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Marine triterpene glycosides are physiologically active natural compounds isolated from sea cucum-
bers (folothurians). It was demonstrated that they have a wide range of biological activities, including
antifungal, cytotoxic, and antitumor effects. A previous study showed that stichoposide C (STC) iso-
lated from Thelenota anax induces apoptosis through generation of ceramide by activation of acid
sphingomyelinase (SMase) and neutral SMase in human leukemia cells. In this study, we investigated
whether STD, a structural analog of STC, can induce apoptosis and examined the molecular mecha-
nisms for its activity. It was found that STC and STD induce apoptosis in a dose- and time-dependent
manner and lead to the activation of caspase-8, mitochondrial damage, activation of caspase-9, and
activation of caspase-3 in K562 and HL-60 cells. STC activates acid SMase and neutral SMase, which
results in the generation of ceramide. Specific inhibition of acid SMase or neutral SMase partially
blocked STC-induced apoptosis, but not STD-induced apoptosis. In contrast, STD generates ceramide
through the activation of ceramide synthase. Specific inhibition of ceramide synthase partially blocked
STD-induced apoptosis, but not STC-induced apoptosis. Moreover, STC and STD markedly reduced
tumor growth of HL-60 xenograft tumors and increased ceramide generation inn viva These results in-
dicate that STC and STD can induce apoptosis and have antitumor activity through the different mo-
lecular mechanisms, because they have a different sugar residue attached to aglycones. Thus, these
results suggest that their actions are affected by a sugar residue attached to aglycones and they can
be used as anticancer agents in the treatment of leukemia.
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Fig. 1. Stichoposide D (STD) induces apoptosis in human leukemic cells in a dose- and time-dependent manner. (A) Structure
of STC and STD. (B) K562 and HL-60 cells were seeded 4 hr before treatment with various concentrations of STC or STD
(0, 03, 0.5, 1.0, or 1.5 uM) for 6 hr. (C) K562 and HL-60 cells were seeded 4 hr before treatment with STC (0.5 uM, 0.3
uM) or STD (1.0 uM, 1.5 uM) for the indicated times, respectively. The percentage of apoptotic cells was determined by
annexin V-FITC/PI staining as described in the “Materials and Methods”. These data represent the mean=SD of 3 independent
experiments. <0.05, ~ p<0.01, and ~ p<0.001 vs. control cells.
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Fig. 2. Treatment of K562 cells with STD leads to activation of extrinsic and intrinsic pathways. (A) K562 cells were treated with

0.5 uM STC or 1.0 uM STD for indicated times. Protein lysates were prepared and subjected to Western blot analysis as
described in “Materials and Methods” using corresponding antibodies. Equal protein loading was ensured by demonstrating
uniform [-actin expression. The blot is representative of 3 separate experiments. (B) Functional involvement of caspases in
STD-induced apoptosis of K562 cells. Cells were pretreated with Z-VAD-FMK (pan-caspase inhibitor; 50 tM), Z-IETD-FMK
(inhibitor of caspase-8; 25 uM), Z-DEVD-FMK (inhibitor of caspase-3; 50 uM), or Z-LEHD-FMK (inhibitor of caspase-9; 25
uM) for 1 hr before treatment with 0.5 M STC or 1.0 uM STD for 6 hr. The percentage of apoptosis was determined by
flow cytometry after annexin V/PI staining. These data represent the mean=SD of 3 independent experiments. "pR0.05; " p<0.01;
mp<0.001; vs. STC or STD-treated cells. (C) K562 cells were treated with 0.5 M STC or 1.0 uM STD for 2 h. The cells were
stained with DiOCs, and reduction in Aym was determined by monitoring the uptake of DiOCs using flow cytometry, as
described in “Materials and Methods”. Low Aym values are expressed as the percentage of cells exhibiting a diminished
mitochondrial potential. The values obtained from the DiOCs assays represent the mean+SD of 3 independent experiments.
*p<0.05,' **p<0.01,' wp<0.001; vs. STC or STD-treated cells. (D) Western blot for mitochondrial proteins (AIF, Smac/DIABLO,
cytochrome oxidase 1V, and cytochrome c). Protein lysates were prepared and subjected to Western blot analysis as described
in “Materials and Methods” using corresponding antibodies. Equal protein loading was ensured by demonstrating uniform
B-actin expression. The blot is representative of 3 separate experiments.
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Fig. 3. Treatment of K562 cells with STC leads to generation of ceramide through the activation of acid SMase and neutral SMase.

(A) K562 cells were treated with STC (0.5 uM) or STD (1.0 uM) for 2 hr and fixed. Following permeabilization, samples
were stained with PI and FITC-anti-ceramide antibody. Confocal microscopy analysis indicated STC and STD induce
accumulation of ceramide. The results are representative of five experiments. (B) K562 cells (1x10° cells/well) were incubated
with STC (0.5 uM), STD (1.0 uM) in the presence or absence of desipramine or GW4869 for 6 hr. After treatment, the percentage
of apoptotic cells was determined by annexin V-FITC/PI staining as described in the “Materials and Methods”. The upper
panel is representative of five experiments. The lower panel shows the mean+SD of 5 independent experiments. z<0.05;
"p<0.01; vs. STC-treated cells. (C) In parallel, whole cell lysates from K562 cells incubated with STC (0.5 uM), STD (1.0
M) for 6 hr in the presence or absence of desipramine or GW4869 were prepared and analyzed by Western blot as described.
In each case, 30 ug of protein was separated by SDS-PAGE, after which blots were probed with the corresponding antibodies.
Blots were subsequently stripped and re-probed with antibodies directed against [3-actin to ensure equivalent loading and
transfer. (D and E) In separate experiments, cells were fixed and permeabilized. Then, samples were stained with
FITC-anti-ceramide and (D) PE-anti-acid SMase or (E) PE-anti-neutral SMase antibodies.
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Control STC STD

Ceramide

Fig, 5. STD inhibits the growth of HL-60 xenograft tumors and increases the production of ceramide in vive (A) HL-60 cells (2x107
cells/100 pl) were injected subcutaneously into the flank of Balb/c nude mice. After HL-60 cells formed palpable tumors,
mice were randomized into 2 groups (n=5), and treatment was initiated. Mice were treated with vehicle control, STC (7.19
ug/kg), or STD (21.795 ug/kg) as described in the “Materials and Methods”. Tumor size was measured daily with a caliper

(calculated volume=shortest diameter’xlongest diameter,2).

"p<0.05; " p<0.01; ” p<0.001, significantly different from respective

control. (B) Upper panel: Hematoxylin-eosin staining. Stained sections were examined and photographed with a ScanScope
(Aperio Technologies, Inc., USA). HL-60 leukemia xenografts from mice treated with STC or STD showed apoptosis and
extensive necrosis with phagocytes (x200). Lower panel: Tumor tissues obtained from the above experiment on day 14
were subjected to immunohistochemistry using antibodies against ceramide. The sections were lightly counterstained with
hematoxylin and photographed with a ScanScope. HL-60 xenograft tumors from mice treated with STC or STD showed

a dramatic increase of ceramide (*200).
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