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Abstract
Background: Human multiple myeloma (MM) remains an incurable hematological malignancy. We
have reported that -lapachone, a pure compound
derived from a plant, can induce cell death in a variety of human carcinoma cells, including ovary,
colon, lung, prostate, pancreas, and breast, suggesting a wide spectrum of anticancer activity.
Materials and Methods: We first studied antisurvival effects of -lapachone in human MM cells
by colony formation assay. To determine whether
the differential inhibition of colony formation occurs
through antiproliferative activity, we performed
MTT assays. The cytotoxicity of -lapachone on human peripheral blood mononuclear cells was also
measured by MTT assay. To determine whether the
cell death induced by -lapachone occurs through
necrosis or apoptosis, we used the propidium iodide
staining procedure to determine the sub-G1 fraction,
Annexin-V staining for externalization of phosphatidylserine, and fragmentation of cellular genomic
DNA subjected to gel electrophoresis. To investigate
the mechanism of anti-MM activity, we examined
Bcl-2 expression, cytochrome C release, and poly

(ADP ribose) polymerase cleavage by Western blot
assay.
Results: We found that -lapachone (less than
4 M) inhibits cell survival and proliferation by
triggering cell death with characteristics of apoptosis in ARH-77, HS Sultan, and MM.1S cell lines, in
freshly derived patient MM cells (MM.As), MM cell
lines resistant to dexamethasone (MM.1R), doxorubicin (DOX.40), mitoxantrone (MR.20), and mephalan (LR5). Importantly, after treatment with -lapachone, we observed no apoptosis in peripheral
blood mononuclear cells in either quiescent or proliferative states, freshly isolated from healthy donors.
In -lapachone treated ARH-77, cytochrome C was
released from mitochondria to cytosol, and poly
(ADP ribose) polymerase was cleaved, signature
events of apoptosis. Finally, the apoptosis induced
by -lapachone in MM cells was not blocked by either interleukin-6 or Bcl-2, which confer multidrug
resistance in MM.
Conclusions: Our results suggest potential therapeutic application of -lapachone against MM, particularly to overcome drug resistance in relapsed patients.

Introduction

plasmocytosis, anemia, renal dysfunction,
bone lesions, and immunodeficiency. Despite
the use of conventional and high dose chemotherapy, the median duration of survival is
6 months when no treatment is given. It remains a challenging disease for current drugs.
Systematic chemotherapy is the main treatment, with which the current median survival
is about 3 years, and fewer than 5% of patients
live longer than 10 years (2). New biologically
based chemotherapies are therefore urgently
needed.

Multiple myeloma is a malignancy that affects
14,400 new individuals in the United States
annually (1). It is a malignant disease of
plasma cells, manifested as excess monoclonal
protein in blood and/or urine, bone marrow
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-Lapachone (3,4-dihydro-2,2-dimethyl-2Hnaphthol[1,2-b] pyran-5,6-dione), a simple
nonwater-soluble orthonapthoquinone, was
first isolated in 1882 by Paterno from the heartwood of the lapacho tree (3,4). The structure
was established by Hooker in 1896, and it was
first synthesized by Fieser in 1927 (3). It can be
obtained by simple sulfuric acid treatment of
the naturally occurring lapachol, which is readily isolated from Tabebuia Avellanedae growing
mainly in Brazil, or is easily synthesized from
seeds of lomatia growing in Australia (5), plants
so abundant that their wood is used for furniture, and leaves for beverage tea. It has been
shown to have a variety of pharmacological effects. Numerous derivatives have been synthesized and tested as antiviral and antiparasitic
agents, and it also has antitrypanosomal effects
(6–8), the mechanism of which is unclear. It significantly prolongs the survival of mice infected
with Rauscher leukemia virus, probably
through inhibition of reverse transcriptase (7,9).
We have demonstrated that -lapachone inhibits viral replication and gene expression directed by the long terminal repeat (LTR) of the
human immunodeficiency virus type I (8).
-Lapachone was investigated as a novel
and potent DNA repair inhibitor that sensitizes
cells to ionizing radiation and DNA damaging
agents (10,11). We have reported that it and its
derivatives inhibit eukaryotic topoisomerase I
through a different mechanism than does camptothecin, which may be mediated by a direct
interaction of -lapachone with topoisomerase
I rather than stabilization of the cleavable complex (12). This unique mode of action and
chemical structure of -lapachone motivated us
to test the sensitivity to this compound of a variety of human cancer cell lines both in vitro and
in vivo (13). We (22) and others have reported
that it induces cell death in human prostate cancer cells. Furthermore, we found that it induces
necrosis in human breast cancer cells, and apoptosis in ovary, colon and pancreatic cancer cells
through induction of caspases (13).
-Lapachone is well tolerated in dogs, rats,
mice, and chickens. The maximum tolerated
dose, when given p.o. daily for 1 month, is
200 mg/kg in rats, and 100 mg/kg in dogs.
Higher doses cause gastric ulceration and loss
of erythrocytes, but not signs of bone marrow
suppression (Ciba-Geigy, personal communication; Li et al., manuscript in preparation).
In the present study, we observed that lapachone suppresses survival and prolifera-
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tion by triggering typical apoptosis in human
multiple myeloma (MM) cells including drugsensitive cells and freshly derived MM cell
from patients, but not of normal peripheral
blood mononuclear cells (PBMCs). Importantly, this effect of -lapachone was also observed in MM cell lines that are resistant to
drugs. -Lapachone induced apoptosis in MM
cells, which was preceded by a rapid release
of cytochrome C, followed by the activation
of caspase and poly (ADP) ribose polymerase (PARP) cleavage. The sensitivity to lapachone was not affected by expression of
Bcl-2, a key mediator of drug resistance in
myeloma cells (14,15). Exogenous interleukin6 (IL-6), an important anti-apoptotic factor for
MM cells (16), did not dampen the apoptotic
effect of -lapachone. This study therefore suggests that -lapachone is a potential new drug
for treating human multiple myeloma.

Materials and Methods
Chemicals
-Lapachone was kindly provided by Dr. A. V.
Pinto. It was dissolved at 20 mM concentration
in dimethyl sulfoxide (DMSO), aliquoted, and
stored at 20C for cell culture use.
Cell Cultures
All cells used in this study were kindly provided by Dr. Kenneth Anderson (Department
of Adult Oncology, Dana-Farber Cancer Institute, Boston, MA, USA). ARH-77 was obtained
from ATTC, DOX40, MR20, and LR5 from Dr.
W. Dolton, and MM.1S and MM.R1 from Dr. S.
Roon. MM.As are a MM patient’s cells.
MM.1R, DOX.40, and MR.20, and LR5 are resistant to dexamethasone, doxorubicin, mitoxantrone, and melphalan, respectively. Cells
were maintained at 37C in 5% CO2 in 100%
humidity, and were cultured in RPMI1640
medium (Life Technologies Inc.), supplemented with 10% FCS, 2 mM L-glutamine.
Colony Formation Assay
Exponentially growing cells were seeded at
2,000 cells/well in six-well plates and were allowed to attach for 48 h. Drugs were added directly in less than 5 l of concentrated solution
(corresponding to a final DMSO concentration
of less than 0.1%). Control plates received the
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same volume of DMSO alone. After 24 h, cells
were rinsed, and fresh medium was added.
Cultures were observed daily for 10 to 20 days,
and then were fixed and stained with modified
Wright-Giemsa stain (Sigma Co., St. Louis,
MO, USA). Colonies of greater than 30 cells
were scored as survivors.
Cell Proliferation Assay
Cell proliferation was determined by 3Hthymidine uptake assays and the 3-[4,5dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (Thiazolyl blue, MTT) assay (Sigma
Co.). The conversion of the soluble yellow dye
to the insoluble purple formazan by the mitochondrial dehydrogenase of viable cells was
used for measurement of cell proliferation (17).
Briefly, cells were plated in a 96-well plate at
20,000 cells/well, cultured for 48 h in complete
growth medium, then treated with -lapachone
for 24 h. MTT solution (5 mg/ml) was added in
1/10 of culture volume to the culture medium,
and after 3 to 4 h, the converted dye was solubilized with acidic isopropanol and optical density
was read with an ELISA reader at a wavelength
of 570 nm with a background subtraction at
630–690 nm (17). For the 3H-thymidine uptake
assays, cells were pulsed with 3H-TdR (Dupont,
Wilmington, DE, USA; 0.5 Ci/well) during the
last 6 h of 1-day cultures, harvested onto glass
filters by use of a HARVESTAR 96 MACH II
(Tomtec, Orange, CT, USA) cell harvester, and
counted on a 1205 Betaplate (Gaithersburg, MD,
USA) scintillation counter (1,18).

(S-100 fraction), and PARP immunoblot analyses. Briefly, cell lysate protein samples were
electrophoresed on a sodium dodecyl sulfatepolyacrylamide gel and then electrophoretically
transferred to nitrocellulose membranes. The
blots were blocked, washed, and incubated with
the Bcl-2 antibody (Oncogene Science), Cambridge, MA, USA or using anti-PARP monoclonal antibody (Pharmingen, San Diego, CA,
USA) at 1:1000 dilution. The filter was then incubated with a second antibody conjugated to
horseradish peroxidase. Finally, the filter was
developed with detection reagents (RPN 2109;
Amersham) and exposed to a hyperfilm-ECL
(RPN 2103). Cytochrome C release was carried
out as previously described (13).

Results
Ablation of Colonies in Human MM Cells
by -Lapachone
To test the antisurvival effect of -lapachone,
drug-sensitive human MM cell line ARH-77,
and DOX40 doxorubicin resistant cells were
treated with -lapachone in vitro. Cell survival
was determined by colony-formation assay
-lapachone decreased cell survival in both cell
lines with an IC90 of 4 M (Fig. 1).

Apoptosis Assay
Apoptosis was determined by three independent assays. One determined the sub-G1 fraction by propidium iodide staining of nuclei as
described previously (13,19,20,22). The second
measured the membrane changes determined
by the externalization of phosphatidylserine (13,21). Briefly, cells were treated with lapachone for 24 h, harvested, washed in PBS,
resuspended in binding buffer, incubated with
annexin V-FITC, and analyzed by flow cytometry. The third assay, by DNA laddering, was
carried out as described (19,20,22).
Western Blot Analysis
Whole cell lysate and S-100 fraction were prepared from exponential growing cells. The ECL
assay system was used for detection of Bcl-2
levels, cytocrome C released from mitochondria

Fig. 1. Inhibition of colony formation by
-lapachone in human multiple myeloma cells.
 ARH-77;  Dox.40. Cell survival was
determined by colony formation assay, as described
in Materials and Methods.
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Differential Effect of -Lapachone on Proliferation
of MM Cells Versus Normal PBMC
To determine whether the differential inhibition
of colony formation occurs through anti proliferative activity, proliferation of MM cells cultured
in the absence or presence of -lapachone (2, 4,
8, and 20 M) for 24 h was measured by MTT
assay. At a concentration of 4 M, the MTT in

Fig. 2. Differential effect of -lapachone on
proliferation of multiple myeloma (MM) cells
vs. normal PBMC. Proliferation of MM cells,
quiescent peripheral blood mononuclear cells
(PBMC) and proliferative PBMC cultured in the
absence of or with -lapachone (0.5, 2, 4, 8, or
20 M) for 24 h was measured by MTT assay. Cells
used include in: (A) ARH-77, MM.1S and
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cultures were evaluated and found to be significantly decreased in all seven MM cell lines
(Fig. 2). There was also a dramatic reduction in
the proliferation of patient’s MM cells (MM.As)
and the drug-resistant MM cells (MM1.R, DOX40, MR.20). No cross-resistance was observed.
The same results could be seen by 3H-thymidine
uptake assay (data not shown).

HSSultan (sensitive MM cell lines), (B) MM.As
(MM patient cell), (C) MM.1R, DOX.40, MR.20
and LR5 (resistant MM cell lines), (D) quiescent
PBMC, (E) proliferating PBMCs (generated by 72 h
incubation with PHA at 2 g/ml). In the absence of
-lapachone, cells were treated with an equal
volume of dimethyl sulfoxide.
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To investigate the cytotoxicity of -lapachone
on human PBMC, the cells were isolated from
anticoagulant-treated blood. Proliferating PBMC
were generated by 72 h incubation with phytohemagglutinin (PHA) at 2 g/ml (24). Growth
of cells cultured in the absence or presence of
-lapachone (0.5, 2, 4, and 8 M) for 24 h was
measured by MTT. No cytotoxity to either fresh
or proliferating PBMC growth was observed
(Fig. 2).
Induction of Apoptosis by -Lapachone
To determine whether the extensive cell death
observed in proliferating human MM cells after treatment with -lapachone is due to apoptosis or necrosis, we performed three independent assays. First, cellular genomic DNA was
subjected to gel electrophoresis, after 24 h drug
exposure. As shown in Figure 3, -lapachone
induced DNA laddering typical of apoptosis.

Fig. 3. Induction of DNA fragmentation by 0,
2, 4, 8 M -lapachone in human multiple
myeloma (MM) cells. DNA laddering, a typical
feature of apoptosis, was induced in: (A) ARH-77
treated with -lapachone, (B) RPMI DOX-40,
(C) MM.AS, (D) MM.1R. After exposure to the
drug for 24 h, genomic DNA was extracted and
subjected to agarose gel electrophoresis (19).

Second, we used PI staining to determine the
sub-G1 fraction as a test for apoptosis. As
shown in Figure 4A, -lapachone treatment
produced an increased fraction of sub-G1 cells.
In the third assay, we determined externalization of phosphatidylserine, as measured by
Annexin-V staining of these cells (Fig. 4B). The
percentage of Annexin V positive cells also increased with treatment, correlating with the
sub-G1 fractions. All these results show that lapachone induced apoptotic death of these
MM cells.
Apoptosis Induced by -Lapachone Is Independent of
Expression of Bcl-2, Is Preceded by Cytochrome
C Release, and Is Followed by PARP Cleavage
Expression of Bcl-2 has been implicated in the
resistance of cancer cells including MM cells to
chemotherapeutic drugs (14,15). To determine
whether apoptosis induced by -lapachone in
MM cells is due to lack of or altered Bcl-2 expression, we applied Western blot assays. Bcl2 was expressed in ARH.77 and MM1.R cells
and was not changed by -lapachone (data not
shown). Therefore, Bcl-2 expression did not
correlate with sensitivity to -lapachoneinduced apoptosis.
To determine if -lapachone triggers cytochrome C release, a marker of apoptosis, MM
ARH77 cells were analysed for cytoplasmic cytochrome C at 2 h after drug treatment. As
shown in Figure 5A, cytochrome C was released into cytoplasm shortly after -lapachone
treatment when cells were fully viable by trypan blue exclusion and MTT assay, suggesting
that cytochrome C release is an early event in
apoptosis of MM cells induced by -lapachone.
Next we examined whether -lapachone induces PARP cleavage, a hallmark of apoptosis
that indicates activation of caspase. As expected, two fragments corresponding to the remaining intact PARP protein (116 KDa) and
the typical apoptotic 85 KDa fragment were visualized (Fig. 5B).

Discussion
Multiple myeloma is a drug-sensitive disease
but the majority of patients with MM acquire resistance to conventional therapy and relapse (2).
Since the introduction of melphalan and prednisone therapy for MM, numerous multidrug
chemotherapies have been tested including Vinca

Y. Li et al.: Potent Induction of Apoptosis

1013

Fig. 4. Induction of apoptosis by -lapachone
in human multiple myeloma (MM) cells. Human
ARH-77, MM1.S, and MM1.R cells were treated
with -lapachone, 0 M (DMSO), 2 M, or 4 M,
for 24 h. They were then subjected to flow cytomet-

ric analysis after staining with propidium iodide
for quantitating the (A) sub-G1 fraction, or for the
(B) analysis of externalization of phosphatidylserine,
as measured by Annexin V staining ( DOX-40,
 ARH-77, ✿ MM.AS).

alkaloids, anthracycline, and nitrosourea-based
treatment (24), but there has been little improvement in outcome over the past three
decades (24,25). Although high-dose therapy
may achive higher response rates overall, and
event free survival, few if any patients are cured.
Thus, new agents to overcome the resistance to
currently applied chemotherapeutic agents and
to improve outcomes are urgently needed.
Previously we found that -lapachone in
moderate dose, when combined with taxol, has
effective anti-tumor activity in a human ovarian, prostate, and breast cancer xenograft models in nude mice. No signs of toxicity to the
mice were observed, and no weight loss was

recorded during the subsequent 2 months following treatment during which the tumors did
not reappear (20). Based on these observations,
we suggested the potential of -lapachone as a
new cancer chemotherapy agent. Now we
show that it has considerable promise for treatment of MM patients.
In this study, we have tested a variety of human MM cells for their sensitivity to -lapachone. Human MM cells were more sensitive
to -lapachone than PBMCs; there was no cell
death effect on PBMC from healthy donors. No
cross-resistance was found with cell lines resistant to corticosteroids, anthracycline, and alkylating agents, the most commonly used agents
Fig. 5. Apoptosis induced by -lapachone is
accompanied by mitochondrial cytochrome C
release and poly (ADP ribose) polymerase
(PARP) cleavage. (A) ARH-77 cells were treated
with dimethyl sulfoxide (DMSO) (lane 1) or lapachone at 4 M for 0.5 h (lane 2), 2 h (lane 3), or
4 h (lane 4). Mitochondrial cytochrome C release
was determined by Western blot assay, as described
in Materials and Methods. (B) ARH-77 cells were
treated with DMSO (lane 1) or -lapachone at 2 M
for 2 h (lane 2), 6 h (lane 3), 12 h (lane 4), 24 h
(lane 5), or 48 h (lane 6). Immunoblot analyses of
the lysates were performed with anti-PARP antibody.
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against MM. Moreover, neither Bcl-2 expression nor exogenous IL-6 protected against apoptosis induced by -lapachone. This apoptosis in
MM cells was correlated with release of cytochrome C, as with gamma irradiation, but in
contrast to dexamethasone (K. Anderson, personal commu-nication), and was confimed by
PARP cleavage. These results combine to suggest that cyto-chrome C release plays an important role in the mechanism of caspase activation, PARP cleavage, DNA fragmentation and
the eventual apop-tosis induced by -lapachone in MM cells.
The molecular mechanism of the observed
apoptotic effect of -lapachone remains to be
determined. DNA topoisomerase I is a potential candidate. Induction of cell death by lapachone was associated with cell cycle delays
at G1 and S phase, unlike most DNA damaging agents which arrest cancer cells at the
G2/M transition. This artificially imposed G1/S
checkpoint delay by -lapachone precedes
p53-independent (20) apoptotic or necrotic cell
death in a variety of human carcinoma cells in
vitro. Both apoptotic and necrotic cell death
induced by -lapachone are preceded by a
rapid release of cytochrome C, followed by activation of caspase 3 in apoptotic cell death but
not in necrotic cell death (13). Further studies
are needed to define the molecular target for lapachone induced apoptosis.
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