (firefly 
luciferase/vehicle luciferase).  The data represent the 
means±SD of three different experiments.  bP<0.05 vs 
the control.

Figure 5.  Inhibition of ERK expression and enhanced growth inhibition by MEK inhibitor PD98059.  A, MTT assay of A549 cells with culture or serum-
containing medium pretreated with the MEK1/2 inhibitor PD98059 (12.5, 25, and 50 μmol/L), the PKC inhibitor GF109203X (5, 10, and 20 μmol/L), or 
the PI3K/AKT inhibitor LY294002 (5, 10, and 20 μmol/L) for 1 h and then treated with 50 μg/mL BP for 24 and 48 h.  Lane 1 shows A549 cells treated 
with serum containing media and no test compound as a negative control.  The data represent the means±SD of three different experiments.  bP<0.05, 
cP<0.01 vs the vehicle.  B, Western blot analysis of ERK, phosphor-ERK (pERK), PKC, phosphor-PKC (pPKC), AKT, phosphor-AKT (pAKT), GSK-3β, and 
phosphor-GSK-3β (pGSK-3β) in A549 cells after treatment with 50 μg/mL BP for the indicated times.  The expression of β-actin was used as an internal 
control.  (C) Inhibition of AP-2 and enhancement of cleaved caspase-3 expression by MEK inhibitor in the BP-induced growth inhibition.  A549 cells were 
in incubated in the presence or absence of the MEK inhibitor PD98059 for 1 h and then treated with BP for 12 h.  Western blot analysis was performed 
for AP-2α, cleaved caspase-3, and expression of β-actin was used as an internal control.
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Discussion
Reactivation of telomerase activity is a vital step in tumori-
genesis.  Beyond its role in telomere maintenance, telomerase 
provides additional functions in DNA repair and cell 
survival.  Telomerase has been shown to protect cells from 
apoptosis and necrosis, and stimulate growth under adverse 
conditions[29].  Inhibition of telomerase activity in cancer cells 
is a potent factor in the abrogation of cellular immortalization.  
A number of different approaches have been developed to 
inhibit telomerase activity in human cancer cells.  Different 
types of inhibitors targeting various regulatory levels have 
been regarded as useful for telomerase inhibition.  Many 
telomerase inhibitors seem to be most efficient when combined 
with conventional chemotherapy.  It has been demonstrated 
that telomerase may be involved in triggering apoptosis, but 
the underlying molecular mechanism remains unclear[30].  In 
the present study, we showed that n-BP treatment of A549 
cells induced apoptosis and inhibited telomerase activity 
within 48 h of treatment.  This was accompanied by a 
reduction of hTERT mRNA and hTERT protein.  To explore 
the hypothesis that hTERT could determine BP cytotoxicity, 
A549 cells were stably transfected with a plasmid construct 
containing the coding region for human hTERT and we 
showed that A549 cells were protected from the cytotoxic 
effects of n-BP.  We showed that BP inhibited the growth arrest 
and apoptosis in A549 cells through the up-regulation of the 
protein Telomerase, and our study suggests that telomerase is 
a critically important protein capable of reducing BP toxicity 
to A549 cells (Figure 2D).  

These data together lead us to hypothesize that the tumor-
specific activation of the hTERT promoter may be regulated 
by various cellular factors such as transcription factors and 

effectors, which are differentially activated in tumor cells or 
repressed in normal cells.  The AP-2α protein was selectively 
detected in DNA-binding protein complexes from lung can-
cer cells but not from normal cells.  It was hypothesized that 
the AP-2α isoform plays a key role in regulating hTERT gene 
expression in lung cancer development and progression.  Our 
present study attempted to determine whether AP-2α inhibi-
tion in response to n-BP treatment was related to hTERT, A549 
tumor cells were treated with n-BP or GA, a telomerase inhibi-
tor (as a positive control) and shown by RT-PCR (Figure 3A) 
that n-BP inhibited AP-2α and hTERT mRNA expression in a 
time dependent fashion.  We explored the possible regulatory 
role of AP-2α on the hTERT promoter.  Using our hTERT pro-
moter, which contained AP-2α motif to drive the expression of 
a luciferase reporter, n-BP induced a two to three fold increase 
in luciferase activity compared to vehicle (Figure 4B).  Muta-
tion of the AP-2α binding sites did not increase n-BP mediated 
reporter gene expression (Figure 4B).  Together, these result 
indicate that n-BP is associated with the AP-2α site of hTERT 
promoter.  

It was shown that a phosphatidylinositol 3-kinase/AKT/
GSK3 (PI3K/AKT/GSK3β) pathway regulates hTERT expres-
sion in human colorectal cancer cells as assessed by the inhibi-
tion of PI3K, AKT, and GSK3β.  PI3K inhibition by LY 294002 
resulted in an increased hTERT protein and mRNA expres-
sion.  1L-6-hydroxymethyl-chiro-inositol 2(R)-2-O-methyl-3-O-
octadecylcarbonate (an AKT inhibitor) also previously induced 
NAG-1 expression[10, 21–23].  In an attempt to identify the signal-
ing pathway through which PI3K/AKT/GSK3β is involved 
in receptor signal transduction through tyrosine kinase recep-
tors for n-BP, LY294002, a PI3K inhibitor, was examined.  We 
found that LY294002 did not reverse tumor growth inhibition 

Figure 6.  BP-induced in vivo growth inhibition of A549 xenografts in nude mice.  Inhibition of tumor growth from A549 cells that downregulation of 
hTERT protein.  Nude mice injected with approximately 5×106 A549 into the dorsal subcutaneous tissue.  (A) When the tumor volumes reached 80-
120 mm3, A549 tumor-bearing mice were administered sc with vehicle control (♦), 100 mg/kg BP (■), and 300 mg/kg n-BP (▲) on days 0–4 for 5 days.  
These figures shows A549 cells relative tumor volume of control and therapeutic groups.  (B) immunohistochemical staining was analyzed in A549 
tumor tissues (at day 10 after initiation of drug treatment).  Representative photographs of sections of the control group and n-BP-treated group.  A549 
tumors, immunohistochemically stained with hTERT and caspase-3 rabbit polyclonal antibody, and hTERT and caspase-3 positive cells were stained 
brown (black arrowheads) (×400).  Scale bars, 100 µm.  n=3 different experiments. Means±SD.  bP<0.05, cP<0.01 vs the control.
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caused by n-BP (Figure 5A).  In addition, LY294002 could not 
enhance n-BP-inhibited AP-2α expression.  Compared with the 
effects of other phytochemical agents, this result suggests that 
apoptosis caused by n-BP might not follow this pathway.  It 
has been reported that treatment of HSC-1 cells with all-trans 
RA (ATRA) significantly suppressed their telomerase activity 
and the suppression of telomerase activity correlated with the 
decreased expression of mRNA of human telomerase catalytic 
subunit (hTERT).  Phosphorylation of extracellular signal-reg-
ulated kinases (ERK) 1/2 and of the serine/threonine kinase 
Akt was significantly suppressed after ATRA treatment.  Sup-
pression of ERK1/2 and Akt activation is presumed to be 
involved in the RA-induced suppression of hTERT[39, 40].  In 
this study, we found that n-BP inhibited ERK phosphorylation 
and the BP had a synergistically cytotoxic effect with MEK 
inhibitor PD98059 (Figure 5C).  These observations suggest 
that inhibition of the ERK1/2 signaling pathway was involved 
in n-BP-inhibited AP-2α expression and led to apoptosis in 
A549 cells.  Furthermore, it has been demonstrated that the 
induction of Nur77 by BP is a mechanism in brain and liver 
cancer[37, 38].  However, the mRNA expression of Nur77 did not 
obviously change in a time- and dose-dependent manner since 
hTERT has inhibited dramatically after treatment with n-BP in 
A549 cells (data not shown).  At present, we did not how the 
effect of Nur77 was related to hTERT inhibition.  

In summary, our previous studies showing growth inhibi-
tion and antitumor activity in specific tumor cell lines in vitro 
and inhibition of a variety of xenografts including A549 lung 
cancer cell in vivo [1,3] led us to study the mechanisms underly-
ing the anti-tumor activity of n-BP.  Our results suggest a gene 
target for n-BP, which may be useful for future clinical appli-
cations.
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