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the sphingolipidoses (4), cancer (5), inflammation (6), 
and neurological disorders (7, 8). SLs are not only present 
in mammals, but also in prokaryotes and other eukaryotes 
(9). The structural and functional variety of these naturally 
occurring molecules represents a remarkable source of 
potential therapeutic agents. Natural SLs extracted from 
fungi and marine organisms display structural similarities 
to mammalian SLs and can interact with endogenous SL 
metabolism, and have therefore been investigated as thera-
peutic agents for the treatment of different diseases, in-
cluding cancer (10).

The natural SL, jaspine B (JB) (Fig. 1), is a cyclic anhy-
drophytosphingosine isolated from the marine sponges, 
Pachastissamine sp. (11) and Jaspis sp. (12). JB is cytotoxic 
(11) and induces apoptotic and autophagy-mediated cell 
death in human and mouse cancer cell lines (13–14). 
These processes have been associated with alterations in SL 
metabolism. JB has been synthesized through various syn-
thetic routes [(15, 16) and references therein]. Moreover, 
a series of JB derivatives have been prepared including tri-
azole-JB hybrids (17) and carbocyclic JB (18) and aza-JB 
(19) analogs. In a previous report, we investigated the bio-
logical activity of diastereomeric JB, including JB with the 
natural configuration and three stereoisomers, namely 2,3-
epi JB, 2-epi JB, and 3-epi JB (Fig. 1). JB was the most cytotoxic 
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Sphingolipids (SLs) are both structural components of 
cell membranes and bioactive molecules (1). SL metabolism 
is a complex network of highly regulated reactions (2) and 
its alteration is related to a variety of diseases (3), including 
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molecule in A549 cancer cells, whereas diastereomeric JBs 
were 10–20 times less toxic (14). In another study, these 
four molecules, together with their enantiomeric pairs, ex-
hibited moderate to potent inhibition of sphingosine (So) 
kinase (SK)1 and SK2. Moreover atypical PKCs were inhib-
ited by several JB stereoisomers (20).

Ceramide synthases (CerSs) are responsible for ce-
ramide (Cer) and dihydroceramide (dhCer) synthesis by 
N-acylation of the sphingoid bases, So and dihydrosphingo-
sine (dhSo), respectively (21). Each of the six mammalian 
CerSs (CerS1–6) catalyzes addition of a restricted subset of 
acyl-CoAs with different fatty acid chain lengths to the 
sphingoid long-chain base (22). Both sphingoid bases and 
their acylated counterparts have been shown to play es-
sential roles in cell fate determination. Although Cer is  
the most typical inducer of cell growth arrest and apopto-
sis (23), similar functions have also been reported for So 
(24, 25) and dhSo (26, 27) in various cells. More recently, 
dhCer has also emerged as an active modulator of many 
cellular responses, including cell death (28, 29) and au-
tophagy (30). Therefore, modulation of CerS activity might 
result in altered levels of bioactive SLs, representing an at-
tractive target in biomedical research.

In this report, we investigate the effect of JB on SL metabo-
lism and cell viability in the gastric cancer cell line, HGC-27. 
We show that JB inhibits CerS, which in turn leads to the ac-
cumulation of free sphingoid bases and alteration of the  
lipidome. Moreover, JB induces cell death through a non-
apoptotic and nonautophagic mechanism in which HGC-27 
cells engulf large amounts of extracellular fluid by macropi-
nocytosis, leading to bulk vacuolation and death. Impor-
tantly the same vacuolation process also occurs in other 
cancer cell models, suggesting the generality of this effect.

MATERIALS AND METHODS

Synthesis of N-acyl JB by Staudinger ligation between  
N3-JB and carboxylic acids

A solution of the corresponding carboxylic acid (0.10 mmol) in 
THF (1 ml) was treated with a solution of HOBt (14 mg, 0.09 

mmol) and EDC (19 mg, 0.12 mmol) in THF (1 ml) under Ar. 
The resulting mixture was stirred for 15 min and then added 
dropwise over a solution of the starting azide (N3-JB, 20 mg, 0.06 
mmol in 1 ml THF) with triphenyl phosphine (27 mg, 0.1 mmol 
in 1 ml THF) for 15 min under Ar. The resulting solution was 
stirred at room temperature for 1 h and then quenched by addi-
tion of water (25 ml). The aqueous phase was extracted with DCM 
(3 × 10 ml) and the combined organic extracts were dried and 
evaporated to dryness to give a residue, which was chromato-
graphed on a DCM-methanol gradient (0–4%) to give the corre-
sponding amides as waxy solids.

N-octanoyl JB. Rf = 0.45 (DCM-methanol 9:1). 1HNMR (400 
MHz, CDCl3):  6.15 (broad d, 1H, amide), 4.55 (m, 1H), 4.07  
(m. 2H), 3.74 (m, 1H), 3.54 (app t, 1H), 2.18 (t, 2H), 1.60 (broad, 
4H), 1.24 (broad, 32H), 0.85 (t, 2 × 3H). HRMS, calculated for 
C26H51NO3 (M + 1): 426.3947; found: 426.3968.

N-palmitoyl JB. Rf = 0.50 (DCM-methanol 9:1). 1HNMR (400 
MHz, CDCl3):  6.20 (broad d, 1H, amide), 4.50 (m, 1H), 4.15 (m. 
2H), 3.72 (m, 1H), 3.51 (m, 1H), 2.23 (t, 2H), 1.55 (broad, 4H), 
1.26 (broad, 48H), 0.80 (t, 2 × 3H). HRMS, calculated for 
C34H67NO3 (M + 1): 538.5199; found: 538.5207.

Reagents and antibodies
MEM, DMEM, FBS, nonessential amino acids, penicillin/strep-

tomycin, trypsin-EDTA, polyethylenimine, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT), BSA, protease 
inhibitors (aprotinin, leupeptin, and PMSF), fumonisin B1 (FB1), 
5-(N-ethyl-N-isopropyl)amiloride (EIPA), GenElute™ mamma-
lian genomic DNA miniprep kit, and HEPES buffer were from 
Sigma-Aldrich. z-VAD and bafilomycin-A were from Enzo Life Sci-
ences. Annexin V-FITC early apoptosis detection kit was from Cell 
Signaling. Laemmli buffer and acrylamide were from Bio-Rad 
(Hercules, CA). DMEM FluoroBrite and the MicroBCA protein 
assay kit were from Thermo Scientific. SYBR® Safe DNA gel stain 
and Lucifer Yellow (LY) were from Life Technologies. Lysotracker 
Red DND-99 was from Invitrogen. Internal standards for lipido-
mics and NBD-sphinganine were from Avanti Polar Lipids. C16-
[1-14C]acyl-CoA was from American Radiolabeled Chemicals. 
Glass-bottom dishes were from MaTek Corporation. Methanol 
(gradient grade for LC), water for chromatography, and silica gel 
60 TLC plates were from Merck (Darmstadt, Germany). Antibod-
ies: LC3-II (rabbit) and p62 (mouse) were from Abcam; PARP 
(rabbit) was from Cell Signaling; and -actin (mouse) was from 
Sigma. HRP-secondary antibodies and ECL were from GE 
Healthcare.

Fig. 1. Chemical structure of JB and analogs.
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Cell lines
HGC-27 cells (human gastric cancer cells, provided by Prof. 

Riccardo Ghidoni, University of Milan, Italy) were maintained in 
MEM supplemented with 10% FBS, 1% nonessential amino acids, 
100 IU/ml penicillin, and 100 g/ml streptomycin. Cells were 
grown without reaching confluence. MDA-MB 231 and MDA-MB 
468 (human breast cancer cells, provided by Dr. Timothy Thom-
son, Molecular Biology Institute of Barcelona, CSIC, Spain), T98 
and U87 (human glioblastoma cells, provided by Dr. Guillermo 
Velasco, Complutense University of Madrid, Spain), and HEK293T 
(human embryonic kidney cells, purchased from ATCC) were 
cultured in DMEM supplemented with 10% FBS, 100 IU/ml peni-
cillin, and 100 g/ml streptomycin. All cells were maintained at 
37°C in 5% CO2.

Cell viability
Cells (0.1–0.25 × 106/ml) were seeded in 96-well plates (0.1 

ml/well) and grown for 24 h. Cell viability was examined in tripli-
cate samples by MTT method after treatment with the indicated 
compounds or with the corresponding percentage of vehicle 
(≤ 0.25% ethanol).

Cell transfection
HEK293T cells were grown in 10 cm dishes until 60–70% con-

fluency. Human CerS genes were cloned in pCMV-Tag2B vector 
with an N-terminal FLAG tag, or in pcDNA3 vector containing a 
HA tag (22). The transfection mix was prepared by adding 6 g of 
plasmid and 15 l of polyethylenimine to a final volume of 1,375 
l of DMEM, without FBS and antibiotics, per well. After mixing, 
the transfection mix was incubated for 20 min at room tempera-
ture. Cells were washed twice, medium was replaced with 8 ml of 
incomplete DMEM, and the transfection mix was added. After 
incubating cells for 5–6 h, 5 ml of DMEM complemented with 
FBS and antibiotics were added. Cells were collected by trypsiniza-
tion after 36–48 h. Ectopic protein expression was evaluated by 
Western blot analysis.

Lipid analysis
Cells were seeded at 0.2 × 106 cells/ml in a 6-well plate (1 ml/

well). After 24 h, medium was replaced with fresh medium con-
taining either the treatment of interest or the corresponding ve-
hicle as a control. After the indicated time of incubation, the 
medium was removed and cells were washed with PBS. Cells were 
collected by adding 400 l of trypsin and 600 l of medium; re-
siduals cells were collected by further washing each well with 400 
l of medium. Ten microliters of the cell suspension were used to 
count cells for each sample. SL extracts with internal standards 
[N-dodecanoylsphingosine, N-dodecanoylglucosylsphingosine,  
N-dodecanoylsphingosylphosphorylcholine, C17-phinganine (0.2 
nmol each), and C17-sphinganine-1-phosphate (0.1 nmol)] were 
prepared and analyzed as reported by UPLC-TOFMS or HPLC-
MS/MS (31).

Phase contrast microscopy
Phase contrast pictures were taken using a Nikon Eclipse TS100 

inverted microscope with a 40× objective connected to a Digital 
Sight  DS-2Mv  camera  and  acquired  with  Nis  Element  F  3.0 
software.

Transmission electron microscopy
Cells were seeded at 105 cells/ml in 6-well plates and grown 

overnight. Medium was replaced with fresh medium containing 
JB (5 M), XM462 (8 M), or ethanol (0.14%). After 16 h of 
treatment, cells were collected with 400 l trypsin-EDTA and 600 
l MEM and the pellet was washed twice with 1% PBS. Cells were 

fixed in fixing buffer [2% paraformaldehyde and 2.5% glutaral-
dehyde in 0.1 M phosphate buffer (PB) (pH 7.4)] for 30 min at 
4°C. Samples were centrifuged (1 min, 200 g) and resuspended in 
the same fixation buffer overnight. After washing with PB, cells 
were treated with 1% OsO4 and 0.8% K3[Fe(CN)6] in 0.1 M PB. 
Cells were then dehydrated through an ethanol series (90, 96, and 
100%). Cells were embedded in Spurr resin by polymerization at 
60°C for 48 h. Ultrathin sections were obtained with ULTRACUT 
ultramicrotome and examined with a JEOL 1010 transmission 
electron microscope connected to a CCD Orius camera (Gatan) 
and acquired with Digital Micrograph software (Gatan). Cell fixa-
tion and analysis were carried out in collaboration with Scientific 
and Technological Centers, University of Barcelona.

CerS activity
HEK293T cells overexpressing CerS were homogenized in 20 mM 

HEPES-KOH (pH 7.2), 25 mM KCl, 250 mM sucrose, and 2 mM 
MgCl2 containing a protease inhibitor cocktail (Sigma-Aldrich). 
Protein content was determined using the Bradford reagent (Bio-
Rad). The assay was carried out as reported (22, 32). Cell homog-
enates were incubated at 37°C with 15 M NBD-sphinganine,  
20 M defatted BSA, and 50 M acyl-CoA in a 20 l reaction 
volume. N-acylation was determined by incubating cell homoge-
nates (1 g) with 15 M dhSo (or JB), 20 M defatted BSA, and 
0.01 Ci C16-[1-14C]acyl-CoA/46 M C16 acyl-CoA in a final vol-
ume of 250 l. Reactions were terminated by the addition of  
750 l of chloroform-methanol (1:2, v/v), and lipids were ex-
tracted by adding 500 l of chloroform and 750 l of deute-
rium-depleted water. After centrifugation (1,000 g, 10 min), the 
water phase was removed. Lipids in the organic phase were then 
dried under N2, resuspended in 110 l chloroform-methanol 
(9:1, v/v), and separated by TLC using chloroform-methanol-2 M 
NH4OH (40:10:1, v/v/v) as the developing solvent. NBD-labeled 
lipids were visualized using a Typhoon 9410 variable mode imager 
and quantified by ImageQuantTL (GE Healthcare, Chalfont St. 
Giles, UK). Radioactively labeled SLs were visualized using a phos-
phorimaging screen (Fuji, Tokyo, Japan), recovered from TLC 
plates by scraping the silica directly into scintillation vials, and 
quantified by liquid scintillation counting.

Annexin V-FITC staining
Cells were plated at 105 cells/ml in 6-well plates and grown 

overnight. After treatment, cells, together with the medium, were 
collected with trypsin-EDTA and 1% BSA. Samples were centri-
fuged and pellets washed with 50 mM PBS-EDTA and 1% BSA. 
For cell staining, an Annexin V-FITC kit was used according to the 
manufacturer’s instructions. Stained cells were analyzed by using 
a Guava EasyCyte™ flow cytometer (Merck Millipore, Billerica, 
MA). Data analysis was performed using the Multicycle AV pro-
gram (Phoenix Flow Systems, San Diego, CA).

Western blotting
HGC-27 cells (105 cells) were plated in 6-well plates and grown 

for 24 h. After treatment, cells were collected with trypsin-EDTA, 
washed with PBS, and lysed with lysis buffer [150 mM NaCl, 1% 
Igepal-CA630, 50 mM Tris-HCl (pH 8), aprotinin (2 g/ml), leu-
peptin (5 g/ml), and 1 mM PMSF]. For PARP detection, after 
treatment with JB, medium and cells were collected with trypsin-
EDTA and pellets were obtained by centrifugation. Cells were 
lysed with Laemmli sample buffer. Protein concentration was esti-
mated by Micro BCA™ protein assay kit. Equal amounts of pro-
teins (20 g) were loaded and separated on a 12% polyacrylamide 
gel and transferred onto a PVDF membrane. Membranes were 
blocked in 5% milk in TBS-T 0.1% and incubated with anti-LC3, 
anti-p62, or anti-PARP antibody. Alternatively, membranes were 
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blocked with 3% BSA in TBS-T 0.1% and incubated with anti--
actin antibody. After washing with TBS-T 0.1%, membranes were 
probed with the correspondent secondary antibody and protein 
detection was carried out using ECL and scanning the membrane 
with LI-COR C-DiGit® blot scanner. Band intensity was quantified 
by LI-COR Image Studio Lite software.

Uptake of fluid-phase tracer LY
Cells were plated at 105 cells/ml in 35 mm glass-bottom dishes 

and grown overnight. Medium was replaced with 1 ml of fresh 
medium containing LY (0.5 mg/ml) and cells were incubated 
with JB (5 M) or ethanol (0.1%) for 16 h at 37°C, 5% CO2. Lyso-
tracker (75 nM) was added to each well and cells were incubated 
for 1 h more at 37°C, 5% CO2. Medium was removed, cells were 
washed three times with PBS, and fresh DMEM FluoroBrite was 
added. Fluorescent images of live cells were taken using a Leica 
TCS-SP2 laser scanning confocal microscope, in collaboration 
with Scientific and Technological Centers, University of Barce-
lona, and the images were analyzed using Fiji-ImageJ software.

RESULTS

Synthesis
JB and epi-JB were synthesized from phytosphingosine 

stereoisomers, as previously reported (14).The correspond-
ing N-octanoyl-JB (C8-JB) and N-hexadecanoyl-JB (C16-JB) 
were obtained by phosphine-catalyzed Staudinger ligation 
from 4-azido-JB (N3-JB) and the corresponding carboxylic 
acids (supplemental Fig. S1).

JB is cytotoxic in several cell lines
We determined the cytotoxicity of JB and its derivatives 

in HGC-27 gastric cancer cells. JB decreased cell viability 
with a LD50 of 7.3 ± 0.7 M (mean ± SD). The 3-epi and 2,3-
epi JB showed a similar cytotoxicity compared with JB, while 
2-epi JB was less cytotoxic than JB (LD50 of 12.5 ± 0.9 M). 
Treatment with C8-JB, C16-JB, and N3-JB did not cause di-
minished cell viability (Table 1). Cell viability was also eval-
uated in five additional cell lines, including human breast 
adenocarcinoma (MDA-MB 231 and MDA-MB 468), hu-
man glioblastoma (T98 and U87), and human embryonic 
kidney (HEK293T) cell lines in which cell viability was also 
decreased with LD50 values of 2.1 ± 0.2 M (MDA-MB 231), 
4.5 ± 2.0 M (T98), 3.2 ± 0.9 M (U87), and 9.5 ± 1.2 M 

(Hek293T) (supplemental Fig. S2). A biphasic dose-response 
curve was obtained in MDA-MB 468 cells.

JB induces accumulation of sphingoid bases  
in HGC-27 cells

Alterations in SL metabolism induced by JB have been 
reported in various cancer cell lines. Specifically, JB in-
duces the accumulation of dhCer (14) and Cer and de-
creases levels of SM (33). To further investigate the effects 
of JB on SL metabolism, SL levels were determined in 
HGC-27 cells. MS analysis showed a dramatic increase in 
dhSo after 4 and 8 h. Similarly, dihydrosphingosine1-phos-
phate (dhSoP), which was undetectable in control samples, 
accumulated after 4, 8, and 24 h of JB treatment. So and 
sphingosine 1-phosphate (SoP) levels also increased, al-
though to a lower extent. At all times, dhCer increased, 
while dihydrosphingomyelin accumulated after 24 h incu-
bation with JB. Small changes were observed in Cer and SM 
levels (Fig. 2).

JB inhibits CerS
The accumulation of sphingoid bases suggested that JB 

might inhibit CerS, and this was examined using an in vitro 
CerS assay (32) in HEK293T cells overexpressing various 
CerSs. JB significantly inhibited all CerSs (Fig. 3A). Of the 
JB stereoisomers, only 2-epi JB inhibited CerS6 activity 
(25% inhibition) (supplemental Fig. S3). Likewise, no 
significant inhibition of CerS6 activity was observed using 
C8-JB, C16-JB, and N3-JB, indicating that the stereochemistry 
of JB is important for CerS inhibition and that a free amino 
group is necessary, in line with the cytotoxicity of JB. On 
the other hand, the increased levels of dhCer after JB treat-
ment (Fig. 2) were not due to the inhibition of dhCer de-
saturase activity (supplemental Fig. S4).

JB is N-acylated by CerS
We next examined whether JB could act as a CerS  

substrate and thus directly N-acylate JB. HEK293T cells 
overexpressing CerS5 were incubated with JB and 14C-pal-
mitoyl-CoA (C16-[1-14C]acyl-CoA). As shown in Fig. 3B, 
CerS5 was found to acylate JB. FB1, a CerS inhibitor (34), 
inhibited the N-acylation of JB (N-acylated-JB 205.40 ± 35 
pmol/min/mg compared with 107.30 ± 0.2 pmol/min/mg 
in the presence of FB1; n = 2) The N-acylation of JB was 
confirmed by MS/TOF analysis, which showed increasing 
amounts of N-acyl-JB with different acyl chain lengths ver-
sus time (Fig. 3C).Together, these findings demonstrate 
that JB is directly N-acylated by CerS.

JB induces cell vacuolation
We next investigated the type of cell death induced by 

JB. HGC-27 cells exposed to JB were characterized by the 
accumulation of phase-lucent cytoplasmic vacuoles, which 
increased in size and number in a dose-dependent manner 
(Fig. 4A). Treatment with 5 M JB caused the formation of 
vacuoles that were visible after 4 h of treatment and in-
creased in size in a time-dependent manner (data not 
shown). The progressive accumulation of vacuoles was 
followed by cell rounding and detachment. Cytoplasmic 

TABLE 1. Cytotoxicity of JB and analogs in HGC-27 cells

Compound LD50 (M)

JB 7.3 ± 0.7
2-epi JB 12.5 ± 0.9
3-epi JB 7.6 ± 0.8
2,3-epi JB 4.9 ± 0.5
C8-JB NT
C16-JB NT
N3-JB NT

The cytotoxicity of the compounds was evaluated by MTT in HGC-
27 cells after 24 h incubation. LD50 was calculated as the mean of two 
experiments in triplicate ± SD. NT, not toxic for the concentrations 
tested (930 M).
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vacuolation induced by JB was analyzed by transmission elec-
tron microscopy (TEM), which revealed that vesicles were 
multi-sized and formed low electron-dense areas that occu-
pied broad cytoplasmic sections. Cellular nuclei were intact 
with a similar appearance to those of untreated samples 
(Fig. 4B). Interestingly, JB treatment of the noncancerous 
cell line, HEK293T, resulted in formation of vacuoles at 
short incubation times. However, while vacuoles persisted 
in the cancer cell lines examined after treatment (U87, T98, 
and A549 cells; supplemental Fig. S5), they were no longer 
present in HEK293T cells 24 h after JB administration (sup-
plemental Fig. S6). This result suggests that JB-induced 
vacuolation cell death might be selective for cancer cells.

JB-induced cytotoxicity and vacuolation is not related to 
SL synthesis

We next investigated the effect of inhibiting SL synthesis 
using myriocin, an SPT inhibitor (35), on JB-induced  
cytotoxicity and cytoplasmic vacuolation. Myriocin caused a  

significant decrease in dhCer and dihydrosphingomy-
elin levels, which was more extensive upon JB treatment 
(Fig. 5A). Similarly, dhSo and dhSoP accumulation after JB 
treatment was strongly reduced when JB was combined 
with myriocin. Nonetheless, the decrease in dihydrosphin-
golipid levels induced by myriocin treatment did not affect 
JB cytotoxicity (Fig. 5B) or cytoplasmic vacuolation (Fig. 
5C), suggesting that de novo SL synthesis and JB cytotoxic-
ity/cytoplasmic vacuolation are independent events. In fur-
ther support of this conclusion, FB1, a CerS inhibitor that 
also provokes increases in long-chain bases and their phos-
phates (34), did not induce vacuolation (supplemental  
Fig. S7).

Apoptosis is not involved in JB-induced vacuolation and 
cell death

The formation of cytoplasmic vacuoles is common to vari-
ous forms of nonapoptotic cell death (36, 37). Flow cytom-
etry analysis of annexin V/propidium iodide (PI)-stained 

Fig. 2. Effect of JB on the HGC-27 sphingolipidome. HGC-27 cells were treated for 4, 8, and 24 h with JB  
(1 M) or ethanol. Lipids were extracted and analyzed by UPLC/TOF. Triple quadrupole mass spectrometer 
analysis was performed to analyze So, dhSo, SoP, and dhSoP levels. *P < 0.05, **P < 0.005, ***P < 0.0005 (n = 3).
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Fig. 3. JB inhibits CerS activity. A: CerS activity was determined in cell lysates overexpressing different CerSs. Lysates (CerS1, 25 g; CerS2, 
40 g; CerS4, 30 g; CerS5, 1 g; CerS6, 5 g) were preincubated for 5 min with JB (5 M) or ethanol as a control; the reaction was started 
by adding NBD-dhSo (15 M)/BSA (20 M)/acyl-CoA (50 M) (CerS1, C18 acyl-CoA; CerS2, C22 acyl-CoA; CerS4, C18 or C20 acyl-CoA; 
CerS5, C16 acyl-CoA; CerS6, acyl-CoA) to the samples. The reaction was carried out during different times (CerS1, 20 min; CerS2, 10 min; 
CerS4, 20 min; CerS5, 5 min; CerS6, 10 min). Results are the mean ± SD for two experiments performed in duplicate and are expressed as 
the percent of the activity compared with the control. *P < 0.05, **P < 0.005, ***P < 0.0005. B: Cell lysates overexpressing CerS5 were incu-
bated for 20 min with DhSo or JB at 15 M and with C16-[1-14C]acyl-CoA (0.01 uCi)/C16 acyl-CoA(46 M) and BSA (20 M). Results are 
representative of a typical experiment in duplicate (n = 2). C: HGC-27 cells were treated with 1 M JB for 4, 8, and 24 h. Lipids were extracted 
and analyzed by UPLC/TOF. Data are given as picomolar equivalents to C12:0 Cer and are the mean of one experiment in triplicate, which 
is representative of three experiments that gave similar results.
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cells demonstrated that the number of annexin V-positive 
cells did not increase upon treatment with 5 M of JB. Sim-
ilar results were observed when HGC-27 cells were treated 
with 12 M of JB (Fig. 6A). Moreover, upon JB treatment, 
no DNA laddering or smearing (Fig. 6B), which are respec-
tively typical of apoptosis and necrosis (38), was observed. 
In addition, although JB induced PARP cleavage (Fig. 6C), 

this event has also been presorted to occur in nonapoptotic 
types of death, such as methuosis (see Discussion). Further-
more, JB cytotoxicity was evaluated in the presence of the pan-
caspase inhibitor, z-VAD, which did not affect JB cytotoxicity 
(Fig. 6D) or cytoplasmic vacuolation (Fig. 6E), demonstrat-
ing that caspase activity is not essential for JB cytotoxicity. 
In addition, the RIP1 kinase inhibitor, necrostatin-1, did 

Fig. 4. JB induces cell vacuolation in HGC-27 cells. A: Phase contrast images of HGC-27 cells treated with 
ethanol (i) or 1 M JB (ii), 3 M JB (iii), or 5 M JB (iv). Images were captured after 24 h and are representa-
tive of two experiments. Black arrows indicate cytoplasmic vesicles. Scale bar: 50 m. B: TEM of HGC-27 cells 
treated with ethanol (v) or JB 5 M (vi) for 16 h [(vii) and (viii) are higher magnifications of the selected 
areas of images (v) and (vi), respectively. The experiment was performed in triplicate; images are representa-
tive of the observed phenotypes.
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not improve cell viability (data not shown) (39, 40). Together, 
these findings suggest that neither apoptosis nor necrosis is 
involved in JB-induced cell death and vacuolation.

JB-induced vacuoles are not autophagosomes
To determine whether the vacuoles observed after JB 

treatment were autophagosomes or autophagolysosomes, 

we measured LC3-II levels. Increased levels of LC3-II were 
seen in JB-treated samples, which were enhanced by prein-
cubation with protease inhibitors (Fig. 7A), while treat-
ment with the autophagy inhibitor, wortmannin, did not 
decrease LC3-II levels (Fig. 7B), consistent with the lack of 
change  in  levels of p62, a ubiquitin-binding scaffold pro-
tein that is degraded during autophagy (41) (Fig. 7B), and 

Fig. 5. Myriocin blocks de novo SL synthesis without altering JB-induced cytotoxicity and cell vacuolation. HGC-27 cells were cultured with 
5 M myriocin (Myr) or ethanol for 2 h and then incubated with 5 M JB for 16 h. A: SLs were analyzed by UPLC-TOF MS and HPLC MS/
MS. *P < 0.05, ***P < 0.0005 (n = 3). B: HGC-27 cells were treated with 5 M of Myr (or ethanol) for 2 h and then incubated with different 
concentrations of JB for 16 h. Cell viability was determined by MTT. Results are the mean ± SD of two experiments in triplicate. C: Phase 
contrast images are representative of the phenotype observed in two independent experiments in triplicate. Scale bar: 50 m.
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with EM analysis, which showed that JB-induced vacuoles 
were single-membrane structures (Fig. 7C) rather than the 
double-membrane structures that characterize autophago-
somes (42). In contrast, treatment with XM462, which in-
duces autophagy in HGC-27cells (43), resulted in formation 
of vacuoles typical of autophagy (Fig. 7C).Together these 
data demonstrate that the cytoplasmic vacuoles induced by 
JB treatment are not autophagic structures.

Cell vacuolation is triggered by macropinocytosis
Macropinocytosis is a regulated form of endocytosis that 

mediates the nonselective uptake of solute molecules, nu-
trients, and antigens (44, 45). Treatment with EIPA, an  
inhibitor of the Na+/H+ exchanger that blocks macropino-
cytosis (46, 47), prevented JB-induced cell vacuolation 
(Fig. 8A). In addition, LY, a fluid-phase tracer that is taken 

up by macropinocytosis (37, 45, 48, 49), colocalized with 
the cytoplasmic vacuoles (Fig. 8B, yellow). Importantly, 
these vacuoles were different from lysosomes, as they did 
not colocalize with LysoTracker (Fig. 8B, red). Finally, 
TEM analysis of cells treated with JB displayed membrane 
extensions (Fig. 8C, left panel) and small vesicles in the 
peripheral zone of cytoplasm (Fig. 8C, right panel), sug-
gesting that the vacuoles originated from cell engulfment 
and then coalesced into bigger structures, thus determin-
ing cytoplasmic disruption.

DISCUSSION

Due to their structural similarity to mammalian SLs, SLs 
from fungi and marine organisms have been investigated 

Fig. 6. JB induces nonapoptotic cell vacuolation in gastric cancer cells. A: Cells were incubated for 16 h with increasing concentrations of 
JB or ethanol and stained with annexin V (AV)/PI and fluorescence was analyzed by flow cytometry. The percentage of cell populations 
stained with AV, PI, or both are shown. Results are representative of a typical experiment in triplicate that gave similar results (n = 3). B: 
HGC-27 cells were treated with JB (5 or 12 M) or ethanol (0.12%) as a control for 16 h. After extraction, DNA was run on agarose gel con-
taining SYBR green. One hundred kilobases of DNA standard were used as a marker. The image represents a typical experiment repeated 
two times that gave similar results. C: HGC-27 cells were treated with JB (3, 5, and 12 M) or ethanol as a control for 16 h. PARP and cleaved 
PARP were detected by Western blot. -Actin was used as a loading control. The results are representative of four different experiments. D: 
JB cytotoxicity was assessed by MTT after incubating HGC-27 cells with JB for 16 h in the absence (JB) or presence (JB + z-VAD) of the pan-
caspase inhibitor, z-VAD (20 M). The results are the mean ± SD of two independent experiments repeated in triplicate. E: Phase-contrast 
images of cells incubated with JB (5 M) or ethanol for 16 h in the presence of z-VAD (20 M) (+z-VAD) or DMSO (z-VAD). The images 
are representative of the observed phenotypes (n = 2).
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as therapeutic agents for the treatment of various diseases 
(50). JB is a cyclic anhydrophytosphingosine from marine 
sponges that exhibits cytotoxic properties (11), including 
induction of apoptosis (13) and autophagy (14).We now 
have shown that JB directly interferes with SL metabolism 
and affects cell viability in HGC-27 gastric cancer cells.

JB inhibited CerS activity with no preference for any of 
the isoforms, whereas the N-acylated JB derivatives and the 
azido derivative were not inhibitory; likewise, only 2-epi JB 
inhibited CerS, although with a lower potency than JB, in-
dicating that inhibition is stereoselective. JB was also acyl-
ated by CerS, indicating that JB likely acted as a competitive 
inhibitor; JB acylation resulted in a similar JB acyl chain 
composition as endogenous Cer generated from N-acylation 
of the natural long-chain base, dhSo. As expected, both dhSo 
and So levels were elevated upon incubation with JB, the 
former due to inhibition of de novo biosynthesis and the 
latter due to inhibition of the recycling/salvage pathway. This 
is similar to the effect of other CerS inhibitors, such as FB1 
and AAL (51), both of which are structurally similar to the 

sphingoid backbone. FB1 is characterized by a linear 
aminopentahydroxyeicosane chain in which two of the 
hydroxyl groups are esterified with tricarballylic acid. AAL-
toxin has a similar structure, but lacks one of the tricarbal-
lylic acid moieties and the terminal methyl group. JB is a 
sphingoid long-chain base analog that contains a terminal 
amino-alcohol in a heterocyclic system. The varied chemi-
cal structures of CerS inhibitors are consistent with the ap-
parent  low  structural  requirements  of  CerS  toward  the 
long-chain base. In terms of stereochemistry, the S con-
figuration of C3 (bearing the secondary alcohol) is neces-
sary for inhibition, consistent with stereochemistry of FB1, 
which also has an S configuration. All the JB stereoisomers 
were N-acylated in intact cells, although with different effi-
cacies, as were stereoisomers of the sphingoid free bases 
(52), spisulosine (53, 54), FB1 (55), and HFB1 (56). Other 
changes in SL levels were consistent with JB action, includ-
ing accumulation of dhSoP and SoP. However, the mecha-
nism by which dhCer accumulates is not known (14), but is 
not due to inhibition of dhCer desaturase activity, but may 

Fig. 7. JB causes autophagy-independent LC3-II accumulation. A: HGC-27 cells were treated with JB (1 M) (or ethanol) for 16 h with or 
without protease inhibitors [pepstatin-A (8 M) and E64-d (30 M)] that were added 2 h before the treatment. B: Cells were incubated with 
wortmannin (Wt) (100 or 500 nM) (or DMSO) for 1 h and then with JB (1 or 3 M) (or ethanol) for 16 h. LC3-I and LC3-II levels or p62 
were detected by Western blot. -Actin was used as a loading control. Results are representative of two to three different experiments. C: 
Transmission electron micrographs of HGC-27 cells treated with JB (5 M) (i) or XM462 8 M (ii) for 16 h. Images (iii) and (iv) represent 
magnifications of (i) and (ii), respectively. Arrows indicate single (ii) or double (iv) membrane vesicles. The experiment was run in triplicate; 
images are representative of the observed phenotypes.
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rather be via a similar mechanism as sometimes observed 
upon treatment with FB1, although the latter occurs mainly 
when CerSs are overexpressed (57, 58).

In contrast to the cytotoxic activity of the N-acylated 
aminopentol backbone of FB1 (53), N-acylation of the JB 
amino group or conversion into an azide resulted in a non-
cytotoxic compound. Nevertheless, it is worth mentioning 
that the N-C16-derivative of JB was an acylated derivative 
formed from exogenous JB, while the N-C8 derivative was 
the acylated species exogenously administered. Although 
C8-JB is transacylated to C16-JB, the levels of the latter were 
higher from JB than from C8-JB. This raises the possibility 
that C16-JB is, at least in part, responsible for the observed 
effects of JB. On the other hand, it is also possible that the 
N-acylated JB generated from JB and the exogenously ap-
plied N-acylated JB target different cellular compartments 
and that a precise localization is necessary for the observed 
activity. Further experiments will be performed in the fu-
ture to clarify these points. Cytotoxicity was also decreased 
by changing JB stereoconfiguration, consistent with the 
possibility that JB cytotoxicity was directly related to its ef-
fects on SL metabolism, perhaps due to changes in levels of 
specific SLs, which were altered upon JB treatment (59–61). 
Nevertheless, this was not supported by the effect of myrio-
cin, which reduced levels of dhSo, but did not impair JB 
cytotoxicity. On the other hand, the effect of exogenously 
administered C8-JB (the N-C16 derivative was not taken up 
by cells) on the sphingolipidome was negligible. Only a low 
marginally significant increase of So and SoP was observed, 

indicating that acylated JB did not affect SL metabolism. 
These data support that, in case acylated JB played a role in 
JB-induced cell death, this effect would not be caused by 
alterations in natural SL levels and would strengthen the 
notion that the effects of JB on cell death and on SL me-
tabolism are independent events. Thus the relationship 
between the changes in SL levels and the effect of JB on 
cytotoxicity are currently unknown.

JB promoted cell death in HGC27 cells by activating a 
mechanism unrelated to apoptosis, autophagy, or necrotic 
pathways. Although JB induced PARP cleavage, this has 
also been presorted to occur in nonapoptotic types of 
death, such as methuosis (48). Even though LC3-II levels 
were elevated, its levels are also elevated in some cell death 
mechanisms in the absence of autophagy; however, activa-
tion of autophagy as a protective mechanism in response  
to JB exposure cannot be entirely disregarded (30). Cell 
death induced by JB was characterized by dose- and time-
dependent cytoplasmic vacuolation. Our data suggest that 
this increased vacuolation was related to hyperstimulation 
of macropinocytosis and was consistent with observations 
of lucent vacuoles in glioblastoma and lung alveolar adeno-
carcinoma cells exposed to JB. The presence of vesicles of 
different sizes and localization, some with a small dimen-
sion and localized to the external margin of the cell, and 
others with greater extensions and occupying a wide area 
in the cytoplasm, indicated that macropinosomes might co-
alesce into larger structures. This suggests that macropino-
somes probably did not undergo maturation or recycling as 

Fig. 8. Vacuoles induced by JB exhibit characteristics of macropinosomes. A: HGC-27 cells were treated with 
EIPA (25 M) (or methanol) for 1 h and then JB (5 M) (or ethanol) was added. Phase-contrast images were 
taken after 24 h of incubation and are representative of three independent experiments. Scale bar: 50 M. B: 
Fluorescence microscopy images of HGC-27 cells after 16 h coincubation with JB (5 M) and LY (0.5 mg/ml) 
and 1 h more with LysoTracker (75 nM). Images are representative of the results obtained in three indepen-
dent experiments. Scale bar: 10 M. C: Transmission electron micrographs of HGC-27 treated with JB (5 M). 
After 16 h, cells were fixed and analyzed. The arrows indicate membrane extensions (left panel) and nascent 
macropinosomes (right panel). The experiment was run in triplicate; images are representative of the ob-
served phenotypes.
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normally happens in regulated macropinocytosis (44), 
which might suggest altered endocytic trafficking. Like-
wise, upregulation and processing of LC3-II is an impor-
tant event in nonautophagic cytoplasmic vacuolation and 
cell death, as observed upon stimulation of a nonautopha-
gic LC3-II-dependent form of cell death in colon, breast, 
and prostate cancer cells by a prostaglandin, along with 
extensive cytoplasmic vacuolation (62), in glioblastoma 
(48) and prostate cancer cells (63). Finally, methamphet-
amine-induced macropinocytosis also causes an increase in 
LC3-II (64).

Cytoplasmic vacuolation is currently emerging as an-
other  type  of  programmed  cell  death. Thus,  vacquinol-1 
induces an endocytic-like process leading to vacuole forma-
tion, which leads to disruption of cell membrane integrity 
and to cell death (49); similar observations were made in 
gastric cancer cells and glioma cells after Ras activation. 
Although these vesicles were originally simply described as 
cytoplasmic vacuoles (65), it is now clear that the large vac-
uoles that accumulate in glioblastoma are enlarged mac-
ropinosomes, a process named “methuosis” (from the 
Greek “methuo,” meaning “to drink to intoxication”) (48); 
a similar phenomenon was observed with the chalcone de-
rivative, 3-(5-methoxy-2-methyl-1H-indol-3-yl)-1-(4-pyridinyl)- 
2-propen-1-one, in glioblastoma cells (66). A number of other 
studies have reported a similar pathway in cancer cells, 
such as upon treatment of apoptosis-resistant MCL cells 
with WIN55,212-2, which induces paraptosis-like cell death 
(67), treatment with the farnesyl protease transferase in-
hibitor manumycin A, which reduces cancer cell viability 
through induction of nonapoptotic nonautophagic cyto-
plasmic vacuolation death in triple-negative breast cancers 
(68), and upon treatment with the natural polyphenolic 
pigment, curcumin, which induces vacuolation-related  
cell death in human PC-3M prostate cancer cells. Although 
a large number of molecules were shown to induce phe-
notypes similar to JB-induced vacuolation (69), a specific 
readout defining macropinocytic vacuole accumulation 
has not yet been provided. However, the involvement of 
Ras and Src proteins appears to be a common element in 
dysregulated macropinocytosis and vacuolation-induced 
cell death (69–72) and might represent key molecules for 
JB-induced vacuolation. However, at present, we do not 
know whether methuosis is also induced by JB, but we sug-
gest that JB might be a useful tool to examine this novel cell 
death pathway. Moreover, we are unable to provide a direct 
mechanistic link between cytoplasmic vacuolation and cy-
totoxicity induced by JB and changes in SL levels. Inter-
estingly, PF543, a SK1 inhibitor, caused decreased cell 
vacuolation and death (data not shown) in agreement with 
a report showing a connection between cell vacuolation 
and SK1 depletion in glioblastoma cells treated with both 
the SK inhibitor, SKI-II, and temozolomide (28), concomi-
tant with accumulation of dhSo and dhCer. However, the 
fact that FB1 did not induce cell vacuolation despite in-
creasing the levels of long-chain bases and their phosphates 
is against a role of these lipids in vacuolation cell death.

In summary, we suggest that JB joins the growing list  
of compounds that induce cytoplasmic vacuolation and 

methuosis (49, 64, 66, 67, 73–76) and we suggest that JB 
might be a novel way to interrogate this emerging pathway, 
which appears to be selective for cancer cell lines.
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