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b-Lapachone-induced apoptosis is associated with activation
of caspase-3 and inactivation of NF-jB in human colon cancer
HCT-116 cells
Byung Tae Choia, JaeHun Cheongb and Yung Hyun Choic

b-Lapachone is a naturally occurring quinone obtained

from the bark of the lapacho tree (Tabebuia avellanedae)

with cancer chemopreventive properties. The objective of

the present study was to investigate the effect of

b-lapachone on the cell growth and apoptosis in human

colon carcinoma tumor cell line HCT-116. Exposure of

HCT-116 cells to b-lapachone resulted in growth inhibition

and induction of apoptosis in a dose-dependent manner as

measured by hemocytometer counts, fluorescence

microscopy and flow cytometric analysis. This increase in

apoptosis was associated with a decrease in Bcl-2 protein

expression, an increase in caspase-3 activity, a decrease in

intact poly(ADP-ribose) polymerase protein levels and

degradation of b-catenin. After b-lapachone treatment, the

nuclear protein levels of NF-jB and the activity of

NF-jB–DNA binding were markedly decreased.

b-Lapachone treatment also resulted in inhibition of the

transcriptional activity of NF-jB–luciferase reporter

plasmid suggesting that b-lapachone-induced apoptosis

may be partly regulated through the inactivation of

NF-jB. Anti-Cancer Drugs 14:845–850 �c 2003 Lippincott

Williams & Wilkins.
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Introduction
b-Lapachone (3,4-dihydro-2,2-dimenthyl-2H-napthol

[1,2-b]pyran-5,6-dione) is a naturally occurring quinone

obtained from the bark of the lapacho tree (Tabebuia
avellanedae) native to South America [1]. Unlike camp-

tothecin, this compound acts as an inhibitor of DNA

topoisomerase I catalytic activity without inducing

topoisomerase I-cleavable complex [2]. b-Lapachone
exhibits a number of pharmacological actions including

anti-bacterial, anti-fungal, anti-trypanocidal and cytotoxic

activities [3–5], which are linked to the formation of

reactive oxygen species [6,7]. While b-lapachone has

been shown to induce apoptosis in a variety of cancer cell

lines [8–13], the mechanism of this observed pro-

grammed cell death has not been well described.

The purpose of this study was to investigate the pathway

of b-lapachone-induced apoptosis and b-lapachone’s
effect on NF-kB activity in human colon cancer cells.

We report here that exposure of HCT-116 cells to b-
lapachone resulted in a dose-dependent growth inhibition

and apoptosis. This increase in apoptosis by b-lapachone
was associated with a decrease in Bcl-2 expression and an

increase in caspase-3 activity. Down-regulation of NF-kB
protein expression in nuclei by b-lapachone treatment

was associated with decreased NF-kB–DNA binding and

NF-kB transcriptional activity. These results suggest that

b-lapachone-induced apoptosis may be regulated in part

through inactivation of NF-kB in HCT-116 cells.

Materials and methods
Cell culture and b-lapachone
The human colon cancer HCT-116 cells were obtained

from ATCC (Rockville, MD) and cultured in DMEM

medium (Gibco/BRL, Gaithersburg, MD) supplemented

with 10% fetal bovine serum (FBS) and 1% penicillin–

streptomycin in a 371C incubator with 5% CO2.

b-Lapachone was purchased from Biomol (Plymouth

Meeting, PA), dissolved in ice-cold absolute alcohol as a

stock solution at 10 mM concentration and stored in

aliquots at –201C.

Growth inhibition study

For growth inhibition analysis, HCT-116 cells were plated

at 1� 103 cells per 60-mm plate and incubated for 24 h.

Cells were cultured in the presence or absence of variable

concentrations of b-lapachone in culture medium en-

riched with 10% FBS for 24 h. The cells were trypsinized,

washed with phosphate-buffered saline (PBS) and the

viable cells were scored using the Trypan blue method.
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Assessment of DNA degradation by agarose gel

electrophoresis

Cells were incubated with different concentrations of b-
lapachone for 24 h and trypsinized. Cells were washed

with PBS and resuspended in lysis buffer [1mM EDTA,

10mM Tris (pH 8.0), 1% SDS aand 1 mg/ml proteinase

K]. After 1 h incubation at 371C, RNase A was added and

incubation continued for 1 h. Crude DNA preparations

were extracted twice with phenol : chloroform : isoamyl

alcohol (25 : 24 : 1). Cell lysate samples were subse-

quently run at 120 V on a 1.0% agarose gel containing

ethidium bromide (EtBr; Sigma). The gel was examined

on an ultraviolet light source and photographed.

Flow cytometry analysis

After treatment with b-lapachone the cells were collected
by trypsinization, washed with cold PBS and resuspended

in PBS. DNA contents of cells were measured using a

DNA staining kit (CycleTEST Plus; Becton Dickinson,

Heidelberg, Germany). Propidium iodide-stained nuclear

fractions were obtained by following the kit protocol.

Fluorescence intensity was determined using a FACScan

flow cytometer and analyzed by CellQuest software

(Becton Dickinson).

Western blot analysis and antibodies

Whole-cell lysates were lysed in extraction buffer as

previously described [14]. For nuclear extracts, cells were

harvested, washed with PBS and resuspended in cyto-

plasmic extraction buffer (10mM HEPES, 1.5mM

MgCl2, 10mM KCl and 0.5mM DTT). After 15min,

the cytoplasmic fraction was separated by centrifugation

(14 000 g for 5min at 41C). The pellet was resuspended

in nuclear extraction buffer (20mM HEPES, 1.5mM

MgCl2, 25% glycerol, 420mM NaCl, 0.2mM EDTA and

0.5mM DTT) for 30min on ice and centrifuged (14 000 g
for 10min at 4oC). Protein concentration determined

with the Bio-Rad protein assay kit (Bio-Rad, Hercules,

CA). For Western blot analysis, proteins were separated

by SDS–PAGE and then electrotransferred to a nitrocel-

lulose membrane (Schleicher & Schuell, Keene, NH).

The membrane was subjected to immunoblot analysis

and proteins were visualized by the enhanced chemilu-

minescence (ECL) method (Amersham, Arlington

Heights, IL). Monoclonal antibody to Bcl-2, and poly-

clonal antibodies to b-catenin, actin, Bax, NF-kB were

purchased from Santa Cruz Biotechnology (Santa Cruz,

CA). Monoclonal anti-poly(ADP-ribose) polymerase

(PARP) antibody was purchased from Calbiochem (Cam-

bridge, MA). Peroxidase-labeled donkey anti-rabbit im-

munoglobulin and peroxidase-labeled sheep anti-mouse

immunoglobulin were purchased from Amersham.

Caspase-3 activity assay

Caspase-3 activity was assayed by cleavage of Asp-Glu-

Val-Asp (DEVD)-pNA using a commercially available kit

(Clontech, Palo Alto, CA). Briefly, cells were cultured in

the presence or absence of b-lapachone and then 2�106

cells were incubated with DEVD-pNA in the presence of

DTT for 60min at 371C. The reaction was measured by

changes in absorbance at 405 nm using the VERSAmax

tunable microplate reader (Molecular Devices, Palo Alto,

CA).

Electrophoretic mobility shift assay (EMSA)

EMSA was performed as follows. A reaction mixture of

binding buffer (50mM KCl, 20mM HEPES–KOH, pH

7.5, 10mM MgCl2, 10% glycerol, 0.5mM DTT and 1%

NP-40), 0.5 ng 32P-labeled oligonucleotide probe, 10 mg
sonicated salmon sperm DNA, 2 mg poly(dI–dC) (Phar-

macia Biotech, Piscataway, NJ) and 10 mg nuclear protein

was incubated at 25oC for 10min, and the reaction

products separated on a 4% polyacrylamide gel in 0.25�
TBE (22.5mM Tris–borate and 0.5mM EDTA). The

double-stranded DNA oligonucleotide for NF-kB is

commercially available from Santa Cruz Biotechnology

and contains the consensus binding site for NF-kB.

Transfections and luciferase assay

To measure NF-kB activation, cells were transiently

transfected with a plasmid in which the luciferase gene

was driven by four tandem NF-kB binding motifs

(Clontech, Palo Alto, CA) using Lipofectamine transfec-

tion reagent (Gibco/BRL), according to the manufac-

turer’s recommendations. After transfection for 6 h, cells

were allowed to recover for 12 h and were then treated

with b-lapachone for an additional 24 h. The cells were

then lysed and luciferase activity in the lysates was

assayed using a Dynatech ML1000 luminometer (Dyna-

tech, Chantilly, VA). Luciferase activity was normalized

according to protein content.

Results
Growth Inhibition by b-lapachone
Initial experiments were designed to determine the

growth-inhibitory activity of b-lapachone in a colon

cancer cell model. HCT-116 cells were treated with b-
lapachone for 24 h and viable cells were measured by

hemocytometer counts of Trypan blue-excluding cells.

Exposure of b-lapachone to HCT-116 colon cancer cells

resulted in a significant decrease in viable cells in a

concentration-dependent fashion (Fig. 1A). After expo-

sure with b-lapachone, the cells became vacuolated and

detached from the plate (Fig. 1B).

Apoptotic cell death by b-lapachone
To determine whether an increase in apoptosis was

associated with the observed decrease in cell number

after b-lapachone treatment, HCT-116 cells were not

exposed to b-lapachone (0) or treated with b-lapachone
for 24 h, and DAPI staining and agarose gel electrophor-

esis were performed. Nuclei with chromatin condensation
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and formation of apoptotic bodies, a characteristic of

apoptosis, were seen in cells cultured with b-lapachone in
a dose-dependent manner, but very few in control cells

(data not shown). In addition, agarose gel electrophoresis

of DNA extracted from cells treated with b-lapachone
showed DNA fragmentation (Fig. 2A), indicating that b-
lapachone induced apoptosis in HCT-116 cells. Thus we

quantified the extent of apoptosis by measuring the

fraction of nuclei that contained subdiploid DNA content

using flow cytometry. As shown by data in Figure 2(B), b-
lapachone treatment for 24 h resulted in 35.8, 44.7 and

52.5% of apoptotic cells at 3, 4 and 5 mM. While the

induction of apoptosis was almost negligible (4.7%

compared to 3.2% of control) at the lowest concentration

(1 mM), the highest concentration (5 mM) resulted in a

significant increase in apoptosis as determined by flow

cytometry.

Fig. 1

Growth inhibition and morphological changes of human colon cancer
HCT-116 cells after treatment with b-lapachone. As described in
Materials and methods, the cells were plated at 1�103 cells per 60-
mm plate and incubated for 24 h. Cells were treated with variable
concentrations of b-lapachone for 24 h. (A) The cells were trypsinized,
washed with PBS and the viable cells were scored by hemocytometer
counts of Trypan blue-excluding cells. Each point represents the
mean±SE of three independent experiments. (B) Cells were incubated
with variable concentrations of b-lapachone. After 24 h incubation cells
were sampled and examined under light microscopy. Magnification�
200.

Fig. 2

Exposure of HCT-116 cells to b-lapachone induces apoptosis. (A) After
incubation of cells in the presence of various concentrations of b-
lapachone for 24 h, DNA was extracted, and resolved in a 1.0%
agarose gel and visualized using EtBr. (B) Cells treated for 24 h with
increasing concentration of b-lapachone showed a dose-dependent
increase in the number of apoptotic cells as measured by flow
cytometry. The profile represents the increase of the sub-G1 population
and each point represents the mean of two independent experiments.
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Down-regulation of Bcl-2 and activation of caspase-3 by

b-lapachone
To investigate the apoptotic cascade involved by b-
lapachone, HCT-116 cells were exposed to b-lapachone,
and the levels of Bax and Bcl-2 expression, and in vitro
caspase-3 activity levels were measured. Western im-

munoblotting indicated that treatments of cells with b-
lapachone significantly resulted in a down-regulation

of Bcl-2, however, Bax expression showed no change

(Fig. 3A). Lysates equalized for protein from cells treated

with b-lapachone were assayed for caspase-3 activity

using DEVD-pNA as a substrate. b-Lapachone exposure

significantly increased caspase-3 activity, which could be

partially reversed by the addition of the caspase-3

inhibitor, Ac-DEVD-CHO (Fig. 3B). Associated with

the increase in caspase-3 activity after b-lapachone
exposure, protein analysis of PARP, a target of caspase-3

[15], demonstrated a loss of intensity of its 112-kDa band

with accumulation of the 85-kDa band after b-lapachone
treatment, suggesting cleavage by caspase-3 (Fig. 3C). As

illustrated in Figure 3(C), treatment of HCT-116 cells

with b-lapachone caused a dose-dependent proteolytic

cleavage of b-catenin, which is also reported as a substrate

for active caspase-3 during apoptosis [16].

Inactivation of NF-jB in b-lapachone-induced apoptosis

Since b-lapachone treatment induced apoptosis in HCT-

116 cells and NF-kB is an important regulator of

programmed cell death [17,18], we next investigated

the effects of b-lapachone on the expression level and

binding activity of NF-kB. HCT-116 cells were incubated

in the presence or absence of b-lapachone for 24 h,

harvested, and then nuclear extracts prepared and

immunoblotting performed using an anti-NF-kB anti-

body. As shown by immunoblot analysis (Fig. 4A),

b-lapachone treatment resulted in a dose-dependent

inhibition of NF-kB protein expression. We further

performed EMSA and reporter assay using an oligonu-

cleotide containing the consensus binding site for NF-kB
and NF-kB promoter construct. As compared to un-

treated controls, treatment with b-lapachone inhibited

NF-kB DNA binding and the NF-kB promoter construct

was significantly inactivated (Fig. 4B and C).

Discussion
Recently, increasing interest has been paid to b-
lapachone as a candidate cancer chemopreventive agent.

Several mechanisms of the anticarcinogenic effect of

b-lapachone were investigated. b-Lapachone induces G1

arrest of the cell cycle and induces apoptosis in various

tumor cells, including human leukemic HL-60, breast

carcinoma MCF-7 and prostate carcinoma PC3 cells

[8–11], suggesting that b-lapachone interferes with

proliferation and induces apoptosis in close association

with the G1 arrest. The present data clearly demonstrates

that b-lapachone induces apoptosis in human colon

cancer HCT-116 cells, which appears to account for its

anti-proliferating activity. The induction of apoptotic cell

death by b-lapachone was associated with characteristic

Fig. 3

b-Lapachone exposure inhibits Bcl-2 expression and increases
caspase-3 activity in HCT-116 cells. (A) Western blot analysis of Bax
and Bcl-2 after b-lapachone treatment for 24 h. Whole-cell extracts
were prepared, and the expression levels of Bax and Bcl-2 protein were
examined by Western blotting with anti-Bax and Bcl-2 antibodies, and
the ECL detection system. Actin was used as an internal control. (B)
Cell lysates from cells treated with b-lapachone for 24 h were assayed
for in vitro caspase-3 activity using DEVD-pNA as a substrate. b-
Lapachone exposure significantly increased caspase-3 activity, which
could be partially reversed by the addition of the caspase-3 inhibitor,
Ac-DEVD-CHO. Each point represents the average of two independent
experiments. (C) Cleavage of PARP and b-catenin protein during b-
lapachone-mediated apoptosis in HCT-116 cells. Following treatment
with different concentrations of b-lapachone for 24 h, equal intracellular
proteins were resolved on 10% SDS–PAGE. Proteins were visualized
by Western blotting using anti-PARP and anti-b-catanin antibodies, and
ECL detection.
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morphological changes, such as chromatin condensation

and apoptotic bodies (Fig. 2A). We also observed

internucleosomal DNA fragmentation and an increase of

the sub-G1 population by b-lapachone treatment in a

concentration-dependent manner (Fig. 2B and C), which

support the progress of apoptosis in the b-lapachone-
treated cells.

Apoptosis is a tightly regulated process, which involves

changes in the expression of distinct genes. One of the

major genes involved in regulating apoptosis is the proto-

oncogene Bcl-2 that encodes a 26-kDa mitochondria-

associated protein [19]. It has been reported that Bcl-2

protects against multiple signals that lead to cell death,

suggesting that Bcl-2 regulates a common cell death

pathway and functions at a point where various signals

converge. Bcl-2 also acts to inhibit cytochrome c
translocation from mitochondria to cytoplasm, thereby

blocking the caspase activation step of the apoptotic

process [19]. Thus, it has been suggested that the ratio

between the level of pro-apoptotic Bax protein and that

of the anti-apoptotic factor Bcl-2 determines whether a

cell responds to an apoptotic signal. In the present study,

b-lapachone had no effect on the expression levels of Bax,

whereas the expression of Bcl-2 protein was significantly

decreased in a concentration-dependent fashion

(Fig. 3A).

It becomes evident that the caspase family plays an

important role in driving apoptosis and the key compo-

nents of the biochemical pathways of caspase activation

have been recently elucidated [20]. Among them,

caspase-3, a main executioner of apoptosis, cleaves several

important intracellular proteins, leading to the morpho-

logical and biochemical changes associated with apoptosis

[19,20]. We observed that the induction of apoptosis after

b-lapachone exposure was associated with the activation

of caspase-3, and cleavages of PARP and b-catenin, its
downstream targets (Fig. 3C). In addition, increased

caspase-3 activity by b-lapachone was reversed by the

addition of a specific inhibitor of caspase-3. Therefore,

our data indicate that the pathway for apoptosis by b-
lapachone in HCT-116 human colon cells is in part

through a down-regulation of the anti-apoptotic protein

Bcl-2 without alteration of the expression of Bax and

activation of caspase-3.

Since NF-kB plays a pivotal role in the regulation of

apoptosis, which binds to a set of DNA target sites and

directly regulates expression of genes involved in cell

cycle regulation and apoptosis [21], we explored the

effects of b-lapachone on the expression levels, DNA

binding and transcriptional activities of this transcription

factor. b-Lapachone exposure of HCT-116 cells resulted

in both the down-regulation of NF-kB expression in

nuclei and reduction of NF-kB DNA binding (Fig. 4A and

B). Transcriptional activity of NF-kB in b-lapachone-
treated HCT-116 cells was also significantly down-

regulated in a concentration-dependent manner (Fig.

4C) due to attenuated levels of NF-kB protein. Support-

ing the role of NF-kB as an anti-apoptotic factor includes

the fact that it regulates the expression of multiple pro-

survival Bcl-2 homologs [22] and cells overexpressed with

NF-kB have been shown to be resistant to pro-apoptotic

therapy [23]. Moreover, decreases in NF-kB binding and

transcriptional activity by b-lapachone have been re-

ported with tumor necrosis factor-treated human myeloid

U937 cells [24]. Studies by Planchon et al. also

demonstrated that Bcl-2 overexpression in human mye-

loid leukemia (HL-60) cells prevented all aspects of b-
lapachone-mediated cytotoxicity including an enhance-

ment of survival of b-lapachone-treated cells [25].

Fig. 4

Effect of b-lapachone on expression level, DNA binding and promoter
activity of NF-kB in HCT-116 cells. (A) As detailed in Materials and
methods, nuclear extracts from untreated control and cells treated with
b-lapachone for 24 h were prepared, and 40 mg of protein was
subjected to 10% SDS–PAGE and transferred onto nitrocellulose
membranes. Western blot was detected with anti-NF-kB antibody and
the ECL detection system. (B) EMSA was performed using an
oligonucleotide containing the consensus binding site for NF-kB.
Treatment with b-lapachone significantly inhibited the NF-kB–DNA
binding in a concentration-dependent manner. (C) The NF-kB promoter
constructs fused to the luciferase gene were transiently transfected into
HCT 116 cells. As described in Materials and methods, the cells were
treated with different concentrations b-lapachone for 24 h and
compared the luciferase activity. The results are expressed as the
mean±SD of data from three separate experiments.
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In summary, we demonstrated here that b-lapachone
inhibits not only the expression of Bcl-2 protein, but also

NF-kB DNA binding/transcriptional activities in cultured

HCT-116 human colon cancer cells, suggesting that this

represents an event in the apoptotic cascade by

b-lapachone. Additionally, proteolytic degradation of

several target proteins was associated with activation of

caspase-3 in b-lapachone-treated HCT-116 cells.
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