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Abstract

Ceramides (Cers) have recently been identified as key signaling molecules that mediate biological functions such as cell growth, differen-
tiation, senescence, apoptosis, and autophagy. However, the functions of Cer accumulation in necrotic cell death remain unknown. The aim
of this study was to clarify the relationship between Cer accumulation with inhibition of the conversion pathway of Cer and concomitant
necrotic cell death. In order to minimize the effect of apoptosis against necrotic cell death, A549 cells having the inhibiting effect of caspase
9 by survivin were used in this study. Consequently, Cer accumulation in A549 cells would likely be associated with a pathway other than
the mitochondrial caspase-dependent pathway of apoptosis. Here, we showed that the dual addition of a glucosyl-Cer synthase inhibitor and
a ceramidase inhibitor to A549 cell culture induced palmitoyl-Cer accumulation with Cer synthase 5 expression and necrotic cell death with
lysosomal rupture together with leakage of cathepsin B/alkalization after 2-3 h, although it is unknown in this study whether the necrotic
cell death was caused by the lysosomal rupture. This Cer accumulation was followed by a steep increase in sphinganine base levels via
the activation of serine palmitoyltransferase activity brought about by the increase in palmitoyl-coenzyme A concentration as a substrate
after 5-6 h. The increase in palmitoyl-coenzyme A concentration was achieved by activation of the fatty acid synthetic pathway from acetyl
coenzyme A.
© 2015 The Authors. Published by Elsevier B.V. on behalf of Société Francaise de Biochimie et Biologie Moléculaire (SFBBM).
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1. Introduction

Abbreviations used: Cer, ceramide; CerS, ceramide synthase; SPT, serine
palmitoyltransferase; C16:0-Cer, palmitoyl-ceramide; d18:0, sphinganine;
d18:1, sphingosine; Ser, Serine; GlcCer, glucosylceramide; SM, sphin-
gomyelin; DL-PDMP, DL-threo-1-phenyl-2-decanoylamino-3-morpholino-
I-propanol; D-NMAPPD, N-[(1R,2R)-2-hydroxy-1-(hydroxy-methyl)-2-(4-
nitrophenyl)ethyl]tetradecanamide; C16:0-CoA, palmitoyl-coenzyme A;
C2:0-CoA, acetyl-coenzyme A; [D7]d18:0, D-erythro-sphinganine-D7;
[D7]d18:1, D-erythro-sphingosine-D7; d18:1-[D31]C16:0-Cer, N-palmitoyl
[D3;]-D-erythro-sphingosine; IS, internal standard; L-[2,3,3-D3]Ser, L-serine-
2,3,3-D3 ; [1,2,3,4-3C4]C16:0 acid, palmitic acid-1,2,3,4-3Cy ; [2-13C]C2:0
acid, sodium acetate-2-13C; ([3C6]C16:0-CoA, palmitoyl—BCm coenzyme
A; acridine orange, 3,6-Bis(dimethylamino) acridine hydrochloride; Myri-
ocin, 2-amino-3,4-dihydroxy-2-(hydroxymethyl)-14-oxo-6-eicosenoic acid;
SPTLC, SPT-long chain base subunit; DMEM, Dulbecco’s modified Eagle’s
medium; FBS, fetal bovine serum; BSA, bovine serum albumin; APCI, at-
mospheric pressure chemical ionization; ESI, electrospray ionization; MAM,
mitochondria-associated membrane; SIM, selected-ion monitoring; LDH,
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Ceramides (Cers) have recently been identified as key sig-
naling molecules that mediate biological functions such as
cell growth, differentiation, senescence, apoptosis, and au-
tophagy. Cers, the central molecule involved in sphingolipid
biosynthesis, can be generated through the action of ceramide

lactate dehydrogenase; DMSO, dimethylsulfoxide; DAPI, 4’,6-diamidino-2-
phenylindole; DTT, dithiothreitol; SDS, sodium dodecyl sulfate; SDS-PAGE,
sodium dodecyl sulfate-polyacrylamide gel electrophoresis; LMP, lysosomal
membrane permeabilization; FATPI, fatty acid transport protein 1; 4-HPR,
N-(4-hydroxyphenyl)retinamide; CHOP, CAAT/enhancer binding protein
homologous protein; LC3, microtubule-associated protein 1 light chain 3B;
CathB, cathepsin B; Lys, lysosomes; ER, endoplasmic reticulum.
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synthases (CerS) in the de novo synthesis pathway via ser-
ine palmitoyltransferase (SPT) or the salvage pathway. Six
different CerS (CerS1 — 6) have been described, each utiliz-
ing fatty acyl CoAs of relatively defined chain lengths for N-
acylation of sphingoid long chain base [sphinganine (d18:0)
and sphingosine (d18:1)]. CerS1 synthesizes mostly C18:0-
/C18:1-Cer, CerS2 synthesizes preferentially C22:0-/C24:0-
/C24:1-Cer, CerS3 synthesizes very long chain Cers (>C26:0-
Cer), CerS4 synthesizes mostly C18:0-/C20:0-/C24:0-Cer, and
CerS5/6 synthesizes mainly C14:0-/C16:0-Cer [1].

In recent years, the formation of Cer channel via the interac-
tion with Bax in the mitochondrial outer membrane, followed
by the release of cytochrome c into the cytoplasm for the acti-
vation of the mitochondrial pathway of apoptosis and a direct
Cer-autophagosomal membrane interaction for mitophagy have
been reported [2,3]. However, the functions of Cer accumula-
tion in necrotic cell death remain unknown. The aim of this study
was to clarify the relationship between Cer accumulation with
inhibition of the conversion pathway of Cer and concomitant
necrotic cell death. In order to minimize the influence of apop-
tosis against necrotic cell death, A549 cells having the inhibiting
effect of caspase 9 brought about by survivin were used in this
study. Consequently, active caspase 3 expression with palmitoyl-
Cer (C16:0-Cer) accumulation in A549 cells was not detected
by the inhibiting effect of caspase 9 activation by survivin in the
cells [4,5], and C16:0-Cer accumulation in A549 cells would
likely be associated with a pathway other than the mitochon-
drial caspase-dependent pathway including the Bax/Bak activa-
tion of apoptosis. Previously, we showed that a high concen-
tration of DL-threo-1-phenyl-2-decanoylamino-3-morpholino-
I-propanol [DL-PDMP, an inhibitor of glucosyl(Glc)-Cer syn-
thase] [6] in A549 cell culture caused massive autophagy with
endoplasmic reticulum stress and C16:0-Cer accumulation via
CerS5 protein expression in A549 cells, followed by autophagic
cell death 24 h after treatment [5]. Here, we showed that the dual
addition of DL-PDMP and N-[(1R,2R)-2-hydroxy-1-(hydroxy-
methyl)-2-(4-nitrophenyl)ethyl]tetradecanamide (D-NMAPPD,
an inhibitor of ceramidase) [7] to A549 cell culture induced an
additional C16:0-Cer accumulation with CerS5 expression and
necrotic cell death with lysosomal rupture together with leak-
age of cathepsin B/alkalization after 2—3 h. This Cer accumu-
lation was followed by a steep increase in d18:0 base levels
via the activation of SPT activity brought about by the increase
in palmitoyl-coenzyme A (C16:0-CoA) concentration as a sub-
strate after 5-6 h.

2. Materials and methods
2.1. Materials

D-erythro-sphinganine-D; ([D7]1d18:0), D-erythro-
sphingosine-D7 ([D7]d18:1), and N-palmitoyl [D3; ]-D-erythro-
sphingosine (d18:1-[D3;]C16:0-Cer) as internal standards
(ISs) labeled with stable isotopes or 1-deoxysphinganine
were obtained from Avanti Polar Lipids, Inc. (Alabaster,
AL, USA). L-serine-2,3,3-D3 (L-[2,3,3-D3]Ser) as the tracer

labeled with stable isotopes was purchased from Cambridge
Isotope Laboratories, Inc. (Andover, MA, USA). Palmitic
acid-1,2,3,4-13C,4 ([1,2,3,4-13C4]C16:0 acid) or sodium acetate-
2-BC ([2-13C]C2:0 acid) as the tracer labeled with stable
isotopes, palmitoyl-BCm coenzyme A (['*C14]C16:0-CoA)
lithium salt as the IS, palmitoyl-coenzyme A (C16:0-CoA)
lithium salt, sucrose monolaurate, pyridoxal 5'-phosphate
hydrate, fumonisin B(1) and bovine albumin (essentially fatty
acid free) were obtained from Sigma—Aldrich, Co. (St. Louis,
MO, USA). NEFA C (kit for the measurement of free fatty
acid content), 3,6-Bis(dimethylamino) acridine hydrochloride
solution (acridine orange solution, 1 mg/ml water), Celite,
10% ammonia aqueous solution, sodium tetrahydroborate
(sodium borohydride), dithiothreitol, and lithium dodecyl sul-
fate were purchased from Wako (Osaka, Japan). D-NMAPPD
as an inhibitor of ceramidase and 2-amino-3,4-dihydroxy-
2-(hydroxymethyl)-14-oxo0-6-eicosenoic acid (myriocin) as
an inhibitor of SPT were purchased from Cayman Chemical
(Ann Arbor, MI, USA). DL-PDMP was obtained from Biomol
Research Labs. (Plymouth Meeting, PA, USA). Anti-Cer syn-
thase 5 (anti-LASSS) antibody (PAB8802) was procured from
Abnova (Taipei, Taiwan). Anti-Cer synthase 6 (anti-LASS6)
antibody (GTX51627) was procured from Genetex, Inc. (Irvine,
CA, USA). Anti-SPT-long chain base subunit-1 (anti-SPTLC1)
antibody and anti-SPT-long chain base subunit-2 (anti-SPTLC2)
antibody were obtained from Acris Antibodies GmbH (Herford,
Germany). Anti-SPT-long chain base subunit-3 (anti-SPTLC3)
antibody was purchased from Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA, USA).

2.2. A549 cell culture, induction of Cer accumulation and
tracer experiments

A549 cells (human lung adenocarcinoma cell line) were
grown in humidified air with 5% CO, in Dulbecco’s modified
Eagle’s medium (DMEM) (including 8.5 WM free fatty acids)
prepared from Sigma D5796 including 400 WM L-Ser, contain-
ing fetal bovine serum (FBS) at the concentration of 10% (v/v),
at 37 °C. The induction of Cer accumulation or tracer experi-
ments were usually initiated 1 day after subculture below 90%
confluence. Overgrown cells were unsuitable for obtaining the
desired effects. In the tracer experiments, 1180 pwM L-[2,3,3-
Ds]Ser, 5.6 mM [2-13C]C2:0 acid or bovine serum albumin
(BSA) binding 2.34-130 uM [1,2,3,4-13C4] C16:0 acid in the
culture medium was used. Binding of [1,2,3,4-13C4] C16:0 acid
to BSA was performed following the method of Spector and
Hoak [8]. Briefly, 100 pM [1,2,3,4-13C4] C16:0 acid in 10 ml
of hexane was mixed with 1 g of Celite, and the mixture was
evaporated dry under reduced pressure. Celite coated with fatty
acid was mixed with 0.68 g of fatty acid-free BSA in 40 ml of
Sigma D5796 medium, and the mixture was stirred for 30 min
at room temperature. The mixture was centrifuged at 600 x g for
5 min. The supernatant was filtered through a filter paper and
Millex GS (Millipore, Billerica, MA, USA). The concentration
of BSA binding C16:0 acid in the supernatant was measured
using a NEFA C kit.
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For the induction of Cer accumulation, 200 WM DL-PDMP
and 65 .M D-NMAPPD in the culture medium were used. For
the inhibition of SPT or CerS, 0.2 puM myriocin or 38 WM fu-
monisin B(1) was added to the culture medium.

2.3. Extraction and analysis of Cers, dihydro-Cers and
glucosyl-ceramides (GlcCers) in A549 cells

A549 cells were collected each time by scraping with the
culture medium and rinsing two times with Hank’s balanced
salt solution. Cells were homogenized for 30 s using a Polytron
(Kinematica, Switzerland) in 2.5 ml of 50 mM Tris—HCI buffer
(pH 7.5). The protein concentration of the homogenate was mea-
sured using BCA Protein Assay Reagents (Thermo Scientific).
Then, 879 pmol d18:1-[D3;] C16:0-Cer- as the IS, 2.0 ml of
methanol, 1.0 ml of water and 2.0 ml of chloroform were added
to 1.0 ml of the homogenate, and the mixture was shaken for
30 s. The mixture was centrifuged at 600x g for 10 min. Then,
the lower layer was transferred to a glass tube. The collected
chloroform solution was evaporated dry under reduced pres-
sure. Afterwards, the residue was dissolved in 0.5 ml of chlo-
roform, and the solution was applied to a Sep-Pak Plus Silica
cartridge (Waters, Milford, MA, USA) equilibrated with chloro-
form:carbontetrachloride (2:1). The cartridge was successively
eluted with 15 ml of chloroform:carbontetrachloride (2:1) and
6.0 ml of chloroform:methanol (19:1). The eluates of chloro-
form:methanol (19:1) containing Cers and GlcCers were mixed,
and the eluate was evaporated dry under reduced pressure. This
process is required to lower the contamination of diacylglyc-
erides with polarity and molecular weight similar to Cers from
the sample. The residue was dissolved in 200 wl of chloro-
form:methanol (2:1) and 5 1 aliquots were examined using an
HPLC- atmospheric pressure chemical ionization (APCI)-MS
system.

2.4. Extraction and analysis of sphingo base
(d18:0/d18:1/1-deoxysphinganine) in A549 cells or the
subcellular fraction after various additions

The cytoplasmic extract including organelles except nuclei
and the nuclear extract from A549 cells were fractionated us-
ing NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Thermo Scientific, Rockford, IL, USA). To 1.0 ml of the ho-
mogenate described above or cytoplasmic/nuclear extract, 0.1 ml
of 10% ammonia aqueous solution, 1630 pmol of [D7]d18:0 as
the IS, 1620 pmol of [D7]d18:0 as the IS and 2 ml of methanol
were added. In the tracer experiment using the [2-'3C] C2:0 acid
as a precursor, 2815 pmol of d18:0 as the IS instead of [D;]d18:1
and [D7]d18:0 was used. The mixture was treated with ultrasonic
waves for 30 s. To the mixture, 2.0 ml of chloroform and 0.9 ml
of 1% ammonia aqueous solution were added, and the mixture
was shaken for 30 s. The mixture was centrifuged at 600x g for
10 min. The lower layer was transferred to a glass tube and evap-
orated dry under reduced pressure. The residue was dissolved in
0.2 ml of methanol, and 5 pl aliquots were examined using an
HPLC-APCI-MS system.

2.5. Extraction and analysis of C16:0-CoA contents in
A549 cells

Extraction and analysis of C16:0-CoA was accomplished
with ['3C4]C16:0-CoA as the IS using the HPLC-electrospray
ionization (ESI)-MS technique modified on the basis of the
method of Sun et al. [9] and Blachnio-Zabielska et al. [10].
A549 cells were collected each time by scraping with the cul-
ture medium and rinsing two times with Hank’s balanced salt
solution. To the cells, 0.5 ml of 100 mM KH,PO,4 (pH4.9),0.5 ml
of acetonitrile/2-propanol/methanol (3:1:1), and 971.8 pmol of
[13C14]C16:0-CoA as the IS were added. The mixture was ho-
mogenized by vortexing for 1 min and sonicated for 30 s. The
protein concentration of the homogenate was measured using
BCA Protein Assay Reagents after evaporation under reduced
pressure of 10 pl aliquots of the homogenate. The residual ho-
mogenate was centrifuged at 16,000x g (4 °C) for 10 min. The
supernatant was collected and the pellet was re-extracted us-
ing 0.5 ml of acetonitrile/2-propanol/methanol (3:1:1). The two
supernatants were combined and dried under reduced pressure.
The dry extract was re-suspended in 100 w1 of methanol/water
1:1 and centrifuged at 14,000x g for 10 min at 4 °C. This su-
pernatant was used for HPLC-ESI-MS.

2.6. SPT activity and kinetics

SPT activity was measured with L-[2,3,3-Ds]Ser as a sub-
strate using the HPLC-APCI-MS technique modified on the ba-
sis of the method of Riitti et al. [11]. A549 cells were collected
by scraping with the culture medium and rinsing two times with
Hank’s balanced salt solution. The SPT enzyme is located in
the microsomes, and the microsomes in A549 cells were cross-
contaminating in the heavy membrane (mitochondria-associated
membrane, MAM) fraction as previously described [5]. There-
fore, the MAM fraction was isolated from A549 cells [5], and the
cytoplasmic/nuclear extracts from A549 cells were fractionated
as described above. The homogenate of A549 cells was pre-
pared by Polytron treatment for 30 s in 1.5 ml of 50 mM HEPES
and 1 mM EDTA buffer (pH 8.0). The protein concentration of
each fraction, extract or homogenate was measured using BCA
Protein Assay Reagents. The homogenate, MAM fraction, cy-
toplasmic extract, or nuclear extract from A549 cells was incu-
bated at 37 °C for 1 hin 1.0 ml of 50 mM HEPES-1 mM EDTA
buffer (pH 8.0) containing 0.1% (w/v) sucrose monolaurate (an
inhibitor of thioesterase activity), 5 mM L-[2,3,3-Ds]Ser, 50 pM
C16:0-CoA and 20 puM pyridoxal 5'-phosphate. After incuba-
tion, 250 pl of 5 mg/ml sodium tetrahydroborate was added to
the mixture and the mixture was reduced at room temperature
for 5 min. Extraction and analysis of the resulting [D,]d18:0 was
performed as described above.

To determine the effects of the concentration of C16:0-CoA
as a substrate on the kinetics of SPT activity, a decreasing amount
below 50 puM C16:0-CoA to avoid a substrate inhibition effect
by C16:0-CoA was mixed with 1.0 ml of 50 mM HEPES-1 mM
EDTA buffer (pH 8.0) containing 0.1% (w/v) sucrose monolau-
rate, 5 mM L-[2,3,3-Ds]Ser, 20 LM pyridoxal 5'-phosphate and
a suspension (100 1) of the MAM fraction from A549 cells.
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Incubation, reduction, extraction and HPLC-APCI-MS analysis
were performed as described above.

2.7. HPLC-APCI-MS and HPLC-ESI-MS

To determine d18:0, d18:1, Cer or GlcCer content, HPLC-
MS was performed using a Shimadzu (Kyoto, Japan) LCMS-
2010EV mounted on an APCI probe, and a quadrupole mass
spectrometer. Connected reversed-phase HPLC separation was
carried out on a Pegasil-C8 column (100 x 4.6 mm i.d.; Senshu
Scientific, Tokyo, Japan) with a mobile phase of 80% methanol
— formic acid (10,000:1) to d18:0/d18:1 or 100% methanol to
d18:1-C16:0-Cer at a flow rate of 1.0 ml/min. In the positive
ion mode (APCI probe temperature: 400 °C, detector voltage:
—1.5 kV), the heat block and curved desolvation line tempera-
ture were maintained at 200 °C and 250 °C, respectively, under
a nebulizer gas flow rate of 2.5 I/min.

For the quantitative determination of Cers by SIM using
HPLC-APCI-MS, the peak area of MH™ —H,O [m/z 493 (d18:1-
C14:0-Cer), m/z521 (d18:1-C16:0-Cer), m/z 547 (d18:1-C18:1-
Cer), m/z 549 (d18:1-C18:0-Cer), m/z 577 (d18:1-C20:0-Cer),
m/z 605 (d18:1-C22:0-Cer), m/z 631 (d18:1-C24:1-Cer) or m/z
633 (d18:1-C24:0-Cer)] ions as the major base ions from each
Cer was compared with the sum of the peak area of MHT/MH™*
— H,0 (m/z 569/551) ions as the major base ions from d18:1-
[D3;]C16:0-Cer as the IS. Since the d18:1-C16:0-Cer product
derived via SPT and Cer synthase from the L-[2,3,3-D3]Ser pre-
cursor was [D,]d18:1-C16:0-Cer as described above [12], in
the tracer experiment using L-[2,3,3-D3]Ser as a precursor, the
sum of the peak area of MH"/MH™ — H,O (m/z 523/505) ions
as the major base ions from [D,]d18:1-C16:0-Cer was com-
pared with the sum of the peak area of the major base ions
from d18:1-[D3;]C16:0-Cer as the IS. In the tracer experiment
using the [1,2,3,4-13C4]C16:0 acid as a precursor, the sum of
the peak area of MHT — H,O/MH™ — 2H,0 (m/z 525/507 or
529/511) ions as the major base ions from [13C,4]d18:1-C16:0-
Cer, d18:1-['3C4]C16:0-Cer or ['3C,4]d18:1-['3C4]C16:0-Cer
was compared with the sum of the peak area of the major base
ions from d18:1-[D53;]C16:0-Cer as the IS.

For the quantitative determination of dihydro-Cers by SIM
using HPLC-APCI-MS, the peak area of MH™ [m/z 512 (d18:0-
C14:0-Cer), m/z 540 (d18:0-C16:0-Cer), m/z 566 (d18:0-C18:1-
Cer), m/z 568 (d18:0-C18:0-Cer), m/z 597 (d18:0-C20:0-Cer),
m/z 625 (d18:0-C22:0-Cer), m/z 651 (d18:0-C24:1-Cer) or m/z
653 (d18:0-C24:0-Cer)] ions as the major base ions from each
dihydro-Cer was compared with the major base ions from d18:1-
[D31]C16:0-Cer as the IS.

For the quantitative determination of nervonic (C24:1)-
GlcCer by SIM using HPLC-APCI-MS, the sum of the peak
area of MH'-180/MH™ — H,O (m/z 631/793) ions as the major
base ions from C24:1-GlcCer was compared with the major base
ions from d18:1-[D3;]C16:0-Cer as the IS.

For the quantitative determination of dI80 or I-
deoxysphinganine by selected ion monitoring (SIM) using
HPLC-APCI-MS, the sum of the peak area of MH*/MH™" —H,0
(m/z7 302/284 or m/z 286/268) ions as the major base ions from

d18:0 or 1-deoxysphinganine was compared with the sum of the
peak area of MH/MH™ — H,O (m/z 309/291) ions as the ma-
jor base ions from [D7]d18:0 as the IS. Since the d18:0-product
derived via SPT from L-[2,3,3-D3]Ser-precursor/substrate was
[D,]d18:0 as previously described [12], in the tracer experi-
ment using L-[2,3,3-D3]Ser as a precursor/substrate, the sum of
the peak area of MH*/MH™ — H,O (m/z 304/286) ions as the
major base ions from [D,]d18:0 was compared with the sum
of the peak area of the major base ions from [D7]d18:0 as the
IS. In the tracer experiment using [1,2,3,4-13C4]C16:0 acid as
a precursor, the sum of the peak area of MHY/MH™ — H,O
(m/z 306/288) ions as the major base ions from [13C4]1d18:0
was compared with the sum of the peak area of the major base
ions from [D7]d18:0 as the IS. Similarly, for the quantitative
determination of d18:1/[D;]d18:1/['3C,]d18:1 by SIM using
HPLC-APCI-MS, the sum of the peak area of m/z 300/282,
302/284 or 304/286 was compared with the sum of the peak
area of MHT/MH™ — H,O (m/z 307/289) ions as the major
base ions from [D7]d18:1 as the IS. In the tracer experiment
using [2-13C]C2:0 acid as a precursor, the variation in the in-
corporation of '*C into d18:0 via the C16:0 acid synthetic path-
way in A549 cells 6 h after various additions of [2-13C1C2:0
acid was determined by SIM using HPLC-APCI-MS. Each sum
of the peak area of MHT/MH*-H,O (m/z 303-310/285-292)
ions as the major base ions from ['3C; _g] d18:0 was com-
pared with the sum of the peak area of MHT/MH™-H,O (m/z
302/284) ions as the major base ions from d18:0 as the IS or
carrier.

For the quantitative determination of dI8:1 or I-
deoxysphinganine by SIM using HPLC-APCI-MS, the sum of
the peak area of MHT/MH*-H, O (m/z 300/282 or 286/268) ions
as the major base ions from d18:1 or 1-deoxysphinganine was
compared with the sum of the peak area of MH*/MH™-H,0
(m/z 307/289) ions as the major base ions from d18:1-d; as the
IS.

To determine C16:0-CoA contents, HPLC-MS was per-
formed using a Shimadzu LCMS-2010EV mounted on an ESI
probe. Connected RP HPLC separation was carried out on a
Zorbax Extend-C18 column (150 x 2.1 mm i.d., 5 uM; Agi-
lent Technologies, Palo Alto, CA, USA) with a mobile phase of
a 0.05% triethylamine in 35% (v/v) acetonitrile at a flow rate
of 0.3 ml/min. MS was performed in the negative ion mode
(ESI probe temperature: 400 °C, detector voltage: —1.5 kV),
and the heat block/curved desolvation line temperatures were
maintained at 200 °C and 250 °C, respectively, under a nebu-
lizer gas flow rate of 1.5 I/min. In negative ion ESI scan mass
spectra of C16:0-CoA or ['3C,6]C16:0-CoA standards, the ma-
jor fragment ion at m/z 501.8 from C16:0-CoA or m/z 509.8
from C16:0-'3C;4-CoA as the IS was the most dominant peak
over the molecular ion [M—H] ™ at m/z 1004.4 from C16:0-CoA
or m/z 1020.4 from ['3C4]C16:0-CoA, which means that fatty
acyl-CoA has a tendency to lose both of its hydroxyl group pro-
tons under this condition. The major fragment ions could be used
as the selected ions to measure the fatty acyl-CoA concentration,
as described previously [9]. For the quantitative determination
of C16:0-CoA by SIM using HPLC-ESI-MS, the peak area of
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m/z 501.8 ion from C16:0-CoA was compared with the peak
area of m/z 509.8 ion from ['*C]C16:0-CoA as the IS.

2.8. Lactate dehydrogenase (LDH) release

To precisely characterize the extent of cell death, cytotoxicity
was quantified by measuring [13] the activity of LDH released
into the culture medium.

2.9. Morphologic assessment of cells undergoing necrotic
cell death and apoptosis

A549 cells were grown in DMEM medium using BD Falcon
culture slides with 4 chambers (Bedford, MA, USA). For the
induction of Cer accumulation, each chamber was filled with
1.0 ml of DMEM medium containing 3 pl of dimethylsulfox-
ide (DMSO) as a control, 1.0 ml of DMEM medium contain-
ing 65 puM D-NMAPPD (with 3 pl of DMSO as a solvent of
D-NMAPPD) as an inhibitor of ceramidase, 1.0 ml of DMEM
medium containing 200 wM DL-PDMP (with 3 il of DMSO) as
an inhibitor of Glc-Cer synthase or 1.0 ml of DMEM medium
containing 65 uM D-NMAPPD plus 200 pM (with 3 pl of
DMSO as a solvent of D-NMAPPD) as a dual inhibitor of ce-
ramidase and Glc-Cer synthase. Cells were incubated for 3, 4
or 6 h, and the adherent cells were washed twice with PBS(-)
and stained using the GFP-Certified Apoptosis/Necrosis De-
tection kit (Enzo Life Sciences, Inc., Farmingdale, NY, USA)
plus VECTASHIELD mounting medium with 4’,6-diamidino-
2-phenylindole (DAPI, blue fluorescence) to stain the nucleus
(Vector Laboratories, Inc., Burlingame, CA, USA). The mor-
phology of the Apoptosis/Necrosis Detection kit-stained A549
cells was examined by confocal laser scanning microscopy us-
ing a ZEISS LSM-700 (Carl Zeiss Microscopy GmbH, Jena,
Germany). With the Apoptosis/Necrosis Detection kit, early
apoptotic cells are stained positive with the apoptosis detection
reagent (Annexin V-EnzoGold, Ex/Em: 550/570 nm, yellow flu-
orescence) but negative with the necrotic detection reagent. On
the other hand, early necrotic cells are stained positive with the
necrotic detection reagent (7-AAD, Ex/Em: 546/647 nm, red
fluorescence) but negative with the apoptosis detection reagent.
However, late-stage apoptotic/necrotic cells are stained positive
with both the apoptosis detection reagent and the necrosis de-
tection reagent.

2.10. Lysosomal stability assay

A549 cells were grown and derivated using BD Falcon culture
slides with 4 chambers as described above. After the cells were
incubated for 2—4 h, acridine orange was added to a final concen-
tration of 6.6 WM. After the cells were incubated for 45 min, the
adherent cells were washed three times with PBS(-). The mor-
phology of acridine orange-stained A549 cells was examined by
confocal laser scanning microscopy using a ZEISS LSM-700.
Acridine orange in active lysosomes with an acidic pH exhibited
red fluorescence. On the other hand, acridine orange in the cyto-
plasm or nucleus with a basic pH exhibited green fluorescence.
At the previous stage of plasma membrane disruption, rupture

of acridine orange-loaded lysosomes may be monitored as an
increase in cytoplasmic diffuse green fluorescence or a decrease
in granular red fluorescence [14].

To measure cathepsin B activity in the cytosol and organelle
in A549 cells, cells were treated as described above and fraction-
ated using the Fraction PREP Cell Fractionation kit (BioVision,
CA95035, USA). The cytosolic fraction was fractionated us-
ing Cytosol Extraction Buffer containing dithiothreitol (DTT),
and the pellet (organelle fraction) resulting from this fraction-
ation was collected. For the liberation of cathepsin B from the
organelle fraction, the pellet was treated with ultrasonic waves
for 20 s in 0.85% NaCl, and the homogenate was fractionated
by centrifugation at 700x g for 10 min. Cathepsin B activity
was measured in both the cytosolic fraction and the organelle
fraction using the Cathepsin B Activity Fluorometric Assay kit
(BioVision).

2.11. Western blotting with anti-Cer synthase 5/6 (CerS5/6)
antibodies and anti-SPTLC1/2/3 antibodies

A549 cells were collected each time by scraping with the
culture medium and rinsing two times with Hank’s balanced
salt solution. Since C16:0-Cer was preferentially generated by
Cer synthase 5/6 [5], the detection of CerS5/6 protein in A549
cells was performed by Western blotting. The cells in 1.0 ml
of 0.85% sodium chloride were mixed with 100 pl of 100%
(1.0 g/ml aqueous solution) trichloroacetic acid solution and
left for 30 min at 0 °C. The mixture was centrifuged at 1500x g
for 5 min. The pellet was mixed with 80 pl of 9 M urea/2%
Triton X100/1% DTT and the mixture was treated with ultra-
sonic waves for 30 s. The mixture was mixed with 20 1 of 10%
lithium dodecyl sulfate and the mixture was made basic with
1 M Tris under ultrasonic waves for 30 s.

For the detection of SPTLCI, 2, and 3 protein, the cytoplas-
mic extract or nuclear extract from A549 cells was fractionated
as described above, and each extract was concentrated using an
ultrafiltration membrane. The protein concentration of each ex-
tract was measured using BCA Protein Assay Reagents. Each
extract was mixed with an equal volume of 2x sodium dodecyl
sulfate (SDS) sample buffer made up of 125 mM Tris—HCI (pH
6.8)/4% SDS/10% sucrose/2% DTT, and the mixture was heated
at 95 °C for 5 min.

Samples for sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) that were regulated to achieve the same
expression of S-actin were loaded onto the gels and separated by
10% SDS-PAGE. After blotting and blocking, the membranes
were probed with the primary antibody (anti-LASS5/6, anti-
SPTLC1/2/3, or anti-B-actin). Detection was achieved using
ECL-Prime Western Blotting Detection Reagent and Hyperfilm
ECL (GE Healthcare, Japan).

2.12. Statistical analysis

Data were expressed as mean =+ SD. To determine statistical
significance, the values were compared using the two-group t-
test with differences considered significant for P < 0.05.
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3. Results

3.1. Morphology of apoptosis/necrosis detection kit-stained
A549 cells after the addition of DL-PDMP, D-NMAPPD or
DL-PDMP plus D-NMAPPD

The morphology of Apoptosis/Necrosis Detection kit-stained
A549 cells was examined 4 h after the addition using confocal
laser scanning microscopy, as shown in Fig. 1. With the dual ad-
dition of DL-PDMP and D-NMAPPD, many necrotic cells (red
fluorescence, positive 7-AAD) were detected (Fig. 1D), com-
pared with the control (Fig. 1A), D-NMAPPD-treated (Fig. 1B),
or DL-PDMP-treated (Fig. 1C) cells. The ratio of apoptotic cells
(yellow fluorescence, positive Annexin V-EnzoGold) to necrotic
cells with the dual addition of DL-PDMP and D-NMAPPD was
low (Fig. 1D). At high magnification (Fig. 1E), small numbers
of typical apoptotic cells (positive yellow fluorescence and neg-
ative red fluorescence) are indicated by an arrow, although many
necrotic cells showed positive strong red fluorescence and posi-
tive slight yellow fluorescence. Statistical data regarding the re-
sults obtained with the apoptosis/necrosis detection are shown
in Fig. 1F. However, many necrotic cells with the triple addition
of DL-PDMP plus D-NMAPPD plus myriocin were detected
compared with the dual addition of DL-PDMP plus D-NMAPPD
(data not shown). It was stipulated that the triple addition caused
synergistical cell death by the combination of myriocin and anti-
tumor drugs (DL-PDMP plus D-NMAPPD) against A549 cells
as described previously [15].

3.2. Lysosomal stability

The time course of the liberation of cathepsin B activity from
the organelle fraction is shown in Fig. 2. The dual addition of DL-
PDMP and D-NMAPPD caused a significant increase in cathep-
sin B activity in the cytosolic fraction at the point of 2 h after the
addition, compared with the control or the individual addition. It
was stipulated that both Cer accumulation in lysosomes and the
inhibition of lysosomal acid ceramidase by D-NMAPPD were
required for the liberation of cathepsin B from lysosomes based
on lysosomal membrane permeabilization (LMP), followed by
lysosomal disruption and digestion of vital proteins for a lethal
event, although it is unknown in this study whether the necrotic
cell death was caused by the lysosomal rupture.

The morphologies of acridine orange-stained A549 cells were
examined 3 h after the addition using fluorescence microscopy,
as shown in Fig. 3. With the dual addition of DL-PDMP and D-
NMAPPD, red fluorescence exhibiting active lysosomes with
acidic pH was abolished (Fig. 3D), compared with the control
(Fig. 3A), D-NMAPPD-treated (Fig. 3B), or DL-PDMP-treated
(Fig. 3C) cells. Statistical data regarding the results obtained
with the acridin orange staining are shown in Fig. 3E. It was
stipulated that the dual addition caused an increase in the pH in
acidic compartments such as lysosomes, followed by the inhibi-
tion of increased autophagosome-lysosome fusion, as described
previously [14,16]. On the other hand, the addition of DL-PDMP
caused an increase in red fluorescence (Fig. 3C and E), compared
with the control or D-NMAPPD-treated cells. It was suggested

that the addition of DL-PDMP induced the autophagosome form
and the activation (an increase in red fluorescence) of lysosomal
function, as described previously [5,17].

3.3. LDH release after various additions as a form of
cell toxicity

The time course of LDH release (cell death) from A549 cells
after the individual addition of 200 wM DL-PDMP and 65 pM
D-NMAPPD or the dual addition is shown in Fig. 4. In LDH re-
lease as a form of cell toxicity such as in necrosis, the dual addi-
tion alone caused a significant increase in LDH release compared
with the individual addition, in connection with the morpholog-
ical changes (Figs. 1 and 3) as described above or the changes in
the d18:0 contents (Fig. 6) as described below. Permeability of
the cell membrane against low molecular weight-7AAD used in
necrosis detection would actually be expected to be more con-
stant over time. However, high molecular weight-LDH protein
would be expected to have a sharp release with the rupture of
the cell membrane in necrotic cell death.

3.4. Contents of C24:1-GlcCer/d18:1/C16:0-Cer/d18:0 and
Cer synthase 5 (LASSS) protein expression in A549 cells or
the subcellular fraction after various additions

C24:1-GlcCer/d18:1 contents in A549 cells after the individ-
ual addition of 200 wuM DL-PDMP, 65 uM D-NMAPPD or the
dual addition are shown in Fig. 5A. The addition of DL-PDMP
and the dual addition caused a significant decrease in C24:1-
GlcCer contents compared with the control system 6 h after the
addition. Similarly, the addition of D-NMAPPD and the dual ad-
dition caused a significant decrease in d18:1 contents compared
with the control system 2 h after the addition. The addition of
DL-PDMP or D-NMAPPD as an inhibitor caused a decrease
in the content of d18:1-C24:1-GlcCer or d18:1 as the reaction
product in A549 cells.

The time course of C16:0-Cer contents in A549 cells after the
individual addition of 200 uM DL-PDMP, 65 wM D-NMAPPD
or the dual addition is shown in Fig. 5B. Although the individual
addition of DL-PDMP or D-NMAPPD caused a time-dependent
increase in C16:0-Cer contents compared with the control sys-
tem from 2 to 6 h after the addition, the dual addition caused the
synergistic increase in C16:0-Cer contents compared with the
individual addition. The levels of Cer species including d18:1-
C16:0-Cer and dihydro-Cer species in A549 cells 6 h after the
individual or their dual addition are shown in Fig. 5C and D.
The dual addition to A549 cells did not significantly modify the
contents of other Cer/dihydro-Cer species except d18:1-C16:0-
Cer/d18:0-C16:0-Cer/d18:1-C14:0-Cer/d18:0-C14:0-Cer in the
HPLC-APCI-MS analysis.

The CerS5/6 protein expression levels compared with the
individual addition are shown in Fig. SE. The addition of DL-
PDMP greatly increased CerS5 protein expression levels as de-
scribed previously [5] and the dual addition caused a synergistic
increase in the CerS5 protein expression levels. However, the
dual addition did not significantly modify CerS6 protein expres-
sion compared with the individual addition. It was suggested that
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Fig. 1. The dual addition of DL-PDMP and D-NMAPPD caused necrotic A549 cell death morphologically as detected using the Apoptosis/Necrosis Detection
kit. A549 cells were grown in DMEM medium using BD Falcon culture slides. The induction of Cer accumulation in BD Falcon culture slides and morphologic
assessment of cells were achieved as described in the Methods. The number of nuclei in the cells stained with blue fluorescence using DAPI indicated cell
density. Apoptotic cells showed yellow fluorescence staining with Annexin V-EnzoGold. Necrotic cells showed red fluorescence staining with 7-AAD. A, Control
(4 h). B, D-NMAPPD (65 pM, 4 h). C, DL-PDMP (200 uM, 4 h). D, DL-PDMP (200 uM) plus D-NMAPPD (65 uM) for 4 h. E, High magnification of
D (DL-PDMP plus D-NMAPPD) treatment. F, Statistical data regarding the results obtained with the apoptosis/necrosis detection. Data are presented as the

mean values £ S.D. of three independent experiments; **P < 0.01; **P < 0.001 as compared with the group without the addition. Each scale bar indicates
100 pm (A-D) and 20 pm (E).
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Fig. 2. The dual addition of DL-PDMP and D-NMAPPD caused a signifi-
cant increase in cathepsin B activity in the cytosolic fraction at the point of
2 h after the addition. The induction of Cer accumulation and measurement
of cathepsin B activity were achieved as described in the Methods. Data
are presented as the mean values £ S.D. of three independent experiments;
P < 0.01; **P < 0.001 as compared with the group without the addition.

the increase in the C16:0-Cer levels was attributable to an in-
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accumulation of C16:0-Cer based on an enzyme inhibition by
DL-PDMP or D-NMAPPD.

The time course of d18:0 contents in A549 cells after the in-
dividual addition of 200 wM DL-PDMP, 65 uM D-NMAPPD,
or the dual addition is shown in Fig. 6. Although the individ-
ual addition of DL-PDMP or D-NMAPPD failed to increase
d18:0 contents compared with the control system from 2 to 6 h
after the addition, the dual addition alone caused a significant
increase in d18:0 contents compared with the individual addi-
tion (Fig. 6A). It was stipulated that d18:0 production with the
dual addition caused an increase (Fig. 3D) in the pH in acidic
compartments such as lysosomes, followed by the inhibition of
autophagosome-lysosome fusion.

The time course of d18:0 contents in the subcellular fraction
of A549 cells after the dual addition is shown in Fig. 6B. The dual
addition caused a significant increase in d18:0 contents from 5
to 6 h after the addition in both the cytoplasmic and nuclear
fractions.

The changes in d18:0/d18:1/1-deoxysphinganine contents in
A549 cells 5 h after the dual addition or the dual addition plus
38 wM fumonisin B(1) are shown in Fig. 6C. The addition
of fumonisin B(1) caused a significant increase in d18:0 con-
tents, although the addition did not significantly modify d18:1/1-
deoxysphinganine contents. It was stipulated that the dual ad-
dition plus fumonisin B(1) caused the synergistic increase in
d18:0 contents based on the activation of d18:0 production and
the inhibition of d18:0 metabolism by fumonisin B(1).

Treatment for 3 h

Fig. 3. The dual addition of DL-PDMP and D-NMAPPD caused an increase in pH in the cellular acidic compartments. The induction of Cer accumulation
in BD Falcon culture slides and the assessment of the morphology of the acridine orange-stained A549 cells were achieved as described in the Methods. A,
Control (3 h). B, D-NMAPPD (65 pM, 3 h). C, DL-PDMP (200 pM, 3 h). D, DL-PDMP (200 wM) plus D-NMAPPD (65 uM) for 3 h. In the dual addition
of DL-PDMP and D-NMAPPD, red fluorescence exhibiting active lysosomes with acidic pH was abolished (D) compared with the control (A), D-NMAPPD-
treated (B) or DL-PDMP-treated (C) cells. In contrast, increased green fluorescence exhibiting a basic pH was observed with the addition of DL-PDMP plus
D-NMAPPD (D). E, Statistical data regarding the results obtained with the acridin orange staining. Data are presented as the mean values £ S.D. of three
independent experiments; ***P < 0.001 as compared with the group without the addition or the individual addition. P < 0.01 as effects with the addition

of DL-PDMP. Each scale bar indicates 100 pum (A-D).
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Fig. 4. The dual addition of DL-PDMP and D-NMAPPD alone caused a
significant increase in LDH release (cell death) compared with the individual
addition. The induction of Cer accumulation and analysis of the activity of
LDH were achieved as described in the Methods. To precisely characterize
the extent of cell death, cytotoxicity was quantified by measuring the activity
of LDH released into the culture medium. Data are presented as the mean
values £ S.D. of three independent experiments; **P < 0.01 as compared
with the group without the addition.

3.5. Tracer experiments accompanying d18:0 and C16:0-Cer
accumulations in A549 cells after various additions

In the tracer experiments using L-[2,3,3-D3]Ser, the dual ad-
dition of DL-PDMP and D-NMAPPD caused a significant in-
crease in d18:0 and [D,]d18:0 contents 3 or 5 h after the addition
compared with the control system, as shown in Fig. 7, although
the dual addition failed to increase d18:1 or [D,]d18:1 contents.
Increases in d18:0 and [D,]d18:0 with the dual addition were
inhibited by the addition of myriocin as an SPT inhibitor. It was
suggested that the dual addition caused a steep increase in d18:0
contents via the incorporation of deuterium into d18:0 from L-
[2,3,3-Ds]Ser, suggesting de novo synthesis. Furthermore, it was
stipulated that the slight increase in d18:1 or [D,]d18:1 contents
was due to localized hydrolysis of an increased d18:1-C16:0-Cer
contents which occurred under the inhibition of ceramidase. On
the other hand, the dual addition caused a significant increase
in d18:1-C16:0-Cer and [D,]d18:1-C16:0-Cer contents 3 or 5 h
after the addition compared with the control system, as shown
in Fig. 8. However, although the increases in the dual addition
were inhibited by the addition of myriocin, the extents of inhibi-
tion were low compared with the extents of inhibition in d18:0
and [D,]d18:0 contents. It was stipulated that the dual addition
caused the production of d18:1-C16:0-Cer via a pathway other
than de novo synthesis, e.g., the reproduction of C16:0-Cer using
C16:0-CoA and d18:1 based on an increase in the Cer synthase
5 protein expression.

In the tracer experiments using [1,2,3,4-'3C4]C16:0 acid with
the dual addition of DL-PDMP and D-NMAPPD, the variations

in the incorporation of 13C into d18:0 from [1,2,3,4-13C4]C16:0
acid are shown in Fig. 9A. It was suggested that the form of
13C-incorporation into d18:0 revealed the de novo synthesis of
d18:0,and a steep increase in d18:0 contents was caused in the
optimum C16:0 acid concentration in the culture medium. The
added [1,2,3,4-13C4]C16:0 acid will possibly be transported via
fatty acid transport protein 1 (FATP1) interacted to acyl coen-
zyme A synthetase, as described previously [18,19]. Conse-
quently, lowered d18:0 production with the incorporation of '*C
with a high concentration of C16:0 acid in the culture medium
appears to be the result of substrate inhibition by C16:0-CoA
as a substrate of SPT activity, as described previously [11].
On the incorporation of 13C into [13C4]d18:1-C16:0-Cer, d18:1-
[*C4]C16:0-Cer or [*C4]d18:1-['*C4]C16:0-Cer, it was stip-
ulated that the dual addition caused the production of d18:1-
C16:0-Cer via the double pathway of a pathway of de novo
synthesis and a pathway other than de novo synthesis, e.g., the
reproduction of C16:0-Cer using [13C4]C16:0-CoA and d18:1
based on an increase in the Cer synthase 5 protein expression
(Fig. 9B).

For the quantitative determination of biosynthesized d18:0
via the C16:0 acid synthetic pathway from acetic acid, [2-
13C1C2:0 acid was used in the culture medium. The variations
in the incorporation of '3C into d18:0 in A549 cells 6 h after
various additions of [2-'3C]C2:0 acid to the culture medium
is shown in Fig. 10. The dual addition of DL-PDMP and D-
NMAPPD or the addition of DL-PDMP caused a significant
increase in [3C,4 _7]d18:0 contents compared with the con-
trol. Furthermore, the dual addition caused a significant increase
in ['*Cy4 _ 7]d18:0 contents compared with the addition of DL-
PDMP. The data from ['3C; _ 3]d18:0 are not shown in Fig. 10
for the overlapping in m/z values based on the isotopic abun-
dance ratio of d18:0 as the IS. It was suggested that the dual
addition caused a significant increase in biosynthesized d18:0
contents via the C16:0 acid synthetic pathway from acetic acid
compared with other additions.

3.6. C16:0-CoA accumulation in A549 cells after various
additions

The changes in C16:0-CoA contents in A549 cells 5 h after
various additions are shown in Fig. 1 1. The dual addition of DL-
PDMP and D-NMAPPD or the addition of D-NMAPPD caused
a significant increase in C16:0-CoA contents compared with the
control in connection with morphological changes, as described
above. Furthermore, the dual addition caused a significant in-
crease in C16:0-CoA contents compared with the addition of
D-NMAPPD. It was suggested that the dual addition caused a
significant increase in d18:0 contents via an enhanced SPT activ-
ity with the increase in C16:0-CoA concentration as a substrate.

3.7. Kinetics of SPT activity and SPT activity in A549 cells
or the subcellular fraction after various additions

SPT kinetics using the MAM fraction from A549 cells are
shown in Fig. 12A. The Km against C16:0-CoA as a substrate
was 12.5 wM. The Vmax was 161 pmol/mg protein/min.
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Fig. 5. The dual addition of DL-PDMP and D-NMAPPD caused an additional increase in C16:0-Cer contents with an increase in Cer synthase 5 protein
expression compared with the individual addition. The induction of Cer accumulation and extraction/analysis of Cers/dihydro-Cer in the homogenate or Western
blotting with anti-Cer synthase 5 antibodies were achieved as described in the Methods. A, C24:1-GlcCer/d18:1 contents in A549 cells after the individual
addition of 200 uM DL-PDMP, 65 uM D-NMAPPD or the dual addition. B, Time course of C16:0-Cer contents in A549 cells after the individual addition of
200 uM DL-PDMP, 65 pM D-NMAPPD, or the dual addition. Data are presented as the mean values £ S.D. of three independent experiments; **P < 0.01;
P < 0.001 as compared with the group without the addition. C and D, Levels of Cer species including d18:1-C16:0-Cer and dihydro-Cer species in A549
cells 6 h after the individual or their dual addition. The dual addition to A549 cells did not significantly modify the contents of other Cer/dihydro-Cer species
except d18:1-C16:0-Cer/d18:0-C16:0-Cer/d18:1-C14:0-Cer/d18:0-C14:0-Cer in the HPLC-APCI-MS analysis. E, CerS5/6 protein expression levels compared
with individual addition. The addition of DL-PDMP markedly increased the CerS5 protein expression levels, as described previously [5], and the dual addition
caused the synergistic increase in the CerS5 protein expression levels. Data are presented as the mean values = S.D. of three independent experiments;
P < 0.01; **P < 0.001 as compared with the group without the addition.
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of 200 pM DL-PDMP and 65 pM D-NMAPPD or their dual addition. Data are presented as the mean values £ S.D. of three independent experiments;
P < 0.01; **P < 0.001 as compared with the group without the addition. B, Time course of d18:0 contents in the subcellular fractions of A549 cells
after the dual addition. Data are presented as mean values = S.D. C, Changes in d18:0/d18:1/1-deoxysphinganine contents in A549 cells 5 h after the dual
addition or the dual addition plus fumonisin B(1). The addition of fumonisin B(1) caused a significant increase in d18:0 contents, although the addition did
not significantly modify d18:1/1-deoxysphinganine contents. Data are presented as the mean values = S.D. of three independent experiments; **P < 0.01 as
compared with the group without the addition of fumonisin B(1).
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Fig. 7. In the tracer experiments using L-[2,3,3-D3]Ser, the dual addition of DL-PDMP and D-NMAPPD caused a significant increase in d18:0 and [D;]d18:0
contents. In the tracer experiments, 1180 pM L-[2,3,3-D3]Ser in the culture medium was used. The induction of Cer accumulation and extraction/analysis of
d18:0 in the homogenate were achieved as described in the Methods. The dual addition failed to increase d18:1 or [D;]d18:1 contents. Increases in the d18:0
and [D,]d18:0 contents in the dual addition were inhibited by the addition of myriocin as an inhibitor of SPT. Data are presented as the mean values £ S.D.
of three independent experiments; **P < 0.01; ***P < 0.001 as compared with the group without the addition. #, ##, and ### indicate P < 0.05, P < 0.01,
and P < 0.001, respectively, as effects with the addition of myriocin.

The SPT activities in the homogenate from A549 cells with  time-dependently modify SPT activity in the cytoplasmic or nu-
various additions are shown in Fig. 12B. The various additions clear extract from A549 cells, as shown in Fig. 12C. It was
to A549 cells did not significantly modify SPT activity in the ho- suggested that the steep increase in d18:0 de novo synthesis by
mogenate. Furthermore, the dual addition of 200 uM DL-PDMP the dual addition was attributable to factors such as the substrate
and 65 pM D-NMAPPD to A549 cells did not significantly or ~ concentration other than SPT enzyme concentration.
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DL-PDMP and D-NMAPPD caused a significant increase in d18:1-C16:0-
Cer and [D,]d18:1-C16:0-Cer contents. In the tracer experiments, 1180 pM
L-[2,3,3-D3]Ser in the culture medium was used. The induction of Cer accu-
mulation and extraction/analysis of Cers in the homogenate were achieved as
described in the Methods. The increases in the dual addition were inhibited
by the addition of myriocin, and the extent of inhibition was low compared
with the extent of the inhibition of the d18:0 and [D;] d18:0-contents. Data
are presented as the mean values £ S.D. of three independent experiments;
*P < 0.05; **P < 0.01; **P < 0.001 as compared with the group without
the addition. ## indicates P < 0.01 as effects with the addition of myriocin.

3.8. SPTLCI, 2, and 3 protein expression using Western
blotting in cytoplasmic fraction from A549 cells after
various additions

The changes in SPTLCI, 2, and 3 protein expression in the
cytoplasmic extract from A549 cells 4 or 6 h after various addi-
tions are shown in Fig. 13. Although the individual addition of
DL-PDMP or D-NMAPPD caused a time-dependent increase in
SPTLCI, 2, and 3 protein expression compared with the control
system, the dual addition did not significantly modify SPTLCI,
2, and 3 protein expression compared with the individual ad-
dition. The band of SPTLC1 (56 kDa) may correspond to the
phosphorylated isoform of SPTLC1 (53 kDa) [20]. The band of
SPTLC3 (35 kDa) may correspond to the splicing isoform miss-
ing in isoform 2 (Human Protein Atlas, SPTLC3-201). Neither
SPTLC1 (53 and 56 kDa) nor SPTLC2 (63 kDa) in the nu-
clear extract could be detected, although SPTLC3 (35 kDa) was
detected in the nuclear extract on Western blotting (data not
shown). It was suggested that the steep increase in d18:0 in the
de novo synthesis by the dual addition was attributable to factors
such as the substrate concentration other than SPTLCI, 2, and
3 protein expression.

4. Discussion

We showed that the dual addition of DL-PDMP (GlcCer in-
hibitor) and D-NMAPPD (ceramidase inhibitor) to A549 cell
culture induced C16:0-Cer accumulation with Cer synthase 5
expression and necrotic cell death with lysosomal rupture with
leakage of cathepsin B/alkalization after 2-3 h. This Cer accu-
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Fig. 9. In the tracer experiments using [1,2,3,4—13C4]C16:0 acid under the
dual addition of DL-PDMP and D-NMAPPD, the variation in the incor-
poration of 13C into d18:0 from [1,2,3,4—13C4]C16:0 acid revealed a form
suggesting the optimum C16:0 acid concentration in the culture medium.
In the tracer experiments, BSA binding 2.34-130 uM [1,2,3.4-13C4]1C16:0
acid in the culture medium was used. The induction of Cer accumu-
lation and extraction/analysis of d18:0 or C16:0-Cer in the homogenate
were achieved as described in the Methods. A, Variation in the incorpo-
ration of 'C into d18:0 from [1,2,3,4-'3C4]C16:0 acid against the addi-
tional [1,2,3,4-13C4]C16:0 acid. B, Variation in the incorporation of 13C into
['3C4]d18:1-C16:0-Cer, d18:1-[13C4]C16:0-Cer or ['3C4]d18:1-['3C4]C16:0-
Cer from [1,2,3,4-13C4]C16:0 acid against the additional [1,2,3,4-13C41C16:0
acid. Data are presented as the mean values & S.D. of three independent ex-
periments.

mulation was followed by a steep increase in d18:0 base levels
via the activation of SPT activity by the increase in C16:0-CoA
concentration as a substrate after 5-6 h. C16:0-Cer accumula-
tion would likely be caused via the bond of unknown receptors
and DL-PDMP and/or D-NMAPPD, followed by CerS5 gene
expression (the protein expression). The increase in C16:0-CoA
concentration was achieved by activation of the fatty acid syn-
thetic pathway from C2:0-CoA, although the activation mecha-
nisms of the fatty acid synthetic pathway by DL-PDMP and/or
D-NMAPPD were unknown. On the other hand, it was observed
that the steep increase in d18:0 contents was caused in the op-
timum C16:0 acid concentration in the culture medium, sug-
gesting the substrate inhibition of SPT activity by C16:0-CoA,
that is, a lowering of d18:0 production at the high C16:0 acid
concentration. The findings described above are summarized in
Fig. 14, although it is unknown in this study whether the necrotic
cell death was caused by the lysosomal rupture.
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Fig. 10. The dual addition of DL-PDMP and D-NMAPPD caused a signifi-
cant increase in biosynthesized d18:0 contents via the palmitic acid synthesis
pathway from acetic acid. In the tracer experiments, 5.6 mM [2-13C]C2:0 acid
in the culture medium was used. The induction of Cer accumulation and ex-
traction/analysis of d18:0 in the homogenate were achieved as described in
the Methods. Data are presented as the mean values £ S.D. of three inde-
pendent experiments; *P < 0.05; **P < 0.01; *P < 0.001 as compared
with the group without the addition. ## indicates P < 0.01 as effects with
the dual addition compared with the addition of DL-PDMP.

These findings suggest a direct link between d18:1-C16:0-
Cer/d18:0 biosynthesis and necrotic cell death with the lib-
eration of cathepsin B in A549 cells, which may represent a
novel pathway in the cell death mechanism. The slow d18:0/1-
deoxysphinganine accumulation in the cells was caused by the
addition of fumonisin B(1) as an inhibitor of Cer synthase [21-
23] or N-(4-hydroxyphenyl)retinamide (4-HPR) as activators of
SPT/alkaline ceramidase 2 and an inhibitor of dihydroceramide
desaturase [24,25]. However, the addition of fumonisin B(1) or
4-HPR does not lead to Cer accumulation or a steep increase in
SPT activity such as in this study. Therefore, the phenomenon of
the increase in d18:1-C16:0-Cer accumulation via the activation
of CerS5 and d18:0 base content via the activation of SPT activ-
ity may be useful in the analysis of necrotic cell death, lysosomal
rupture, CerS5 activity, or SPT activity.

In the protein expressions of CA AT/enhancer binding protein
homologous protein (CHOP) as a marker of endoplasmic retic-
ulum stress and microtubule-associated protein 1 light chain 3B
(LC3)-II/T as a marker of the autophagosome form using West-
ern blotting as described previously [5], the dual addition did
not significantly modify the protein expression compared with
the individual addition of 200 uM DL-PDMP or 65 pM D-
NMAPPD. However, the individual addition caused an increase
in CHOP/LC3II protein expression suggesting the facilitation
of autophagy via endoplasmic reticulum stress compared with
the control system 4 or 6 h after the addition (data not shown).
Furthermore, in the detection of oxidative stress and superox-
ide using the Total ROS/Superoxide Detection kit (Enzo Life
Sciences, Inc.) and fluorescence microscopy 2, 4 or 6 h after the
treatment, the dual addition did not significantly modify the fluo-
rescent staining compared with the individual addition (data not
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Fig. 11. The dual addition of DL-PDMP and D-NMAPPD caused a signif-
icant increase in C16:0-CoA contents. The induction of Cer accumulation
and extraction/analysis of C16:0-CoA contents in A549 cells were achieved
as described in the Methods. Data are presented as the mean values = S.D.
of three independent experiments; **P < 0.01 as compared with the group
without the addition. # indicates P < 0.05 as effects with the dual addition
compared with the addition of D-NMAPPD.

shown). It was suggested that necrotic cell death in the dual ad-
dition was not caused by excess endoplasmic reticulum stress,
the autophagosome form, or oxidant stress. The necrotic cell
death in this study accompanies lysosomal rupture based on
the liberation of cathepsin B from lysosomes and the inhibi-
tion of the autophagosome-lysosome fusion with the increased
pH of lysosomes, as shown in Figs. 2, 3 and 14, althoughit re-
mains unknown in this study whether the necrotic cell death was
definitively caused by the lysosomal rupture.

In the tracer experiments using [1,2,3,4-13C4]C16:0 acid with
the dual addition of DL-PDMP and D-NMAPPD, the variation
in the incorporation of '*C into d18:0 via de novo synthesis from
[1,2,3,4-13C4]C16:0 acid suggests the optimum C16:0 acid con-
centration in the culture medium, as shown in Fig. 9. The added
[1,2,3,4-13C4]C16:0 acid will possibly be transported via FATP1
interacted to acyl coenzyme A synthetase, as described previ-
ously [19]. Consequently, the lowered d18:0 production with
the incorporation of '3C with a high concentration of C16:0
acid in the culture medium appears to be the result of substrate
inhibition by C16:0-CoA as a substrate of SPT activity, as de-
scribed previously [11]. On the other hand, C16:0 acid at high
concentration (500-1250 uM) increases d18:1-1-phosphate in-
dependently of de novo synthesis via the upregulation of d18:1
kinase [26] or triggers Ca’>*-dependent autophagy, which results
in programmed necrotic death (necroptosis) of endothelial cells
[27]. This information is caused independently of the de novo
synthesis of Cers, and this tendency is consistent with the phe-
nomenon with a high concentration of C16:0 acid in this study.

In recent years, the formation of Cer channel via the interac-
tion with Bax in the mitochondrial outer membrane, followed by
the release of cytochrome c into the cytoplasm in apoptosis and
the direct interaction of mitochondrial Cer with the autophagoso-
mal membrane bound-LC3-II in mitophagy have been reported
[2,3]. Furthermore, C16:0-Cer directly bound cathepsin D in
the lysosomes, and cathepsin D stimulated proteolytic activity,
followed by cathepsin D-mediated cleavage of the BH3-only
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Fig. 14. The dual addition of DL-PDMP (Glc-Cer synthase inhibitor) and D-
NMAPPD (ceramidase inhibitor) to the A549 cell culture induced C16:0-Cer
accumulation with Cer synthase 5 expression and necrosis with lysosomal
rupture with leakage of cathepsin B/alkalization 2-3 h after. This Cer accu-
mulation was followed by a steep increase in the d18:0 base levels via the
activation of SPT activity induced by an increase in C16:0-CoA concentration
as a substrate 5-6 h after. C16:0-Cer accumulation would likely be caused
via the bond of unknown receptors and DL-PDMP and/or D-NMAPPD, fol-
lowed by CerS5 gene expression (the protein expression). The increase in
C16:0-CoA concentration was achieved by activation of the fatty acid syn-
thetic pathway from C2:0-CoA. The activation mechanisms of the fatty acid
synthetic pathway by DL-PDMP and/or D-NMAPPD were unknown. Further-
more, it was observed that the steep increase in d18:0 contents was caused
in the optimum C16:0 acid concentration in the culture medium, although
the high C16:0 acid concentration lowered d18:0 production, suggesting the
substrate inhibition of SPT activity by C16:0-CoA. On the other hand, it
was stipulated that C16:0-Cer accumulation in lysosomes and the inhibition
of lysosomal acid ceramidase by D-NMAPPD were required for the libera-
tion of cathepsin B from lysosomes based on LMP, followed by lysosomal
disruption and digestion of vital proteins for a lethal event. It was then stip-
ulated that d18:0 production with the dual addition caused an increase in the
pH in acidic compartments such as lysosomes, followed by the inhibition of
autophagosome-lysosome fusion.

protein Bid to activate the mitochondrial caspase-dependent
pathway of apoptosis, as described previously [28,29]. However,
in A549 cells, since active caspase 3 expression with C16:0-Cer
accumulation was not detected by the blocking effect in the cas-
pase 9 — 3 process by survivin [4,5], C16:0-Cer accumulation
in A549 cells would likely be associated with a pathway (e.g.,
the pathway of necrotic cell death) other than the mitochondrial
caspase-dependent pathway. If C16:0-Cer channels were formed
in the lysosome membrane with C16:0-Cer accumulation via the
activation of CerS5 and the inhibition of lysosomal acid cerami-
dase by D-NMAPPD, this possibility is of interest as a function
of the liberation of cathepsin B from lysosomes causing necrotic
cell death via C16:0-Cer channels other than the mitochondrial
caspase-dependent pathway of apoptosis.

The dual addition to the individual addition of DL-PDMP
or D-NMAPPD to A549 cells did not significantly modify SPT
activity in the homogenate (Fig. 12B) or STPLCI, 2, and 3 pro-
tein expression in the cytoplasmic extract (Fig. 13), although
the individual addition or the dual addition caused an increase

in SPTLCI, 2, and 3 protein expression compared with the con-
trol system. Eukaryotic SPTs are membrane-bound multisub-
unit enzymes and the functional SPT is not a dimer, but a higher
organized complex composed of three distinct subunits with a
molecular mass of 480 kDa [30]. Furthermore, the small sub-
units of human SPT activating the heterodimer have been re-
cently found [31]. Although the function of a higher organized
complex from SPTLCI, 2, and 3 proteins or the small subunits
of human SPT in this study is not clear, the steep increase in
d18:0 de novo synthesis with the dual addition is likely caused
by factors such as the substrate (C16:0-CoA) concentration as
shown in Figs. 10 and 11 other than the SPT enzyme (SPTLCI,
2, 3 and the small subunits) concentration. The steep increase
in d18:0 content possibly caused an increase in the pH in acidic
compartments such as lysosomes, followed by the inhibition of
the increased autophagosome-lysosome fusion, lysosomal rup-
ture, and necrotic cell death [14,16].

D-NMAPPD at 50 uM exhibited an inhibitory effect on acid
ceramidase and cell growth, although neither the acid cerami-
dase expression nor lysosomal stability could be altered [32].
Thus, D-NMAPPD is an acid ceramidase inhibitor, not a lysoso-
mal trapping drug. On the other hand, DL-PDMP as an inhibitor
of Glc-Cer synthase exhibited an inhibitory effect on cell growth
via the inhibition of protein/DNA synthesis although this drug
acts as a lipophilic amine/lysosomal trapping drug at high con-
centrations, and the effect is observed 24 h after the addition in
culture cells [33]. However, its effects as a lysosomal trapping
drug of DL-PDMP are not observed 3 h after the addition, as
described in Fig. 3C. Thus, the lysosomal effects of the dual ad-
dition of DL-PDMP and D-NMAPPD are likely caused by the
mechanism shown in Fig. 14.

5. Conclusions

The aim of this study was to examine the relationship be-
tween Cer accumulation with inhibition of the conversion path-
way of Cer and concomitant necrotic cell death. As active cas-
pase 3 expression with C16:0-Cer accumulation in A549 cells
was not detected by the inhibiting effect of caspase 9 activa-
tion brought about by survivin in the cells, Cer accumulation
in A549 cells would likely be associated with a pathway other
than the mitochondrial caspase-dependent pathway of apopto-
sis. We showed that the dual addition of DL-PDMP (GlcCer
synthase inhibitor) and D-NMAPPD (ceramidase inhibitor) to
A549 cell culture induced C16:0-Cer accumulation with CerS5
expression and necrotic cell death with lysosomal rupture and
with leakage of cathepsin B/alkalization after 2-3 h. This Cer ac-
cumulation was followed by a steep increase in d18:0 base levels
via the activation of SPT activity brought about by the increase
in C16:0-CoA concentration as a substrate after 5-6 h. The in-
crease in C16:0-CoA concentration was achieved by activation
of the fatty acid synthetic pathway from C2:0-CoA. Further-
more, it was observed that the steep increase in d18:0 contents
was caused at the optimum C16:0 acid concentration in the cul-
ture medium, suggesting the substrate inhibition of SPT activity
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by C16:0-CoA, that is, a lowering of d18:0 production at the
high C16:0 acid concentration.
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