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Abstract

Betulinic acid (BA) is a widely available plant-derived triterpene with reported activity against cancer cells of neuroec-
todermal origin and leukaemias. Treatment with BA was shown to protect mice against transplanted human melanoma
and led to tumor regression. Tn contrast, cells from healthy tissues were resistant to BA and toxic side-effects in animals
were absent. These findings have raised interest in the chemotherapeutical anti-cancer potential of BA.

A comprehensive assessment of the efficacy of BA against the clinically most important cancer types is currently lack-
ing. Therefore, we tested the in vitro sensitivity of broad cell line panels derived from lung, colorectal, breast, prostate and
cervical cancer, which are the prevalent cancer types characterized with highest mortalities in woman and men., Multiple
assays were used in order to allow a reliable assessment of anti-cancer efficacy of BA. After 48 h of treatment with BA, cell
viability as assessed with MTT and cell death as measured with propidium iodide exclusion showed clear differences in
sensitivity between cel! lines. However, in all cell lines tested colony formation was completely halted at remarkably equal
BA concentrations that are likely attainable in vivo. Our results substantiate the possible application of BA as a chemo-
therapeutic agent for the most prevalent human cancer types.
© 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Betulinic acid (BA) is a plant-derived pentacyclic
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lupine-type triterpene, which was discovered in a
National Cancer Institute drug screening program
of natural plant extracts, and has been recognized
to possess potent pharmacological properties
f11. BA and derivatives thereof have been
shown to exert anti-inflammatory [2], anti-human
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immunodeficiency virus (anti-HIV) [3,4] and, most
notably, anti-cancer activities. BA can be isolated
from numerous botanical sources [5,6], and its
structurally related precursor, betuline, which can
be readily converted into BA [7), is contained in
higher quantities in widespread plant sources [8];
e.g. betuline constitutes up to 22% of the bark of
the white birch tree (Betula alba) [9].

Initially, BA was reported to induce melanoma-
specific cytotoxicity [1]. In athymic mice that were
challenged with human melanoma xenografts and
treated after one day with BA, tumor development
was strongly impeded. In addition, when treatment
was initiated 41 days after tumor ‘challenge, the
established tumors regressed for more than 80%
[1]. Although in this study the toxicity of BA
towards tumor cell lines from non-melanoma origin
appeared to be limited [1], in subsequent studies it
was revealed that BA induced potent cytotoxicity
in various other tumor types of neuroectodermal
origin next to mejanoma [10-13].

Fulda et al. demonstrated that BA induces apop-
tosis in neuroblastoma, medulloblastoma and
Ewing’s sarcoma cell lines [10], which are the most
common solid tumors in childhood. Sensitivity of
neuroblastoma cell lines for BA<induced apoptosis
was simultaneously observed by Schmidt et al. [11].
Primary tumor cells cultured from medulloblastoma
and glioblastoma [12], glioma cell lines [13] and head
and neck squamous cellular carcinoma cell lines [14]
were also sensitive to BA-induced cytoto xicity. How-
ever, more recent studies disproved the selectivity of
BA for neuroectodermal-derived tumors. Zuco et al.
reported anti-proliferative capacity of BA in vitro in
tumor cell lines originating from different tissues [15].
This study also addressed the in vivo :Lctmty of BA
by showing enhanced survival time in mice grafted
with a human ovarian carcinoma when treated with
BA [15]. Subsequently, BA was also shown to induce
apoptosis in haematological malignancies where
65% of primary pediatric acute leukaemia cells and
all cell lines of this type were sensitive for BA in vitro
[16].

Next to the broad specificity of BA for multiple
tumor types, BA was reported to be devoid of cyto-
toxic effects against healthy cells. Normal human
fibroblasts [15], peripheral blood lymphoblasts
[15], melanocytes [17] and astrocytes [13] were
shown to be resistant against BA treatment in vitro.
Also, systemic in vivo toxicity vy was not apparent in
mice treated with BA up to 500 mg/kg bodyweight
[1,15] and an earlier study did not detect BA-

induced toxicity in rats as monitored with the
so-called Hipocratic screening test [18].

Although the precise mechanisms contributing to
BA-induced cell death have still to be unravelled in
detail, several studies have provided considerable
insight in BA-induced cytotoxicity. BA was shown
to induce apoptosis in a p53-independent manner
[10,13,15,17] by a direct effect on mitochondria
[19] In neuroectodermal cells BA induced mito-
chondrial membrane permeabilization [10,20,21]
facilitating the release of cytochrome C, apoptosis-
inducing factor (AIF) [19] and Smac [16]. Forma-
tion of reactive oxygen species and protein neosyn-
thesis have been reported to be required for BA-
induced cell death [10,13,21] and proapoptotic mito-
gen-activated protein kinases (MAPKS) were found
to be involved [21]. Bcl-2 or Bel-XL overexpression
or treatment with bongkrekic acid, a reported stabi-
lizer of the permeability transition pore complex,
inhibited cytochrome C release and BA-induced
apoptosis [10,13,20]. Finally, reports have also
described that inhibition of topoisomerases may be
involved in BA-induced cell death as an additional
mechanism [22,23].

The, specific cytotoxicity induced by BA in a
diversity of cancer types in conjunction with its lack
of cytotoxicity for healthy cells has raised optimism
that this reagent can be used as a non-toxic anti-
cancer drug. The objective of the current study is
to investigate the anti-tumor efficacy of BA against
prevalent cancer types that are characterized by the
highest mortalities [24],

BA treatment of broad cell line panels was mon-
itored by three different assays to allow a reliable
and representative assessment of BA-induced anti-
cancer effects in these cancer types We report, that
BA-induced cytotoxic and anti-proliferative effects
in cell lines derived from lung, colorectal, breast,
prostate and cervix cancer, thus confirming the
broad specificity of this reagent and substantiating
its possible application in a non-toxic chemotherapy
for these cancer types.

2, Materials and methods
2.1. Reagents

Betulinic acid (A.G. Scientific, San Disgo, CA) was
dissolved in dimethyl sulfoxide (DMSO) at 4 mg/ml and
aliquots were stored prior to use at —80 °C. ZVAD-fmk
(benzyloxycarbonyl—VaI-Ala-Asp—ﬁuoromethylketone)
was obtained from Sigma.
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2.2. Cell lines, healthy cells and cell culture

All cell lines were cultured in IMD medium (Cambrex)
containing 8% fetal calf serum (FCS), 2 mM v-glutamine,
100 U/ml penicillin and 100 pg/ml streptomycin (Life
Technologies, Taby, Sweden) and maintained in logarith-
mic growth phase in 75- or 175-cm? culture flasks (Costar)
prior to BA treatment,

Lung cancer cell lines H460, H322, H187, N417 were
kindly provided by Dr. F. Kruyt (Dept. of Medical
Oncology, VU University Medical Center, Amsterdam,
The Netherlands), and non-small cell lung cancer cell lines
GLC-2, GLC-4 and GLC-36 were kindly provided by Dr.
L. de Leij (Dept. of Pathology and Laboratory Medicine,
University of Groningen, The Netherl ands), Colon cancer
cell lines CO115, SW480, T84, HCT8! and L8180, lung
cancer cell line MBA9812 and prostate cancer cell lines
DU145 and PC3 were kindly provided by J. van Eenden-
burg and Dr. A. Gorter (Dept. of Pathology, Leiden Uni-
versity Medical Center, The Netherlands). Breast cancer
cell lines MCF7, SKBR3, MDA-231, MDLI13E, BT474
and T47D were kindly provided by Dr, E. Verdegaal
(Dept. of Clinical Oncology, lLeiden University Medical
Center, The Netherlands). Breast cancer cell lines
BT483, BT549 and ZR-75-1, and prostate cancer cell line
22Rvl were obtained from the American Type Culture
Collection. All other cell lines are from our laboratary,

Peripheral blood menonuclear cells (PBMC), eytotoxic
T lymphocytes (CTL) clones and activated B cells were
generated from blood obtained from healthy donors and
cultured with cytokines to maintain viability as described
[25]

2.3. Analysis of cell death and cell viability

Adherent cells were seeded in 6-well plates (300,000
cells/well) 24 h prior to BA application. Suspension cells
were seeded in 12-well plates (300,000 cells/well) directly
before addition of BA.

Cells were treated with BA at indicated concentrations.
To exclude differential effects of DMSO, for all concentra-
tions as well as the control, DMSO was compensated to
an equal concentration of 0.5%. Cells were harvested at
indicated time points, resuspended in 1 ml IMDM com-
plete medium and subsequently divided over the three dif-
ferent assays, which guaranteed equal treatment levels.

Cell death was determined by propidium iodide (PIL;
Molecular Probes) exclusion as previously described
[26]. In short, treated cell lines were harvested and cell
samples of 300 pl were stained with PI at 1 pg/ml for
15 min. Samples were measured by flow cytometry using
a FACSCalibur system (Becton Dickinson, San Jose,
CA, USA) and analysed using CellQuest software.

For quantification of apoptotic DNA fragmentation
(Nicoletti assay) cells were resuspended in Nicoletti buffer
containing 50 pug/mi PI for at least 24 h as described [27],

subsequently flow cytometric measurement of Pl-stained
nuclei was performed.,

For the MTT (3-(4,5-dimethylthiazol-2-yl1)-2,5-diphe-
nyltetrazolium bromide) viability assay [28], which mea-
sures metabolic activity, 100 1 of the treated cells were
tested in triplicates in 96-well plates, subsequently 20 pul
MTT (2.5 mg/ml) was added and 2 h later 100 1l solubili-
sation buffer (75% DMSO, 5% SDS) was added. Optical
density (OD) was measured after 24 h at 560 nm (refer-
ence wavelength 655nm) using a spectrophotometer.
For data analysis, the background OD (100 pl medium
without cells, 20 Il MTT, 100 pl solubilisation buffer)
was subtracted from each sample value. In experiments
where caspase dctivity was blocked with the pan-caspase
inhibitor zVAD.fimk, 20 yM was applied 2 h prior to
BA-treatment and every 12h additional zVAD.fmk
(10 uM) was added.

2.4. Clonogenic assay

Depending on the plating efficiency of each cancer cell
line, 100-1000 cells were seeded in duplicates in 6-well
plates. BA was applied after 24 h at indicated concentra-
tions and cells were cultured without change of medium
until macroscopic colonies were detected in the untreated
control (usually about 6-8 days). Colonies were counted
after fixation with 6% glutaraldehyde and staining with
crystal violet.

2.5. Immunoblot analysis of cleaved poly-ADP ribose
polymerase (PARP)

PARP Western analysis was performed essentially as
described before [29] In short, cells were lysed for
20 min at 4 C in Triton X-100 buffer (1 x 1075 cells per
40 pl) and centrifuged at high speed for 8 min. Samples
of 500,000 cells were loaded per lane. Proteins were sepa-
rated by 8% sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a palyvi-
nylidene fluoride (PVDF) transfer membrane (Amersham
Biosciences, Piscataway, NJ). The blot was blocked with
5% low fat milk powder (in phosphate-buffered saline
(PBS), 0.2% Tween 20) and probed with primary anti-
PARP polyclonal antibody (1:2500, Cell Signaling) over-
night. The membranes were washed in PBS with 0.1%
Tween, incubated with horseradish peroxidase (HRP)
conjugated anti-rabbit IgG (1:10,000) as secondary anti-
body (Southern Biotechnology Associates, Birmingham,
Al) and visualized by chemiluminescence (ECL; Amer-
sham Biosciences). Experiments were repeated two times.

3. Results

BA has been reported to be active against cancer cell
lines from neuroectodermal origin [10-13]. However,
since additional data also suggested activity of BA against
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various different cancer types, we set out to investigate its
cytotoxic potential in a panel of cell lines of those preva-
lent cancer types that are characterized with the highest
mortality rates.

In the US, breast cancer and prostate cancer are the
most commonly diagnosed cancer types for women and
men, respectively, However, mortality rates show that
lung cancer is the most common fatal cancer in men
(31%), followed by prostate cancer (10%) and colorectal
cancer (10%). In women, lung (27%), breast (15%) and
colorectal cancer (10%) are the leading causes of cancer
death [24]. In contrast, in the developing countries cervical
cancer is most frequently resulting in cancer death among
woman [30,31].

A comprehensive survey of BA-induced cell death for
these cancer types has not yet been conducted, Only frag-
mentary and soretimes conflicting reports revealed that
cell lines derived from lung cancer [15,32,33], colon cancer
[34), prostate cancer [34] and cervical cancer [15] can be
sensitive to BA-treatment. Therefore, in the current study,
broad cell line panels derived from these tumor types were
collected and tested for BA sensitivity in multiple assays
monitoring overall cell death, metabolic activity as a mea-
sure for cell viability and clonogenic survival. First, the T
cell leukaemia cell line Jurkat was tested as a positive con-
trol to validate our assays and compared to healthy cell
types to confirm the reported relative non-toxicity of BA
against non-cancer cells under our cxperimental
conditions.

3.1. Sensitivity to BA treatment of the Jurkat leukaemia
cell line and healthy celis

Because BA has been reported to aci via different path-
ways [5], overall BA-induced cell death was our primary
focus. In addition, cell metabolism and viability were
assessed by the MTT dye assay. Moreover, the percentage
of cells showing DNA fragmentation, which is one of the
typical characteristics nf apoptosis, was measured. The
Jurkat T cell leukaemia cell line (variant J16 [35]) was cho-
sen as positive control because it was proven sensitive for
BA treatment before [16]. Analysis of flowcytometric mea-
surements (Fig. 1A) showed that BA applied at 10 pg/ml
induced cell death that was dependent upon length of
incubation, starting with approximately 30% cell death
after 24 h and leading to more than 80% cell death after
3 days of incubation (Fig. 1B). This coincided with a
comparable level of cells displaying DNA fragmentation
at these time points (Fig. 1B). Remarkably, cell metabo-
lism, as measured in the MTT assay, was affected much
more rapidly when J16 was treated with 10 pg/ml BA. In
this assay, inhibition was already observed after 6 h. This
difference between the sensitivity of T16 for BA observed
in the MTT assay and the cell death assay was also
observed in dose response curves. That is, a sharp
decline in MTT conversion was observed already with

2.5 pg/ml BA treatment, whereas BA concentrations of
7.5 pg/ml and higher were needed to induce cell death
and DNA fragmentation at the same time point (48 h)
(Fig. 1C). Nevertheless, concentrations of 10 pg/ml and
higher resulted in comparable toxicity when measured
by MTT conversion, PI exclusion and DNA fragmenta-
tion (Fig. 1C). This suggests that BA has a stronger
effect on MTT conversion and affects membrane
integrity (PI) and apoptosis (Nicoletti) only at higher
concentrations.

To which extend the cell death induced by BA is fully
caspase-dependent is still a matter of debate [5]. We there-
fore treated J16 with BA under conditions where caspase
activity was abrogated by co-treatment with the pan-cas-
pase inhibitor ZVAD-fink. This resulted in a complete
inhibition of DNA fragmentation (Fig. 1D) and (cas-
pase-mediated) cleavage of Poly(ADP-ribose) polymerase
(PARP) (Fig. LH). However, the overall induction of cell
death was not reduced at all by ZzVAD.fink co-treatment
(Fig. 1B), indicating that BA-mediated cytotoxicity ensues
as efficiently when caspases are blocked. Such caspase-in-
dependent cell death has been described for other chemo-
therapeuticals as well [36].

Because BA-induced cytotoxicity is often measured in
serum-free or low serum conditions in the literature [16],
we compared the results of BA treatment of J16 in the
presence and absence of fetal calf serum (FCS). Without
FCS, J16 was more sensitive for BA (Fig. 1F), which
may reflect the additional effect of growth factor depriva-
tion or may be due to the fact that BA is sequestered by
serum proteins.

Finally, to ascertain that BA is non-toxic to healthy
cells as was reported before [15], we tested human
blood-derived PBMC, cytotoxic T lymphocyte clones
and activated B cells. These cell types were highly resistant
for BA-induced cytotoxic effects as measured with PI
exclusion after 48 h (Fig. 1G), which is in line with the
literature [15].

The primary interest of the current study is to test
BA-induced anti-cancer effects irrespective from the
precise mechanisms attributing to it. However, as BA
may induce cell death by multiple, likely intertwined,
and possibly cell type-dependent mechanisms, we decided
to test for multiple read-outs. In the first place, the cancer
cell lines were screened for overall cell Jethality by
PI exclusion after 48h incubation with different
concentrations of BA, Additionally, effects on cell survival
and proliferative capacity were monitored by a clonogenic
growth assay, which is time-point-independent. Finally,
the MTT assay was included in the screening because it
was found to sensitively monitor an early inhibition of cell
metabolism at low BA concentrations that is missed by
measuring PI exclusion alone (Fig. 1B). The assays
were performed in the presence of FCS because this more
physiologically mimics in vivo circunmistances than serum-
free conditions.
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3.2. Sensitivity 1o BA treatment of lung cancer cell lines

A panel of 10 Iung cancer cell lines was collected. This
panel was chosen to consist primarily of cell lines derived
from non-small cell lung cancer (NSCLC) because this is
the most common form of lung cancer, accounting for
80% of all lung cancer cases (in the US). Non-small cell
lung cancer cell lines SW1573, H460, A549, H322, GLC-
2, GLC-4, GLC-36 and small cell lung cancer lines
H187, N417 and MBA9812 were tested in the three assays
aforementioned (Fig. 2). Overall cell death, as measured
by PI exclusion, showed that four cell lines (A549, H187,
N417, MBA9812) were efficiently killed with BA treatment
at 20 pg/ml, because less than 10% of the cells were viable
after 48 h incubation (Fig. 2 and Table 1). At the other end
of the spectrum, half maximal cell death at 48 h was not
reached for SW1573. The remaining five cell lines dis-
played intermediate BA sensitivity. The BA concentration
needed for half maximal cell death (50% effective concen-
tration; ECsp) at 48h for the lung cancer cell lines
(8W1573 excluded) ranged from 6.1 to 12.3 pg/ml (Table
1). In contrast, all lines that could be tested in the
clonogenic assay (8 out of 10) were halted in their growth
and mostly at concentrations that were lower than
the ECsy derived from the PI exclusion assay (Fig. 2 and
Table 1).

Measurement of MTT conversion at 48 h showed a
biphasic character for most cell lines, i.e. a sharp decrease
was observed at low BA concentrations (up to 2.5 pg/mi),
followed by a more gradual decline at higher BA concen-
trations. Overall, in the MTT assay, 50% reduction in
MTT conversion was reached for all 10 lung cancer cell
lines and ranged from 1 to § pg/ml (Table 1). The BA-in-
duced effects in the MTT assay were more intense thau the
cytotoxic effects measured with PI exclusion for all these
cell lines (Fig. 2 and Table 1).

3.3, Sensitivity to BA treatment of colorectal cancer cell
lines

A panel of 10 colorectal cell lines, consisting of rectal
cancer cell lines, SW1463 and SW837, and colon cancer
cell lines, RKO, COI115, SW480, T84, HCT81, DLDI,
HT29 and L3180, was tested for BA-induced cytotoxic
effects. Marked differences between the cell lines were

observed for overall cell death at 48 h as measured by
PT exclusion. This ranged from sensitive cell lines, e.g.
for the most sensitive cell line RKO only 5% viable cells
were left after treatment with 20 pg/ml BA, to relatively
insensitive cell lines, e.g. half maximal lysis (ECsp) was
not reached for DLD1 and HT29 at the highest concen-
tration tested (Fig. 3). ECsp values in the cell death assay
for the colorectal cell lines, excluding DLD1 and HT?29,
ranged from 3.8 to 16.4 pg/ml BA (Table 1).

Despite this incomplete cytotoxic effect at 48 h, all cell
lines were completely inhibited in their clonogenic growth
by BA treatment. Clonogenic proliferation of nine out of
the 10 cell lines was halted at 10 pg/ml BA or below, while
only HCT81 was slightly less sensitive (colony formation
was inhibited at 12.5 pg/ml) (Fig. 3 and Table 1). Thus,
long-term incubation with BA resulted in a complete anti-
proliferative and/or cytotoxic effect for all colon cell lines
tested. Similar to the lung cancer cell lines, viability of all
colon cancer cell lines in the MTT assay was affected by
treatment with BA concentrations that were lower (ECsq
range 2.5-11.6 pg/ml) than the BA concentrations needed
for half maximal cell death at 48 h (Fig. 3 and Table 1).

3.4. Sensitivity to BA treatment of breast cancer cell lines

Subsequently, BA treatment of nine breast cancer cell
lines (MCF7, SKBR3, MDA231, MDLI3E, BT483,
BT474, T47D, BT549, ZR-75-1) was analysed.

Two of these cell lines, MCF7 and ZR-75-1, were
almost resistant to BA-induced cell death at 48 h when
assayed with PI exclusion (Fig. 4). Apart from MCF7
and ZR-75-1, the 7 other breast cancer cell lines reached
half maximal lethality with BA concentrations ranging
from 5.5 to 16.2 jlg/ml (Table 1). In some of these cell
lines the highest BA concentration tested (20 pg/ml)
induced significant levels of cell death, e.g. BT549 was
killed for 95% after 48 h, others were less sengitive (miax-
imal lethalities induced by 20 pg/ml BA varied between
95% and 44%) (Fig. 4). In the clonogenic assay, the six
breast cancer cell lines that could be tested (BT483,
BT474 and ZR-75-1 failed to form colonies at all) were
all halted in their clonogenic potential at 7.5 or 10 pg/
ml, indicating a blockage of clonogenic growth at
relatively low BA concentrations as compared to the other
assays (Fig. 4 and Table 1). It should be noted that

Fig. 1. BA sensitivity of T cell leukemia cell line Jurkat and healthy cells. PI exclusion was used to measure cell death (A), DNA
fragmentation to measure apoptosis (@), and the MTT dye assay to measure cell viability (¥) (symbols used in (B-D) and (G)). (A)
Flowcytometric FL3 histograms of Jurkat cells (J16) treated with BA (10 pg/ml) after cellular staining with PI (to measure cell death) or
nuclear staining with PI (to measure DNA fragmentation). (B) Kinetics of BA-induced effects in Jurkat cell line when treated with 10 re/
ml BA. (C) Dose-tesponse curves of BA treatment neasured at 48 h. (D) Dose-response curves of DNA fragmentation and MTT
conversion at 48 h in the presence of pan-caspase inhibitor zVAD.fmk., (E) Dose-response curves of BA treatment in the cell death assay at
48 b with and without pan-caspase inhibitor ZVAD.fmk, (F) Dose—response curves of BA treatment at 48 hr in conditions of secum-free
medium. (G) Dose—response curves in the cell death assay of healthy cell types (PBMC, CTL clones and activated B cells) after 48 h of BA
treatment. (H) BA (10 pg/ml) induced PARP cleavage measured at 48 h in the presence and absence of zVAD.fmk. Anti-APO! induced
PARP cleavage was included as control. Mean values and error bars (SEM) are derived from at least three experiments performed.
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Fig. 2. BA sensitivity of 10 lung cancer cell lines. Cytotoxic effects measured with PT exclusion at 48 h (4), cell viability measured at 48 h
with MTT conversion (V) and clonogenic growth (B) were tested for the indicated concentrations of BA.
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Table 1

BA sensitivity of lung, colorectal, breast, prostate and cervical cancer cell lines

Cancer type Clonogenic growth halted at* (pg/mi) Cell death® Viability® ECsp (SEM) (pg/ml)
ECso (ng/ml) Max % at 20 pg/ml
Lung cancer
SW1573 10 NRH 47 2.2 (0.3)
H460 7.5 6.1 75 3.8 (0.9)
AS549 7.5 8.3 90 2.6 (0.1)
H322 7.5 12.3 55 7.3(0.3)
GLC-2 7.5 8.8 65 6.8 (0.1)
GLC4 7.5 10.0 70 5.9 (0.2)
GLC-36 5 9.6 75 8.0 (0.1)
H187 NT? 8.7 92 2.1 (0.1)
N417 NT 6.2 85 1.0 (0.1)
MBA9812 7.5 7.6 99 2.3 (0.4)
Colorectal cancer
SW1463 10 3.8 69 2.8 (0.3)
SW837 7.5 11.3 75 8.6 (0.3)
RKO 7.5 9.5 95 8.6 (0.3)
COl15 10 12.2 60 5.8 (L7)
SW480 5 15.1 61 2.5(0.1)
T84 10 11.3 61 11.6 (0.3)
HCTS81 12.5 16.4 54 6.7 (1.7)
DLD1 10 NR 45 2.5(0.2)
HT29 10 NR 40 52(02)
LS180 10 11.7 62 7.7 (1.1)
Breast cancer
MCF7 10 NR 22 83(1.2)
SKBR3 7.5 16.2 46 5.7(0.1)
MDA231 7.5 104 63 6.4 (0.1)
MDLI13E 7.5 11.5 71 2.4(0.1)
BT483 NT 12.8 67 11.6 (0.1)
BT474 NT 12.1 79 5.8(1.2)
T47D 7.5 13.0 56 25 (0.1)
BT549 7.5 5.5 95 3.3(0.1)
ZR-75-1 NT NR 11 NR
Prostate cancer
DUI145 7.5 11.6 63 5.3(0.3)
PC3 7.5 12.3 58 2.3 (0.3)
22Rv1 5 10.1 73 8.2 (0.1)
I.NCaP 7.5 11.9 65 2.8 (0.5)
Cervical cancer
CaSki 7.5 9.6 63 6.7 (0.2)
Hela 7.5 14.3 60 1.8 (0.1)
SiHa 7.5 11.8 67 5.0 (0.8)

* BA concentration at which clonogenic growth stopped was determined in duplicate with equal results.

b

Cell death as measured with PI exclusion at 48 h. Both ECsp and % cell death with 20 pg/ml BA are provided.

© Cell viability as measured in triplicate by the MTT assay at 48 h. ECsy and SEM values are provided.

d

MCEF7, which completely lacked BA-induced cell death at
48 h, was among these cell lines. Importantly, this cell line
is caspase 3- and 10-deficient [37], which indicates that
caspase 3/10-deficiency does not protect MCF7 from an
abrogated colony formation induced by BA treatment,
which is consistent with the fact that zVAD.fmlc did not
protect Jurkat T cells (Fig. 1E). In the MTT assay we
again observed a biphasic character of BA-sensitivity in

NR, not reached; NT, not tested (no colony formation in the untreated control).

seven out of nine breast cancer lines. This consisted of a
sharp decline in MTT conversion at low BA concentra-
tions followed by a more gradual reduction at higher con-
centrations. Only BT483, lacking the initial high
responsive phase, and ZR-75-1, lacking the further reduc-
tion in MTT conversion with BA treatinent above 2.5 pel
ml, did not show this biphasic response pattern. Thus,
ZR-75-1 was the only cell line showing high resistance
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48 h with MTT conversion (V) and clonogenic growth (H) were tested for the indicated concentrations of BA.
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Fig. 4. BA sensitivity of nine breast cancer cell lines. Cytotoxic effects measured with PI exclusion at 48 h (A), cell viability measuted at
48 h with MTT conversion (V) and clonogenic growth (B) were tested for the indicated concentrations of BA.

against BA treatment in both the cell death assay and
MTT conversion assay. The other breast cancer cell lines
were highly sensitive for BA in the MTT assay and the
LCsp values in this assay, yuuging fow 2.4 o 11.6 pg/
ml, were considerably lower than the BA concentrations
needed for half maximal cell death measured by PI
exclusion.

3.5. Sensitivity to BA treatment of prostate and cervix
cancer cell lines

Finally, we tested cell line panels derived from prostate
cancer (DU145, PC3, 22Rvl, LNCaP) and from cervix
carcinoma (CaSki, HeLa, SiHa). Where prostate cancer
is the second cause of death from cancer in man [24], cer-
vical cancer is leading to the highest cancer mortality in
women in developing countries [30].

In general, treatment with BA of these cell lines
resulted in a similar response pattern as observed in ung,
colorectal and breast cancer cell lines. Maximal levels of

cell death in these seven cell lines after treatment with
20 pg/ml BA for 48 h ranged from 73% to 58% as mea-
sured with PI exclusion (Fig. 5 and Table 1) and the
ECsy values in this assay varied between 9.6 and
14.3 pg/ml for prostate and cervix cancer cell lines togeth-
er (Table 1). Clonogenic growth was halted at 7.5 pg/ml
for all cell lines, except 22Rv1 which was slightly more
sensitive (Fig. 5). In all cell lines, a sharp decrease in the
level of MTT conversion was again observed at low BA
concentrations and the half maximal effect in this assay
was reached at markedly lower concentrations of BA than
the ECsp values in the PI exclusion assay (Table 1).

4, Discussion

Although the efficacy of chemotherapy and other
standard therapies for the majority of cancer types
has been improved during the last decades, the treat-
ment of most human malignancies is still facing high
mortality rates. Moreover, toxic side-effects of the
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Fig. 5. BA sensitivity of four prostate cancer cell lines and three cervical cancer cell lines. BA sensitivity of four prostate cancer cell lines
(DU145, PC3, 22Rv1, LnCaP) and three cervical cancer cell lines (CaSki, HeLa, SiHa) as measured with three different assays. Cytotoxic
effects measured with PI exclusion at 48 h (4), cell viability measured at 48 h with MTT conversion (V) and clonogenic growth (8) were

tested for the indicated concentrations of BA.

current chemotherapeutical drugs are often causing a
severe reduction in the quality of life. Therefore, the
development of novel potent, but non-toxic anti-can-
cer reagents is worth a continuous effort. Since its re-
discovery in the 1990s BA has attracted considerable
attention as a potential anti-neoplastic drug that may
lack toxic effects towards healthy tissues.

The results of the current study show that BA
treatment halted in vitro clonogenic growth of all
cell lines tested — either derived from Iung, colorec-
tal, breast, prostate or cervix cancer — at remarkable
uniform concentrations. Twenty-seven out of thirty-
one cell lines that were tested stopped to develop
colonies at either 7.5 or 10 pg/mi and the other four
cell lines showed only slightly different sensitivities
in this assay (Table 1). A much greater variety
between the cell lines was observed in overall cell
death after 48 h. Treatment with 20 pg/ml BA

resulted in maximum lethalities at 48 h ranging from
over 90% in five cell lines (derived from lung, colon
and breast cancer) to less than 25% in breast cancer
cell lines MCF7 and ZR-75-1 (Table 1). For MCF7
this may be explained by its deficiency in caspase 3
and 10 [37], with that depriving this cell line from a
main component (caspase 3) in the downstream
apoptosis pathway. It should be noted, however,
that co-treatment of BA together with ZVAD.fmk
did not result in a significantly reduced cytotoxicity
in Jurkat cells (Fig. 1E), suggesting that caspase 3
deficiency is not the primary reason for the resis-
tance of MCF7 after 48 h. Importantly, the results
of long-term BA treatment in the clonogenic assay
suggest that BA-induced cell death is rather delayed
than absent in this cell line.

Despite the big differences in lethality within the
different panels (as measured by PI uptake after 48 h
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treatment with 20 pg/ml BA) there were no major
differences in BA-induced cell death between the
panels (Table 1). Our observations indicate an
approximate equal sensitivity for BA-induced cell
death of Iung cancer, colorectal cancer, breast can-
cer, prostate and cervix cancer,

The anti-tumor activities of BA in the cell death
assay after 48 h either expressed as ECs, value or as
maximal lethality with 20 pg/m1BA, did not correlate
with BA sensitivities in the clonogenic assay. It is of
note, for instance, that four out of the five cell lines
that were not half maximally killed with 20 pg/ml
BA treatment (SW1573, DLD1, HT29 and MCF7),
were not more resistant for BA in the clonogenic
assay when compared to the cell lines that did reach
half maximal cell death. The most remarkable cell line
in this respect was MCF7, which displayed only low
level of cell death after 48 h, while colony formation
was completely halted at 10 pg/ml. Therefore, BA
treatment induced either strong cytostatic effects or
late cytotoxic effects. The latter is more likely as we
did not observe living cells after a week culture, indi-
cating that MCF7 cells do die later on in culture.

The MTT conversion assay was included in the
current study because it has frequently been used
to monitor BA activity [15,32,34,38-43] and because
our results in the Jurkat cell line showed an early
BA effect at low concentrations in this assay that
was missed by monitoring cell death only (Fig. 1).
In the panels of cancer cell lines, we also observed
a sharp drop in MTT conversion at low BA concen-
trations (Figs. 2-5). With the exception of ZR-75-1,
all cell lines reached a half maximal reduction in
enzymatic MTT conversion at BA concentrations
that were consistently lower than those needed for
half maximal cell death as measured by PI exclusion
(Table 1). For ZR-75-1, which was also refractory in
the PI uptake assay, the clonogenic potential could
not be assessed. Therefore, this is the only cell line
for which we can not make a final judgment of its
overall BA sensitivity.

We can state that it is vital to analyse multiple
assays in order to determine the efficacy of BA.
For instance, the moderate cell lethality observed
in some cell lines at 48 h suggested the existence of
cell lines that are (partially) refractory to BA, but
monitoring of colony formation revealed that BA
was toxic at relatively low concentrations in all cell
lines tested (Table 1). On the contrary, our results
show that the MTT assay may lead to an overesti-
mation of the anti-cancer capacity of BA when com-
pared to the inhibition of colony formation. Thus,

the current study demonstrates the importance to
monitor BA-induced effects by a combination of dif-
ferent assays to allow a comprehensive evaluation of
the anti-cancer efficacy of BA. In this light it is
important to note that some of the cell lines tested
in the current study have previously been reported
to be insensitive for BA. For instance, MCF7
(breast cancer) and HT29 (colon cancer) were found
resistant when DNA fragmentation was monitored
[10], however our approach identified these cell lines
sensitive for BA in the MTT and clonogenic assays
(Table 1). For MCF7, BA sensitivity in the MTT
assay has also been observed by Amico et al. [38].
Similarly, BA-induced effects in LNCaP [1] and
DU145 [32] (prostate cancer) were reported to be
only minimal, whereas we identify these cell lines
as sensitive using the different assays (Table 1).
Our study does confirm the BA sensitivity of non-
small cell lung cancer cell lines A549 [33] and
H460 [15] and prostate cancer line PC3 [34].

In the literature only a few cancer cell lines have
been tested for BA-induced effects by the clonogenic
assay [17,44,45], and none of the cancer cell lines
tested in the current study have been monitored
before in this assay. Differences between our results
and the literature in the assessment of BA sensitivity
of some of the current cancer cell lines (HT29,
LNCaP, DUI145) can be attributed mainly to the
inclusion of the clonogenic assay in our study. The
multiple mechanisms that possibly contribute to
the cytotoxic and/or cytostatic effects of BA render
the clonogenic assay, which is monitoring effects
after relatively long incubation times and indepen-
dent of the mechanism, an especially suitable assay
to evaluate the anti-cancer potency of BA,

Overall, the results presented here identify cell
lines derived from lung, colorectal, breast, prostate,
and cervix cancer to be sensitive for BA treatment
in vitro. Therefore, our study further substantiate
the notion that BA is an anti-cancer reagent with
a broad specificity that is not restricted to tumors
from neuroectodermal origin only {15,16]. Although
in the cell death and MTT assays clear differences
between the cell lines were observed (Table 1) and
in the cell death assay partially refractory cell lines
were found, the BA concentration at which colony
formation was halted appeared remarkably equal
for all cell lines tested, irrespective of the originating
cancer source. A further evaluation of the potential
applicability of BA as drug for the treatment of
these clinically most important cancer types now
urgently awaits animal studies. The documented
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low toxicity of BA against human primary cells of
healthy tissues in vitro [13,15,17], which we con-
firmed (Fig. 1G), as well as the reported absence
of toxic side-effect in mice and rats [1,15,18)], raise
hope that the therapeutic window of BA is broad
enough to reach therapeutic and/or prophylactic
anti-cancer effects in vivo.

Acknowledgements

We thank Dr. F. Kruyt (Dept. of Medical Oncol-
ogy, YU University Medical Center, Amsterdam,
The Netherlands) and Dr. L. de Leij (Dept. of
Pathology and Laboratory Medicine, University of
Groningen, The Netherlands) for kindly providing
lung cancer cell lines, J. van Eendenburg and Dr.
A. Gorter (Dept. of Pathology, Leiden University
Medical Center, The Netherlands) for providing co-
lon and prostate cancer cell lines, and Dr. E, Ver-
degaal (Dept. of Clinical Oncology, Leiden
University Medical Center, The Netherlands) for
the gift of breast cancer cell lines.

References

[I]E. Pisha, H. Chai, LS. Lee, T.E. Chagwedera, N.R.
Farpsworth, G.A. Cordell, C.W. Beecher, H.H. Fong,
A.D. Kinghorn, D.M. Brown, M.C., Wani, M.E. Wall, T.J.
Hieken, T.K. Das Gupta, J.M. Pezzuto, Discovery of
betulinic acid as a selective inhibitor of human melanoma
that functions by induction of apoptosis, Nat. Med. 1 (1995)
1046-1051.

[2] P.K. Mukherjee, K. Saha, J. Das, M. Pal, B.P. Saha, Studies
on the anti-inflammatory activity of rhizomes of Nelunibo
nucifera, Planta, Med. 63 (1997) 367--369.

{3] T. Fujioka, Y. Kashiwada, R.E. Kilkuskie, L.M. Cosentino,
L.M. Ballas, J.B. Jiang, W.P, Janzen, 1.S. Chen, K.H. Lee,
Anti-AIDS agents. 11. Betulinic acid and platanic acid as
anti-HIV principles from Syziglum claviflorum and the anti-
HIV activity of structurally related triterpenoids, J. Mat.
Prod. 57 (1994) 243-247.

[4] F. Li, R. Goila-Gaur, K. Salzwedel, N.R. Kilgore, M.
Reddick, C. Matallana, A. Castillo, D. Zoumplis, D.E.
Martin, J.M. Orenstein, G.P. Allaway, E.O. Freed, C.T.
Wild, PA-457: a potent HIV inhibitor that disrupts core
condensation by targeting a late step in Gag processing,
Proc. Natl, Acad. Sci. USA 100 (2003) 13555-13560.

[5] D.A. Eiznhamer, Z.Q. Xu, Betulinic acid: a promising
anticancer candidate, IDrugs 7 (2004) 359-373.

[6] R.H. Cichewicz, S.A. Kouzi, Chemistry, biological activity,
and chemotherapeutic potential of betulinic acid for the
prevention and treatment of cancer and HIV infection, Med.
Res. Rev. 24 (2004) 90-114.

{7] D.S. Kim, Z. Chen, Tuyen Nguyen, J.M. Pezzuto, S. Qiu, Z.
Lu, A concise semi-synthetic approach to betulinic acid from
betulin, Syn. Commun. 27 (2003) 1607-1612.

[8] E.W.H. Hayek, U. Jordis, W. Moche, F. Sauter, A bicen-
tennial of betulin, Phytochemistry 28 (1989) 2229-2242.

[9] Margaret M. O’Connel, Michael D. Bentley, Christopher S.
Campbell, Barbara J.W. Cole, Betulin and Lupeol in bark
from four white-barked birches, Phytochemistry 27 (1998)
2175-2176.

[10] S. Fulda, C. Friesen, M. Los, C. Scaffidi, W, Mier, M.
Benedict, G. Nunez, P.H. Krammer, M.E. Peter, K. M.
Debatin, Betulinic acid triggers CD95 (AFPO-1/Fas)- and
p53-independent apoptosis via activation of caspases in
neuroectodermal tumors, Cancer Res. 57 (1997) 4956-4964.

[11] M.L. Schmidt, K.L. Kuzmanoff, L. Ling-Tndeck, J.M.
Pezzuto, Betulinic acid induces apoptosis in human neuro-
blastoma cell lines, Eur. J. Cancer 33 (1997) 2007-2010.

[12] S. Fulda, I. Jeremias, H.H. Steiner, T. Pietsch, K.M.
Debatin, Betulinic acid: a new cytotoxic agent against
malignant brain-tumor cells, Int. J. Cancer 82 (1999) 435-
441,

[13] W. Wick, C. Grimmel, B. Wagenknecht, J. Dichgans, M.
Weller, Betulinic acid-induced apoptosis in glioma cells: a
sequertial requirement for new protein synthesis, formation
of reactive oxygen species, and caspase processing, J.
Pharmacol. Exp. Ther. 289 (1999) 1306-1312.

[14] D. Thurnher, D. Turhani, M. Pelzmann, B. Wannemacher,
B. Knerer, M, Formanek, V. Wacheck, E. Selzer, Betulinic
acid: a new cytotoxic compound against malignant head and
neck cancer cells, Head Neck 25 (2003) 732-740.

[15] V. Zuco, R. Supino, S.C. Righetti, L. Cleris, E. Marchesi, C.
Gambacorti-Passerini, F. Formelli, Selective cytotoxicity of
betulinic acid on tumor cell lines, but not on normal cells,
Cancer Lett. 175 (2002) 17-25.

[16] H. Ehrhardt, S. Fulda, M. Fuhrer, K.M. Debatin, I.
Jeremias, Betulinic acid-induced apoptosis in leukemia cells,
Leukemia 18 (2004) 1406-1412.

[17]1 E. Selzer, E. Pimentel, V. Wacheck, W. Schlegel, H.
Pehamberger, B. Jansen, R. Kodym, Effects of betulinic
acid alone and in combination with irradiation in human
melanoma cells, J. Invest. Dermatol. 114 (2000) 935-940.

[18] F. Sandberg, H. Dutschewska, V. Christov, S. Spassov,
Spondianthus preussii var. glaber Engler. Pharmacological
screening and occurrence of triterpenes, Acta Pharm. Suec.
24 (1987) 253-256.

[19] 8. Fulda, C. Scaffidi, S.A. Susin, P.H. Krammer, G.
Kroemer, M.E. Peter, K.M. Debatin, Activation of mito-
chondria and release of mitochondrial apoptogenic factors
by betulinic acid, J. Biol. Chem. 273 (1998) 33942-33948.

[20] S. Fulda, S.A. Susin, G. Kroemer, K.M. Debatin, Molecular
ordering of apoptosis induced by anticancer drugs in
neuroblastoma cells, Cancer Res. 58 (1998) 44534460,

[211Y. Tan, R. Yu, J.M. Pezzuto, Betulinic acid-induced
programmed cell death in human melanoma cells involves
mitogen-activated protein kinase activation, Clin. Cancer
Res. 9 (2003) 2866-2875.

[22] A. Chowdhury, S. Mandal, B. Mittra, S. Sharma, S.
Mukhopadhyay, H. Majumder, Betulinic acid, a potent
inhibitor of eukaryotic topoisomerase 1: identification of the
inhibitory step, the major functional group responsible and
development of more potent derivatives, Med. Sci. Monit. 8
(2002) BR254-BR265.

[23] T. Syrovets, B. Buchele, E. Gedig, J.R. Slupsky, T. Simmet,
Acetyl-boswellic acids are novel catalytic inhibitors of



J.H. Kessler et al. | Cancer Letters 251 (2007) 132-145 145

human topoisomerases 1 and 1lalpha, Mol. Pharmacol. 58
(2000) 71-81.

[24] A. Jemal, R. Siegel, E. Ward, T. Murray, J. Xu, C. Smigal,
M.J. Thun, Cancer statistics, 2006, CA Cancer J. Clin. 56
(2006) 106-130.

[25] J.H. Kessler, N.J. Beekman, S.A. Bres-Vloemans, P. Yerdijk,
P.A. van Veelen, A.M. Kloosterman-Joosten, D.C. Vissers,
G.J. ten Bosch, M.G. Kester, A. Sijts, J.W. Ddjfhout, F.
Ossendomp, R. Offringa, C.J.M. Melief, Efficient identifica-
tion of novel HLA-A(#)0201-presented cytotoxic T lympho-
cyte epitopes in the widely expressed tumor antigen PRAME
by proteasome-mediated digestion analysis, J. Exp. Med. 193
(2001) 73-88.

[26] M. Bots, L.G. Kolfschoten, S.A. Bres, M.T. Rademaker,
G.M. de Roo, M. Kruse, K.L. Franken, M. Hahne, C.J.
Froelich, C.J. Melief, R. Offringa, T.P. Medema, SPI-CI and
SPI-6 cooperate in the protection from effector celi-mediated
cytotoxicity, Blood 105 (2005) 1153-1161.

[27] J.P. Medema, J. de Jong, L.T. Peltenburg, E.M. Verdegaal,
A. Gorter, S.A. Bres, K.L. Franken, M. Hahne, J.P, Albar,
C.J. Melief, R. Offtinga, Blockade of the pranzyme B/
perforin pathway through overexpression of the serine
protease inhibitor P1-9/SPI1-6 constitutes a mechanism for
immune escape by tumors, Proc. Natl. Acad. Sci. USA 98
(2001) 11515-11520.

[28] J. Hendriks, L. Planelles, J. Jong-Odding, G. Hardenberg,
S.T. Pals, M. Hahne, M. Spaargaren, J.P. Medema, Heparan
sulfate proteoglycan binding promotes APRIL-induced
tumor cell proliferation, Cell Death. Differ, 12 (2005) 637—
648.

[29] E.C. de Bruin, D. Meersma, J. de Wilde, O. den, 1.E.M.
Schipper, J.P. Medema, L.T. Peltenburg, A serine protease is
involved in the initiation of DNA damage-induced apopto-
sis, Cell Death. Differ. 10 (2003) 1204-1212,

{30] D.M. Parkin, F. Bray, J. Ferlay, P. Pisani, Global cancer
statistics, 2002, CA Cancer J. Clin. 55 (2005) 74-108.

[31] K.U. Jansen, Vaccines against cervical cancer, Expert. Opin.
Biol. Ther. 4 (2004) 1803-1809.

[32] J. Sarek, J. Klinot, P. Dzubak, E. Klinotova, V. Noskova, V.
Krecek, G. Korinkova, J.0. Thomson, A. lanost’akova, S.
Wang, S. Parsons, P.M. Fischer, N.Z. Zhelev, M. Hajduch,
New lupane derived compounds with pro-apoptotic activity
in cancer cells: synthesis and structure-activity relationships,
J. Med. Chem. 46 (2003) 5402-5415.

[33] Y.J. You, Y. Kim, N.H. Nam, B.Z, Ahn, Synthesis and
cytotoxic activity of A-ring modified betulinic acid deriva-
tives, Bioorg, Med. Chem: Lett. 13 (2003) 3137-3140.

[34]1).Y. Kim, HM. Koo, D.S. Kim, Development of C-20
modified betulinic acid derivatives as antitumor agents,
Bioorg. Med. Chem. Lett. 11 (2001) 2405-2408.

[35] M. Bots, L. VAN Bostelen, M.T. Rademaker, R. Offringa,
J.P. Medema, Serpins prevent granzyme-induced death in a
species-specific manner, Immunol. Cell Biol. 84 (2006) 79-86.

[36] C.A. Belmokhtar, J. Hillion, C. Dudognon, S. Fiorentino,
M. Flexor, M. Lanotte, E. Segal-Bendirdjian, Apoptosome-
independent pathway for apoptosis. Biochemical analysis of
APAF-1 defects and biological outcomes, J. Biol. Chem. 278
(2003) 29571-29580.

[37] LY. Xue, 8.M. Chiu, N.L. Oleinick, Photodynamic therapy-
induced death of MCF-7 human breast cancer cells: a role
for caspase-3 in the late steps of apoptosis but not for the
critical lethal event, Exp. Cell Res. 263 (2001) 145-155.

[38] V. Amico, V. Barresi, D. Condorelli, C. Spatafora, C.
Tringali, Antiproliferative terpenoids from almond hulls
(Prunus dulcis): identification and structure-activity relation-
ships, J. Agric. Food Chem. 54 (2006) 810-814,

[39] R. Mukherjee, M. Jaggi, P. Rajendran, S.K. Srivastava, M.J.
Siddiqui, A. Vardhan, A.C. Burman, Synthesis of 3-0O-acyl/
3-benzylidene/3-hydrazone/ 3-hydrazine/17-carboxyacryloyl
ester derivatives of betulinic acid as anti-angiogenic agents,
Bioorg. Med. Chem. Lett. 14 (2004) 3169-3172.

[40] M. Urban, J. Sarek, J. Klinot, G. Korinkova, M. Hajduch,
Synthesis of A-seco derivatives of betulinic acid with
cytotoxic activity, J. Nat., Prod. 67 (2004) 1100-1105.

[41] D.V. Raghuvar Gopal, A.A. Narkar, Y. Badrinath, K.P.
Mishra, D.S. Joshi, Protection of Ewing’s sarcoma family
tumor (ESFT) cell line SK-N-MC from betulinic acid
induced apoptosis by alpha-pr-tocopherol, Toxicol. Lett.
153 (2004) 201-212.

[42] D.V. Raghuvar Gopal, A.A. Narkar, Y. Badrinath, K.P.
Mishra, D.S. Joshi, Betulinic acid induces apoptosis in
human chronic myelogenous leukemia (CML) cell line K-562
without altering the levels of Ber-Abl, Toxicol. Lett. 155
(2005) 343-351.

[43] H.J. Kwon, J.S. Shim, J.H. Kim, H.Y. Cho, Y.N. Yum, S.H.
Kim, J. Yu, Betulinic acid inhibits growth factor-induced
in vitro angiogenesis via the modulation of mitochondrial
function in endothelial cells, Jpn. J. Cancer Res. 93 (2002)
417425,

[44] S. Fulda, 1. Jeremias, K.M. Debatin, Cooperation of
betulinic acid and TRAIL to induce apoptosis in tumor
cells, Oncogene 23 (2004) 7611-7620.

{451 S. Fulda, K.M. Debatin, Sensitization for anticancer drug-
induced apoptosis by betulinic acid, Neoplasia. 7 (2005) 162-170,



TG E Y U VB OB BRI T A EEV in vitro B &k
BEb—Rice NOBE A FICERT 3 MBEEDES

Jan H. Kessler®', Franziska B. Mullauer &l Guido M. de Roo’, Jan Paul

Medema®"

‘Laboratory for Experimental Oncology and Radiobiology (LEXOR),
Center for Experimental and Molecular Medicine, Academic Medical
Center (AMC) (EREESR - ABREYVENETF  EBROTFESZE
=3 TATIvT « AT 4 I E—)

Meibergdreef 9, 1105 AZ Amsterdam, The Netherlands

bDepartment of Clinical Oncology, Leiden University Medical Center
LUMC) (74 7 v REERE ¥ —ERERZEM)

20064 8 H 14 BRfE=48
20062 11 A 3 BETIE/RfE=4E
2006 £ 11 A 7 H= =

hex

NV VEBRBANIIES AFFREREHEEK NV T AL THD R
AMEEFEOEMAR X OCBE MBS L CEES S D2 &g
FENTWD, b FEGRELZBESNE< Y2 TiX, BA OB ERZ|T
REEHPRO O, EBINER L, ZhEikstBric, EEias
(CHRT DMAT BA IZK L TERMEEZ R L, vV RICBIF 2 ER
FERIERD ohvlemodz, THHDOFRI D, BA ML Ol
BIEMEzRET LI EREFE S, BADZ DL 9 AR meEkEICK 3+ 2
ELrAEE-2TVD,

B RIZEWT, BRMNICELERRZ A 7OBICKT 5 BA DES)
MEICBE L Tid, AEMRFREAER S TORY, LER-T, Fix
(L HiEE, RIS, B, ATVCRE. FESBICERTAEGEHICH



T DHREER SR VD in vitro ICBITAREMEZRE LIz, ZL56i,
BLICBWTEL LB WRECECHERFTONDE —EAREZA T O
BETHD, BAOHEBEEROESNEIZ DWW TEEROS VM Z1T
D BEDT v A EA L, 48 EEHIZhb - 5 BA MLEEIC MTT
(RE - MITRERIOEETERA SR TVET] CHIEAETEZFME
L, 7a b v ysa v{bYHERiE CRRELZEIE LIZEE, Migko
FCREZEICHBEZEENRD N, L LR b, BREZ1To 72
MK NT, 2 r=—BEIE, invivo TERIND Z & B TE
SNDEBARELIZIE—HITIBEECTERIIAHF Sz, Bx OFER
. RSB ZA 7O FORIZKTOMFRERE LTBA &
ST A2 EOFEEEFERA LTV,

Fan
=
<t
5&
FHn
._H
ifs}
3
En

F—U— N A_Y U B R KB ; #
7R b=y A CHRIE

RO ERITEEL T, fo%wﬁA(ﬁﬁyﬁ)@smm@
Natioriaal Fonds tegen Kanker (SNFK M) 2 6Bz =7 7=,
EREHE Y

BEan . 31205667777

777V 0431206977192

E-mail 7 F v 2 : L.P.Medema@amc.uva.nl (J.P. Medema)

IR L OEFRTATERICH L TELLE R L,

1. T ®IC

XYY CBEBAEESEEKD 5 BEAE VR Y F A IR

: "pentacyclic lupine-type triterpens”% [SE|EAVE LU T

Ay ERLELRE, ] THY . National Cancer Institute ([E 2 FEHF
ZLET) DR LI RAREN = F AT ENDIEPY R ) —=v 77
77 ATRERRESN BALRERFHNEEZETHIZLABOLATY
5[1] BA B X2 OFEMEICITMRERFZER]IPHE MREARET A

%



NAEMEB AN H BN, EICEBEENTWEHORFHEEE TS 2,
BA R RREOHESIENOSEEIN TRV [5,6], BEMNEREZET
LHIBEHEDO XY ) VU iE BA ~OREREBLNTETH Y [7]. JR€iH
WOl A2EDFEIZREIZEEZNTWD[8]; T I (Betula alba) % 4
WCEBITA L, BERSOEK2%E TRV U U ThH B[9].

LH, BA TR EGERENHEBEELZFE T2 LPRESIL TN
(1], R~y A Ce PEAEZEEREL Tro 1 HRIZBA &
BELRERTII. BEEBEIBRACHEIESNE, 612, EEBER
41 BB LTHOLEBEEZHGE LSS, BIIINTZERIZ 80%2L
DEFERRBD O[], ZOMFE T, FECESHREOEEMEK
%9 % BA OBEERII RV L O LB Zi[1], FD% O
WCBWT, BAEICKRWTHENRERROZERR Y A TOEEIZH
A MREELFET A I ENHALMICSNE[10-13],

Fulda et al.}Z, /NEECTRL—BOLZERE CHOMRFMICE, £
FE, oA VTAEOKSHEKRICBNT, BABRTR M— A%
BT 22 LEHELL[0], HREFMEED MK BAFET R b
— VAWK LTS R R T Z & id, Schmidt et al. [11IZ & > TH[E
FRICBIE SN TWD, BFEMEEE 7 ) 7THEEMBEKR2]. 70 A
—<MELE[13], EETREFEEEREKR[4]D RSN TZREE
BRI OV TH BAREMREESICHTOIRSTERRES L TWES,
L L7206, BA OFRIAMERIEDOEE ICHT 2B RMEIL., &
DELB O CREIESNTUVWD, Zuco et al.lX, in vitro (ZEVVT BA
DR EBICHET 2EEMERICT L CHEEERARZ T2
EERHELTVD[LS], EHIT, Zucoetalld, b FITEEEZBRE L
TUANBAZEBRET D LAFHMENEET 2 ZL2/R L, invivo IZ
BITH BA BEHIZOWVWTHEEELTWA[LS5], £D#%, BA BEMEML
BEBRTHOT7RBP—VREFEETHZ ENHREIN, 65%DFEFEME/
RaMeilRME &R & A 7O2MABEED in vitro T BA 1ZxF L TR
ZMEZR LT2[16],

BA BEHOZ A FOEEICH L TCRGHEOBEEZRTZ LT A



T, BABEEMEICS L CHREFFEREZRELRVZELHRES
NTW5, Invitro TiX, EFE 2 b MEREFMAA[L5], RE U 2 FFEK
[15]. A 7 = #AE[17]. ERBMIE[13]23 BA ICETUEZ T Z &2
AEA SN TS, F7, invivo TIHE, =7 A2 BA Z&& 500 mg/kg
(fAE) OFAEECTRELTCHLERAREFEEIF DT [1,15],
R ICBNW T, WhPA e RITTREWLLEZARAI IV —= T F
A b {835 : ”Hipocratic ("Hippocratic” & S UE L72) screening
test?Z LRI FFRBEICEBZ ATV —=v T A PERLELE, ]
ERAWCE=Z Y T &iTo7, 7y PO BAFEIZLLEGEE
RIEHRHE &> 72[18],

BA ZEIZ L AMEICE S T2 EREREBFOFEMICONTIZ, 4%
DRERAZ 2 TNE R bRVWE, BEOTFANDL, BAFEIZLS
MEEESICETIERREENSEE I TS, BAIE, S ha R
VTIWCEEBERT2Z EI2L0[19], p33 EHEETT AR FN—VRAZH
A Z ERRENTVWA[L0,13,15,17], FESMDIERRL TIZ, BA 2
T har U 7ESFEMLEZFHFEL[10,2021], ¥ 22 b C, TR F—
v ASHER T (ATF) [19]. Smac BETF[I6]0OKHERET 5, BAFE
MR, EEBREREOBRE ZF VAT EOHFERBILETHD Z
EDFHEIINTEY[10,13,21], TR P—TVAEE~A PV = U EHE
ft7m74 % —EMAPKNBEE L TWVWLZ LBRRESNTVD
[21], Bel-2 £7213 Bel-XL OBRIEER, » 2 WIIHEEERILESK
DEEFNELE LTHRESH TWVWAEIRVZ LR UVBOREIZEID, VY
BACOBEHEBABET R F— ANEIEESILTWAL0, 13, 20],
EEBIC, BIEAFEE LT, PERA Y AT —EBOHAGN BAFEMIZL
CEELTWOAREEZ e T 2|MEBFET D [22,23].

BA BZERFATOBEICBWTHRENHEREELHFET LS, 20
P, EFEMEICITHMESEERZZE LR, 20X REEEZFT
2 BAIZOWTIL, B2 PiER & LTCOERBPEFEIN, BEHL
RELERINTWVD, RFEDO B, BB TERTERMIT 60
DRI A T OBICHTABADOKIBYREEREITAIIETH D




BA THE L E&EICh- 2BEKRARINEIBEOERLRDLT vE
A EoTE=FY T L, 2ThbDZA T OEIIKT 5 BA FHEAl
BEAICOVWTC EEECEVWREMN R FIETHMZIT o 7 L IL,
BA 78, FffE. K. LB, BB, TE S BICHEK T D MEKR
RO CHEGEERHEREEALZFELZZ 106, BA OJLEH
Ficblr 2EEEZEAL. 2B F A OB T 2 EERLE
BHEEE L COIGAOFBEEL EIREL T,

w



