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ABSTRACT

Resveratrol (RSV) has recently attracted keen interest because of its pleiotropic effects. It exerts a wide 
range of health-promoting effects. In addition to health-promoting effects, RSV possesses anti-carcinogenic 
activity. However, a non-physiological concentration is needed to achieve an anti-cancer effect, and its 
in vivo bioavailability is low. Therefore, the clinical application of phytochemicals requires alternative 
candidates that induce the desired effects at a lower concentration and with increased bioavailability. We 
previously reported a low IC50 of vaticanol C (VTC), an RSV tetramer, among 12 RSV derivatives (Ito 
T. et al, 2003). However, the precise mechanism involved remains to be determined. Here, we screened 
an in-house chemical library bearing RSV building blocks ranging from dimers to octamers for cytotoxic 
effects in several leukemia and cancer cell lines and their anti-cancer drug-resistant sublines. Among 
the compounds, VTC exhibited the highest cytotoxicity, which was partially inhibited by a caspase 3 
inhibitor, Z-VAD-FMK. VTC decreased the expression of sphingosine kinase 1, sphingosine kinase 2 and 
glucosylceramide synthase by transcriptional or post-transcriptional mechanisms, and increased cellular 
ceramides/dihydroceramides and decreased sphingosine 1-phosphate (S1P). VTC-induced sphingolipid 
rheostat modulation (the ratio of ceramide/S1P) is thought to be involved in cellular apoptosis. Indeed, 
exogenous S1P addition modulated VTC cytotoxicity significantly. A combination of SPHK1, SPHK2, and 
GCS chemical inhibitors induced sphingolipid rheostat modulation, cell growth suppression, and cytotoxicity 
similar to that of VTC. These results suggest the involvement of sphingolipid metabolism in VTC-induced 
cytotoxicity, and indicate VTC is a promising prototype for translational research.
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INTRODUCTION

Resveratrol (RSV) is a plant-derived polyphenolic phytoalexin, which exerts a wide range of 
health-promoting effects.1 RSV has antioxidant and anti-inflammatory activities, and has been 
reported to activate the sirtuin NAD-dependent histone deacetylase.2 In addition to these health-
promoting effects, RSV possesses anti-carcinogenic activity.1,3 Subsequent studies demonstrated 
the clinical utility of RSV as an anti-cancer drug. The pleiotropic effects of RSV are dependent 
on its concentration and sometimes the cell context. For example, RSV exhibited pro-oxidant 
properties in the presence of transition metal ions and mediated DNA cleavage.4 At low doses it 
exhibited cell protection, and at high doses it induced cytotoxicity and a DNA-damaging effect, 
referred to as the hormesis effect.

Sphingolipids are important for maintaining the barrier function and fluidity of cell membranes. 
Moreover, sphingolipids, especially ceramide and S1P, are regarded as important intra- and 
inter-cellular signaling molecules that regulate cell growth, proliferation, death, and migration.5 
The sphingolipid rheostat model (the ratio of ceramide/S1P) has been proposed to explain the 
above-described phenomena,6 and its adequacy has recently been proven in many in vitro and 
in vivo models.

We have recently reported RSV-induced acid sphingomyelinase (ASMase) mRNA expression 
of a human leukemia cell line, K562, and that its enzyme activity led to ceramide accumulation.7 
RSV exhibits strong cell growth inhibitory activity, but a high concentration (100 µM) is needed 
for this effect. In addition, RSV has poor bioavailability in vivo. Therefore, a new strategy is 
required to resolve this issue. The development of ideal RSV analogs is highly desired. We 
reported that a RSV tetramer, vaticanol C (VTC), at a low concentration was more effective at 
inducing cancer cell apoptosis than RSV.8 However, the precise cytotoxic mechanism of VTC 
remains to be determined.

Here, cytotoxicities of RSV and its oligomers were examined in various leukemia and cancer 
cell lines. Among the analyzed RSV derivatives, VTC exhibited the strongest cytotoxic activity. 
VTC increased cellular ceramide and dihydroceramide, and decreased S1P. Interestingly, VTC was 
not effective at inducing ASMase enzyme activity in contrast to our recent report of RSV,7 while 
the downregulation of sphingosine kinase 1 and 2 (SPHK1 and SPHK2) and glucosylceramide 
synthase (GCS) was observed with VTC. Thus, we focused on these enzymes and examined 
their relevance to VTC-induced apoptosis. Chemical inhibitors of SPHK1, SPHK2, and GCS 
suppressed cell proliferation and viability (especially in combination) of the tested cell lines, 
which were very similar to VTC. The involvement of these enzymes in malignant cells for 
survival and anti-apoptotic effects was examined.
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MATERIALS AND METHODS

Cell lines
Human erythroleukemia cell line K562, its adriamycin (ADR)-resistant subclone K562/ADR, 

human prostate cancer cell line PC3, and its paclitaxel-resistant subclone PC3-PR have been 
described previously.9,10 The Philadelphia chromosome positive acute lymphoblastic leukemia 
(Ph+ALL) cell line NphA2 and its imatinib-resistant subclone NphA2/STIR, were reported 
recently.11 Other leukemia cell lines, BALL1, NALL1, Jurkat, and U937, have been described 
before.12

Resveratrol oligomer
Resveratrol oligomers (four dimers, one trimer, eight tetramers, and one octamer) were purified 

according to a previously described method.8

Reagents
RSV, N-acetyl-L-cysteine (NAC), sulforaphane, curcumin, and quercetin were purchased 

from Sigma-Aldrich (St. Louis, MO, USA). Epigallocatechin gallate (EGCG) was purchased 
from Funakoshi Co. (Tokyo, Japan). Z-VAD-FMK, a pan-caspase inhibitor, was purchased from 
Promega (Madison, WI, USA). SPHK1 inhibitor SKI-II (described as SKI in the text), SPHK2 
inhibitor ABC294640, GCS inhibitor PDMP, and sphingosine 1-phosphate (S1P) were purchased 
from Cayman Chemical (Ann Arbor, MI, USA). GT-11,13 a dihydroceramide desaturase (DES1) 
inhibitor, was obtained from Avanti Polar Lipids, Inc. (Alabaster, AL, USA).

Fig. 1 RSV and its oligomers
Chemical structures of resveratrol (RSV) and its oligomers (4 dimers, 1 trimer, and 8 tetramers and 1 octamer) 
are shown. VTC was boxed.
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Fig. 2 Effects of RSV and related oligomers
(a), (b), and (c) Effects of RSV and its oligomers were examined in K562, K562/ADR, PC3, PC3-PR, NphA2, 
and NphA2/STIR cells. Cells (2×105/ml) were treated in triplicate with or without 100 µM RSV (pale gray), 
50 µM RSV dimers, 33 µM RSV trimer, 25 µM RSV tetramers (VTC: black), or 12.5 µM RSV octamer. Pacli 
indicates paclitaxel (20 nM), and IMT indicates imatinib (10 µM ). On day 2, viable cell numbers were counted 
from triplicate cultures. The mean ± SD was calculated. Representative data are shown from at least three cell 
culture experiments with the same experimental design. (d) Effects of the RSV tetramer (50 µM) on K562/ADR 
cells treated with or without 50 µM of eight RSV tetramers in triplicate for 48 hr, and the viable cell numbers 
were counted. VTC is in black. The mean ± SD is shown. The initial plating cell density was 2×105/ml (dotted 
line). Representative data are shown from at least three cell culture experiments with the same experimental 
design. (e) Effects of RSV oligomers on other leukemia cell lines. In the same way as (a), BALL1, NALL1, 
Jurkat and U937 cells (2 × 105/ml) were cultured in triplicate with or without RSV (100 µM: pale gray) and 6 
major RSV oligomers ((–)-VNF and AMPA: 50 µM, VNF: 33 µM, VTB, (–)-HP and VTC (black): 25 µM) for 
48 hr, and viable cell numbers were counted. The mean ± SD was calculated. Representative data are shown 
from at least three cell culture experiments with the same experimental design.
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Cell survival and proliferation
Cultures were started in triplicate in 24-well culture plates. Viable cell numbers were counted 

by trypan blue exclusion using a hemocytometer. The mean ± SD of the viable cell number of 
each group was calculated. Experiments with the same design were repeated at least three times, 
and representative results from these repeated experiments are shown in the Figures.

Fig. 3 Time course of RSV and VTC cytotoxicities
Fig. 3a: RSV or VTC (µM concentrations are shown) were added to K562 and K562/ADR cells cultured in 
triplicate and viable cell numbers were counted on days 1 and 2, respectively. The mean ± SD is shown. The 
initial plating cell density was 1×105/ml (dotted line). Representative data are shown from at least three cell 
culture experiments with the same experimental design.
Fig. 3b: Western blotting of apoptosis-related proteins. K562 and K562/ADR cells were treated with RSV (100 
µM) or VTC (25 µM) for 24 hr (shown as Control, RSV Day1, and VTC Day1, respectively). Samples were 
collected, and western blotting was performed according to the Materials and methods. A representative result 
is shown.
Fig. 3c: Effects of NAC and Z-VAD-FMK on VTC cytotoxicity in K562 and K562/ADR cells. Cells (2 × 105/
ml) cultured in triplicate were treated with VTC (10, 25, and 50 µM) alone or together with NAC (5 mM) 
or Z-VAD-FMK (50 µM) for 2 days. Viable cell numbers were counted. The mean ± SD is shown. Statistical 
significances were analyzed between VTC10 and VTC10+Z-VAD-FMK, between VTC25 and VTC25+Z-VAD-
FMK, and between VTC50 and VTC50+Z-VAD-FMK, respectively with one-way factorial analysis of variance 
and the multiple comparison test (Tukey method).
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May-Giemsa staining
Cytospin specimens of cells treated with or without RSV or VTC were prepared and stained 

with May-Giemsa dye.

ASMase enzyme activity
ASMase enzyme activity was measured in triplicate according to the method described 

previously.14 

Western blotting
Western blotting was performed as described previously.15 Antibodies used are described in 

Supplementary Table 1. Representative results from at least three independent experiments are 
shown in the Figures. For bands that exhibited significant changes and were described in the 
text, respective images were scanned and the band intensity was measured by ImageJ software 
(https://imagej.nih.gov/ij/index.html). The mean ± SD of the band was calculated from three 
experiments, and the statistical significance was evaluated using one-way factorial analysis of 
variance and the multiple comparison test (Dunnett method) (shown in Supplementary Table 2). 
Western blotting data accompanied with molecular weight marker positions are shown in the 
Supplementary Figures (Supplementary Fig. 4 for Fig. 3, Supplementary Fig. 5 for Fig. 5 and 
Supplementary Fig. 6 for Fig. 6).

Fig. 4 Morphological changes of K562 cells induced with RSV and VTC
K562 cells were cultured with VTC or RSV (µM concentrations are shown) for 24 hr, and then cytospin slides 
were prepared. Cells were stained with May-Giemsa staining as described in the Materials and methods. Arrow 
indicates apoptotic nuclei or cytoplasm. The solid line at the lower right of the figure = 30 µm.



267

VTC-induced apoptosis and sphingolipid

Fig. 5 Cellular ceramides and S1P levels and related enzyme expressions
(a), (b) K562 and K562/ADR cells were cultured in triplicate with or without VTC (25 µM) treatment for 
24 hr. Cellular ceramides and dihydroceramides with different lengths of acyl chain, and S1P were measured 
by LC/MS-MS according to the Materials and methods. C14 Cer, C16 Cer, C18 Cer, C18:1 Cer, C20 Cer, 
C22 Cer, C24 Cer, and C24:1 Cer denote (d18:1/14:0), (d18:1/16:0), (d18:1/18:0), (d18:1/18:1), (d18:1/20:0), 
(d18:1/22:0), (d18:1/24:0), and (d18:1/24:1), respectively. dhC14, dhC16, dhC18, dhC18:1, dhC20, dhC22, dhC24 
and dhC24:1 denotes (d18:0/14:0), (d18:0/16:0), (d18:0/18:0), (d18:0/18:1), (d18:0/20:0) (d18:0/22:0), (d18:0/24:0) 
and (d18:0/24:1), respectively. The mean ± SD is shown. t-test was used to determine statistical significance 
between C14 ceramide of Control and VTC treated (K562 or K562/ADR) cells, C16 ceramide of Control and 
VTC treated (K562 or K562/ADR) cells, and C18 ceramide of Control and VTC treated (K562 or K562/ADR) 
cells. In the same way, all ceramides and dihydroceramides with different lengths of acly chain between Control 
and VTC-treated cells were analyzed. The statistical significance of cellular S1P between Control and VTC-treated 
cells was also analyzed by t-test. *p<0.05, **p<0.001. (c) Western blotting of sphingolipid metabolic enzymes. 
Samples were prepared from K562 and K562/ADR cells with or without VTC treatment for 24 or 48 hr (shown 
as Control, VTC Day1, and VTC Day2, respectively). Western blotting was performed according to the Materials 
and methods. (d) Effect of exogenous S1P. K562 cells (3 × 105/ml) were cultured in triplicate in 2% FCS in 
RPMI1640, and S1P (1 µM and 2 µM) was added. Cells were treated with various doses (µM) of VTC. On day 
2, viable cells were counted. The mean ± SD was calculated, and statistical significances were analyzed (Tukey 
method) between respective doses of VTC with or without S1P addition. 
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Fig. 6 Effects of SPHK1/2 and GCS inhibitors and other phytochemicals
(a) QRT-PCR analysis of SPHK1, SPHK2, and GCS in K562 cells. K562 cells were treated in triplicate with or 
without VTC (25 µM) for 24 hr. QRT-PCR was performed as described in the Materials and methods. The mean 
± SD is shown as the summation of two independent experiments, and statistical significances were analyzed 
by t-test **p<0.0001. NS: not significant. (b) Effects of an SPHK1 inhibitor (SKI, µM), SPHK2 inhibitor 
(ABC294640, µM), and GCS inhibitor (PDMP, µM) were analyzed in K562 cells cultured in triplicate. Viable cell 
numbers on Day2 were counted and shown as the mean ± SD. The initial cell density was 2×105/ml. (c) Cellular 
ceramides and dihydroceramides were measured in control and SKI (50 µM)+PDMP (10 µM)-treated K562 cells 
in triplicate (24 hr). Relative ceramide and dihydroceramide levels are shown with ceramide or dihydroceramide 
levels of control K562 cells regarded as 1.0. The mean ± SD is shown. The statistical significance was analyzed 
(t-test) as in Fig. 5a. (d) Using the same experimental design as in (c), cellular S1P was measured in control and 
SKI+PDMP-treated K562 cells. The S1P level in control K562 cells was regarded as 1.0. Statistical significance 
between control and SKI+PDMP-treated cells was examined as in Fig. 5b. *p<0.005. (e) Anti-apoptotic proteins 
(BCL-xL, MCL1) of K562 cells treated with or without inhibitors (100 µM SKI, 50 µM ABC294640, 10 µM 
PDMP, or their combination (µM in the figure) for 48 hr were analyzed by western blotting. b-actin was used 
as an internal control. (f) Effects of other phytochemicals (100 µM EGCG, 100 µM quercetin, 50 µM curcumin, 
and 25 µM sulforaphane for 24 hr) on SPHK1, SPHK2, and GCS expressions in K562 cells were analyzed. 
b-actin was used as an internal control. The effects of ADR (150 nM, 24 hr) on SPHK1, SPHK2 and GCS 
expressions were examined using K562 cells. 
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Fig. 7 Molecular structures of RSV and its oligomers
(a) Molecular structures of RSV oligomers are shown. Three important parts (red, green, and blue boxes) are 
shown according to the explanation in the Discussion. (b) VTC and two other tetramers, isoVTC and acetVTC 
(highest structural similarity to VTC), are shown. The region important for cytotoxic function is indicated by a 
solid arrow (central part) and red color (right and left parts).

Supplementary Table 1 List of antibodies used for Western blotting experiments

Target protein manufacturer Catalog No Ab dilution
cleaved PARP Cell Signaling # 9532 1:1000

cleaved Caspase 3 Cell Signaling # 9665 1:1000
BCL-xL Abcam sc-634 1:1000
MCL1 BD Bioscience BD-559027 1:1000

Bax BD Bioscience BD-556467 1:1000
Bak R&D Systems AF 816 1:1000

ACDase a BD Bioscience BD-612302 1:1000
ACDase b Santa Cruz sc-28486 1:500

SPHK1 Cell Signaling # 3297 1:1000
SPHK2 Santa Cruz sc-22704 1:500

GCS Santa Cruz sc-50511 1:500
SPL Santa Cruz sc-67368 1:500

DEGS1 or DES1 Bioss bs-4057R 1:1000
CERS1 Abnova PAB18693 1:1000
CERS2 Santa Cruz sc-100553 1:500
CERS3 Santa Cruz sc-133725 1:500
CERS6 Abcam ab56582 1:1000
SIRT1 Santa Cruz sc-15404 1:500

HDAC1 Santa Cruz sc-6298 1:500
HDAC3 Santa Cruz sc-8138 1:500
b-actin Proteintech 60008-I-Ig 1:1000
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Supplementary Table 2 Western blotting band intensities were measured  
according to the Materials and methods

Fig. 3 b

K562 K562/ADR

Control RSV D1 VTC D1 Control RSV D1 VTC D1

cleaved 
PARP 1 18.81±10.18 * 20.67±6.42 * 1 23.84±9.60 * 43.48±13.84 **

cleaved 
Caspase 3 1 8.96±3.86 * 9.61±3.67 * 1 6.24±4.52 NS 14.89±7.43 *

BCL-xL 1 0.85±0.06 NS 0.35±0.13 *** 1 0.82±0.35 NS 0.30±0.10 *

Bak 1 5.29±6.34 NS 62.80±15.98 *** 1 6.38±3.74 NS 51.48±20.06 **

Fig. 5 c

K562 K562/ADR

Control VTC D1 VTC D2 Control VTC D1 VTC D2

NSMase 2 1 0.57±0.48 NS 1.25±1.06 NS 1 0.43±0.18 * 0.65±0.34 NS

ACDase a 1 0.72±0.03 NS 0.94±0.78 NS 1 0.74±0.59 NS 1.02±0.88 NS

ACDase b 1 0.79±0.24 NS 0.86±0.12 NS 1 0.80±0.38 NS 0.62±0.03 NS

SPHK1 1 0.20±0.05 *** 0.18±0.13 *** 1 0.29±0.11 *** 0.16±0.07 ***

SPHK2 1 0.34±0.20 ** 0.14±0.12 *** 1 0.19±0.30 ** 0.14±0.24 **

GCS 1 0.05±0.06 *** 0.17±0.29 ** 1 0.37±0.33 * 0.09±0.10 **

SPL 1 0.06±0.05 *** 0.02±0.03 *** 1 0.05±0.05 *** 0.01±0.01 ***

DES1 1 1.07±0.47 NS 0.98±0.49 NS 1 0.92±0.09 NS 0.71±0.17 *

CERS2 1 0.15±0.18 *** 0.01±0.02 *** 1 0.82±0.43 NS 0.28±0.37 NS

CERS3 1 0.27±0.05 *** 0.16±0.11 *** 1 0.16±0.27 ** 0.12±0.21 **

Fig. 6 e

K562

Control SKI ABC PDMP SKI+PDMP ABC+PDMP

BCL-xL 1 0.51±0.13 * 0.94±0.11 NS 0.74±0.22 NS 0.76±0.22 NS 0.78±0.27 NS

MCL1 1 0.13±0.17 ** 0.26±0.32 * 0.48±0.38 NS 0.23±0.29 * 0.21±0.13 **

Fig. 6 f

K562

Control EGCG Quercetin Curcumin Sulforaphane Adriamycin

SPHK1 1 0.08±0.12 * 0.50±0.34 NS 0.63±0.15 NS 0.85±0.66 NS 0.46±0.14 **

SPHK2 1 0.04±0.02 *** 0.37±0.10 ** 0.29±0.17 ** 0.40±0.35 ** 0.20±0.09 ***

GCS 1 0 *** 0.17±0.09 *** 0.16±0.08 *** 0.28±0.07 *** 0.15±0.07 ***

Band intensity of control K562 or K562/ADR cells was regarded as 1.0, respectively. The mean ± SD 
was shown and the statistical significances were evaluated between control cells and treated cells using 
one-way factorial analysis of variance and the multiple comparison test (Dunnet method). Shaded area 
indicates the statistical significance compared with control cells.
* p<0.01, ** p<0.001, *** p<0.0001, NS: not significant
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Supplementary Fig. 1 Morphological change of K562/ADR cells treated with RSV and VTC.
K562/ADR cells were cultured with VTC or RSV (mM concentration as illustrated) for 24 hr, and cytospin-slide 
was prepared. Cells were stained with May-Giemsa staining as described in the Materials and methods. The solid 
line at the lower right of the figure was 30 mm. Arrows denote shrunk and concentrated nuclei and cellular 
fragments in VTC-treated K562/ADR cells.

Supplementary Fig. 2 ASMase enzyme activity: ASMase enzyme activities of control and  
VTC (25 mM)-treated K562 and K562/ADR cells (3 and 12 hr) in triplicate culture  

were measured according to the Materials and methods
Statistical significance was analyzed using one-way factorial analysis of variance and the multiple comparison 
test (Dunnett method) with control cells as the relative activity of 1.0.
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Supplementary Fig. 3 Effects of ABC294640 (SPHK2 inhibitor) and PDMP (GCS inhibitor)  
on cellular ceramides and sphingosine-1-phosphate of K562 cells

Fig. 3a: In the same way shown in Figures 6c, K562 cells were cultured in triplicate with or without ABC294640 
(25 mM) +PDMP (10 mM) treatment for 24 hr. Cellular ceramides and dihydroceramides of control and 
ABC294640 (25 mM) +PDMP (10 mM) treated K562 cells were measured, and relative amount (the mean ± SD) 
was illustrated with each ceramide or dihydroceramide level of control K562 cells regarded as 1.0. 
The statistical significance was examined using t-test between C14 ceramide of control and ABC294640+PDMP-
treated K562 cells, between C16 ceramide of control and ABC294640+PDMP-treated K562 cells, between C18 
ceramide of control and ABC294640+PDMP-treated K562 cells, respectively. In the same way, all ceramides 
and dihydroceramides with different lengths of acly chain between Control and ABC294640+PDMP-treated cells 
were analyzed. *p<0.05
Fig. 3b: In the same experimental design as Supplementary Fig. 3a, relative S1P levels of control and 
ABC294640+PDMP treated K562 cells were shown with the control K562 cells regarded as 1.0. Statistical 
significance was analyzed with t-test.

Supplementary Fig. 4 Western blotting image together with the molecular weight markers  
(related with Fig. 3b) analyzing apoptosis-related proteins of K562 and K562/ADR cells  

with or without resveratrol and vaticanol C treatment
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Supplmentary Fig. 5 Western blotting image together with the molecular weight markers  
(related with Fig. 5c) analyzing the sphingolipid metabolic enzymes of K562 and K562/ADR cells  

with or without vaticanol C treatment

Supplementary Fig. 6 Western blotting image together with the molecular weight markers  
(related with Figs. 6e and f) analyzing BCL-xL, MCL1, SPHK1, SPHK2 and GCS proteins of K562 cells 

treated with various sphingolipid inhibitors, phytochemicals and adriamycin
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QRT-PCR (quantitative reverse transcription-polymerase chain reaction)
The QRT-PCR procedure and primer sets for SPHK1, SPHK2 and GCS were described previ-

ously.16 First-strand cDNA was prepared from 1 µg RNA using the PrimeScript™ RT reagent 
Kit (TaKaRa Bio Inc., Otsu, Japan). QRT-PCR was performed with SYBR® Premix ExTaq™ 
II (TaKaRa). Relative mRNA levels were calculated by the ratio of each mRNA to GAPDH 
mRNA. GAPDH forward primer: 5′-CAGGAGCGAGATCCCTCCAA-3′; GAPDH reverse primer: 
5′-CCCCCTGCAAATGAGCCC-3′.

Cellular ceramide and S1P
Cell cultures were performed in triplicate. Cellular ceramides from each sample were prepared 

as previously described.17 18:1-C17:0 ceramide was added prior to lipid extraction as the internal 
standard. Mass spectrometry analysis was performed with Acquity UltraPerformance LC (Waters, 
Milford, MA, USA) and QTRAP 4000 LC/MS/MS (AB SCIEX™, Framingham, MA, USA) with 
an electrospray ionization source in positive ion mode. Chromatographic separation was performed 
in gradient mode with an ODS column (Cadenza CW-C18, 150 × 3 mm, 3 µM particle size, 
Imtakt Corp., Portland, OR, USA).18 The method of sample preparation and quantification of 
S1P was performed according to the method described previously with d17:1 S1P as an internal 
control.19 LC column for S1P measurement was 5C18-AR-II (150 × 2 mm, 5 µM particle size, 
Nacalai Tesque, Kyoto, Japan). The relative ion abundance of each molecule was calculated 
from the data of authentic samples. The mean ± SD and statistical significance were calculated 
for each cellular ceramide with different acyl chain lengths between control and treated cells, 
and cellular S1P levels between control and treated cells (in Fig. 5, Fig. 6 and Supplementary 
Fig.  3) were analyzed by t-test.

Statistical analysis
Statistical significance was analyzed by t-test (ceramide and S1P, mRNA level) or one-way 

factorial analysis of variance and the multiple comparison test (Turkey method for viable cell 
count and Dunnett’s test for the band intensity of western blotting and ASMase activity). All 
analyses were performed using Prism 6 software (Graphpad; La Jolla, CA, USA). p<0.05 was 
regarded as significant.

RESULTS

Cytotoxic effect of VTC
We analyzed the effects of RSV and its oligomers (Fig. 1) on leukemia (K562 and NphA2) 

and solid tumor (PC3) cell lines and their anti-cancer drug-resistant sublines. Because the effect 
of 100 µM RSV on cell growth suppression reached a plateau,7 we compared the effects of RSV 
(100 µM), RSV dimers (50 µM), a trimer (33.3 µM), tetramers (25 µM), and octamer (12.5 µM).

All RSV oligomers suppressed the proliferation of K562 cells and K562/ADR cells (Fig. 
2a). Among them, VTC exhibited the greatest inhibition and cytotoxicity. Other cell lines and 
respective anti-cancer drug-resistant sublines (PC3 and PC3-PR, NphA2 and NphA2/STIR) were 
also very sensitive to VTC (Fig. 2b and 2c). We analyzed 50 µM RSV tetramers (Fig. 2d). VTC 
at 50 µM was highly cytotoxic among VTC tetramers. Repeating the experiments using other 
leukemia cell lines (BALL1, NALL1, Jurkat and U937) also revealed the robust cytotoxicity of 
VTC (Fig. 2e).
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VTC induces more rapid cytotoxicity than RSV
We focused on the cytotoxic effect of VTC in comparison with RSV. RSV suppressed K562 

and K562/ADR cell proliferation in a dose-dependent manner, but cell death induction required a 
higher concentration and was slow. In contrast, viable cell numbers were more rapidly decreased 
by VTC (Fig. 3a). The IC50 after VTC and RSV treatment (24 h) against K562 cells and K562/
ADR cells was 25 µM and 350 µM, respectively. Thus, the cytotoxic efficiency of VTC was at 
least 10 times greater than that of RSV.

VTC (25 µM) induced cleaved poly ADP-ribose polymerase (PARP) and cleaved caspase 
3 (Fig. 3b). VTC reduced the anti-apoptotic protein, BCL-xL, and increased the pro-apoptotic 
protein, Bak. Because NAC (anti-ROS activity) itself inhibited cell proliferation, we could not 
evaluate the effect of NAC. However, Z-VAD-FMK (a pan-caspase 3 inhibitor) significantly 
attenuated VTC-induced cell death, suggesting that VTC induced apoptotic cell death (Fig. 3c). 
Morphological analysis with May-Giemsa staining of K562 and K562/ADR cells after VTC 
(25 µM and 50 µM for 24 h) treatment showed many shrunk and concentrated nuclei and cellular 
fragments (arrows) in VTC-treated cells, whereas in RSV 200 (200 µM)-treated K562 cells, fewer 
shrunk nuclei or cytoplasmic debris were observed (Fig. 4 and Supplementary Fig. 1).

VTC increases cellular ceramides and decreases S1P
VTC (25 µM) increased cellular ceramides (almost all ceramides and dihydroceramides with 

different acyl chain lengths) and decreased cellular S1P in K562 and K562/ADR cells (Fig. 5a 
and b).

VTC decreases SPHK1, SPHK2, and GCS expressions
We previously reported that RSV increased ASMase mRNA and enzyme activity.7 However, 

VTC did not increase ASMase enzyme activity (Supplementary Fig. 2) or neutral sphingomy-
elinase 2 (NSMase2) expression (Fig. 5c). VTC inhibited the expressions of SPHK1, SPHK2, 
GCS, and sphingosine 1-phosphate lyase (SPL), but not the expressions of two acid ceramidase 
(ACDase) subunits, a and b.20 Ceramide synthase 1 (CERS1) was very low in K562 and K562/
ADR cells and CERS2 and CERS3 were decreased by VTC. Dihydroceramide desaturase (DES1) 
that metabolizes dihydroceramide to ceramide was not suppressed in any group except VTC-
treated K562/ADR cells on Day 2 (Fig. 5c). 

RSV was reported to activate SIRT1, a class III HDAC (histone deacetylase).21 However, 
Sirtuin 1 (SIRT1) and other HDACs (HDAC1 and HDAC3) were moderately decreased by VTC. 
Moreover, exogenous S1P addition reduced VTC cytotoxicity significantly (Fig. 5d). 

QRT-PCR analysis showed that SPHK1 and GCS, but not SPHK2, were decreased by VTC 
(Fig. 6a), suggesting the transcriptional (SPHK1 and GCS) and post-transcriptional regulation 
(SPHK2) of these enzymes in K562 cells.

Inhibitors of SPHK and GCS and other phytochemicals
To examine the relevance of VTC-induced changes in sphingolipid metabolic enzyme expres-

sion, chemical inhibitors of SPHK1, SPHK2 and GCS were examined. In separate experiments, 
the effects of PDMP (a GCS inhibitor)22 and GT-11 (a DES1 inhibitor)23 were examined, and 
shown to inhibit K562 cell proliferation mildly and not induce apoptosis (Fig. 6b and data not 
shown). In experiments with SPHK1 or SPHK2 inhibitors, GT-11 was not included because of 
the DES1 inhibitory activity of SKI (a SPHK1 inhibitor) and ABC294640 (a SPHK2 inhibitor).24 
SKI markedly inhibited K562 cell proliferation, and a high concentration induced cytotoxicity 
(Fig.  6b). SKI+PDMP induced remarkable cytotoxicity. In contrast, ABC294640 + PDMP induced 
milder growth suppression. 
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SKI + PDMP increased cellular ceramides and dihydroceramides with different acyl chain 
lengths, and decreased S1P in K562 cells (Fig. 6c and d). ABC294640 + PDMP induced similar 
changes (Supplementary Fig. 3). 

SKI (100 µM) suppressed BCL-xL and MCL1 expressions. Combinations of SKI (50 µM) 
+ PDMP (10 µM), and ABC (25 µM) + PDMP (10 µM), also decreased MCL1 expression 
significantly; however, BCL-xL inhibition by this combination treatment was mild and not 
statistically significant (Fig. 6e). 

To examine whether sphingolipid enzyme modulation was specific to VTC-induced cell death, 
the effects of other phytochemicals on SPHK1, SPHK2, and GCS expressions were examined 
(Fig. 6f). EGCG significantly inhibited SPHK1 and SPHK2 and GCS expression. Interestingly, 
ADR, an anti-cancer drug frequently used for various cancers, induced changes in K562 cells 
similar to VTC or EGCG.

DISCUSSION

Since the discovery of the carcinogenesis-preventing effect of RSV,3 many studies have reported 
its anti-proliferative activity in mouse and human cancer cells and in vivo or in vitro cancer mod-
els.25 RSV is effective in anti-cancer drug-resistant cells by sensitizing them to anti-cancer drugs.26

However, RSV has a poor pharmacokinetic profile. It is rapidly metabolized in the body by 
sulfation and glucuronidation, thereby reducing its bioavailability. The half-lives of RSV and total 
RSV metabolites are 8–14 min and 9 hr, respectively. Thus, it is less likely that RSV reaches 
a serum concentration above 1 µM from daily components or 10 µM from RSV supplement 
consumption.27 Higher doses of RSV such as 250 mg resulted in plasma levels of 2–18 µM,28 
which is still insufficient to induce cytotoxicity in vitro. 

To overcome this drawback, novel RSV analogs with higher bioavailability are a candidate 
strategy. RSV oligomers including VTC have been reported to exhibit robust cytotoxic activity 
by us and others.8,29 RSV oligomers are expected to reduce the in vivo concentration required 
for cytotoxicity compared with RSV. The rapid and strong cytotoxicity of VTC (Fig. 2 and 
Fig. 3) suggests VTC induced apoptosis. The IC50 of VTC and RSV indicates VTC was more 
effective than RSV in K562 cells. Intriguingly, VTC was highly cytotoxic in various anti-cancer 
drug-resistant cells possessing different resistance mechanisms (Figs. 2 and 3), which is promising 
for future clinical use. 

VTC decreased cellular S1P and increased cellular ceramides including dihydroceramides (Fig. 
5a and b), which might be a cause of VTC-induced apoptosis. These data are consistent with 
our recent report showing the effect of RSV on ceramide accumulation.7 However, VTC affected 
multiple sphingolipid metabolic enzymes other than ASMase (Fig. 5c). Based on the sphingolipid 
rheostat, we focused on SPHK1, SPHK2, and GCS, whose combination was expected to decrease 
cellular S1P and increase cellular ceramides. VTC decreased SPHK1 and GCS, but not SPHK2 
mRNA expression (Fig. 6a), indicating heterogeneous regulatory mechanisms of VTC. 

RSV induced ASMase transcription by increasing EGR transcription factors followed by an 
increase in cellular ceramide,7 whereas VTC suppressed SPHK1 and GCS transcription leading 
to increased cellular ceramides and decreased S1P, suggesting different mechanisms of RSV 
and VTC involved in the increase of cellular ceramides. Similarly, an RSV dimer, balanocarpol, 
inhibited SPHK1 activity and expression to a higher degree than RSV30; however, high concentra-
tions (100 µM) suppressed total cellular DNA synthesis and SPHK1 protein expression.

The combination of SKI + PDMP increased ceramides and dihydroceramides, and suppressed 
S1P in K562 cells (Figs. 6c and Supplementary Fig. 3), consistent with recent reports showing 
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the potent DES1 inhibitory action of SPHK inhibitors.24 DES1 suppression is suspected to be 
responsible for the increase in dihydroceramides. Although VTC increased cellular dihydroc-
eramides in K562 and K562/ADR cells, DES1 expression was not significantly decreased by 
VTC except in VTC-treated K562/ADR cells on Day 2 (Fig. 5c). However, DES1 activation by 
palmitic acid activated DES1 leading to cell death,31 and DES1 ablation conferred resistance to 
etoposide-induced apoptosis.32 Thus, the effects of DES1 inhibition are variable depending on 
the cellular context and degree of inhibition.33 The role of DES1 in VTC treatment remains to 
be determined and further analysis is needed.

Increased SPHK134 and GCS35 were reported in anti-cancer drug-resistant cancer cells. In such 
cancer cells, SPHK1 and/or GCS overexpression is expected to modulate the sphingolipid rheostat 
(decrease of S1P and increase of ceramide) and to support cancer cell survival and resistance 
against extracellular stress such as anti-cancer drugs. 

In the present study, we used K562 and NphA2, both of which are BCR/ABL positive 
leukemia cells. SPHK1 expression was upregulated by BCR/ABL translocation36 and signaling 
through the S1P2 receptor by S1P stabilized oncogenic BCR/ABL proteins.37 Although we did 
not provide direct evidence for a relationship between VTC treatment and S1P receptor signaling, 
the results of exogenous S1P addition (Fig. 5d) supported the involvement of S1P/S1P receptor 
signaling in K562 cells. In contrast, GCS overexpression increased cellular glucosylceramide38 
and decreased ceramide,39 also leading to the modulation of the sphingolipid rheostat. Indeed, a 
GCS inhibitor PDMP sensitized imatinib-resistant T315 mutation positive CML cells.40

However, the role of SPHK2 in the cancer field is unclear. In the early period of SPHK2 
research, the overexpression of SPHK2 inhibited cell proliferation and promoted apoptosis.41 In 
contrast, ABC294640 (an SPHK2 inhibitor) inhibited the growth of different tumor cell lines 
in vivo, and had a chemo-sensitizing effect.42 Our results confirmed the inhibitory effect of 
ABC294640 on malignant cell growth and survival. 

Because of difficulties using multiple siRNAs simultaneously, we used chemical inhibitors. 
The combination of SPHK1 and GCS inhibitors exhibited remarkable cytotoxicity and showed 
similar sphingolipid rheostat modulation as that of VTC (Fig. 6b). In addition to VTC, the 
decreased expressions of these sphingolipid metabolic enzymes were observed using another 
phytochemical, EGCG, and an anti-cancer drug, ADR (Figs. 4c and 5d), suggesting the same 
cytotoxic mechanism in leukemia cells (e.g. affecting the sphingolipid rheostat). 

Although 14 oligomers with hydroxy groups have one or more common fused ring(s), 
[2,3-diallyl-2,3-dihydrobenzofuran ring(s)] (red box, VNF, AMPA, a-VNF, VTB, HP, VTC, 
isoVTC, isoHP, PFC, VPB, and VPA) and dibenzobicyclo [3.2.1] octadiene ring (blue box, AMPF, 
isoAMPF, VTC, and isoVTC) (Fig. 7a), only VTC showed a robust cytotoxic effect. Considering 
the molecular structures, a backbone with two furan rings (red box) fused to a central bicyclo 
ring (green box) was crucial to demonstrate VTC-induced cytotoxic effects. 

Of note, by comparing two similar tetramers, (isoVTC and acetVTC) with VTC, the ori-
entation of a 4-hydroxybenzene ring attached to the bicyclo ring [shown as the solid arrow 
(middle) compared with the red color (left) of Fig. 7b] was important for the cytotoxic action 
of VTC, considering the diminished cytotoxicity of isoVTC. Moreover, decreased cytotoxicity 
was demonstrated by peracetate of VTC (acetVTC: red AcO in the right compared with VTC, 
Fig. 7b), showing the importance of the hydroxyl group for its cytotoxicity, which was similar 
to RSV and its analog.43 These characteristics are important for the future translational research 
of VTC as a prototype molecule.

In summary, our results suggest that VTC exhibited robust cytotoxicity against leukemia 
and solid tumors with or without various anti-cancer drug resistance and that VTC might be a 
promising prototype for translational research.
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