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Ceramide functions as an important second messenger in
apoptosis signaling pathways. In this report, we show that treat-
ment of NT-2 neuronal precursor cells with hypoxia/reoxygen-
ation (H/R) resulted in ceramide up-regulation. This elevation
in ceramide was primarily due to the actions of acid sphingomy-
elinase and ceramide synthase LASS 5, demonstrating the
action of the salvage pathway. Hypoxia/reoxygenation treat-
ment led to Bax translocation from the cytoplasm to mitochon-
dria and cytochrome c release from mitochondria. Down-regu-
lation of either acid sphingomyelinase or LASS 5-attenuated
ceramide accumulation and H/R-induced Bax translocation to
mitochondria. Overall, we have demonstrated that ceramide up-
regulation following H/R is pertinent to Bax activation to pro-
mote cell death.

The pro-apoptotic protein Bax is a member of the Bcl-2 fam-
ily that plays an important role in apoptosis regulation (1).
Physiologically, Bax is involved in neuronal development (2)
and spermatogenesis (3, 4). Under pathological conditions such
as cerebral and cardiac ischemia/reperfusion (I/R),* it has been
shown that Bax is up-regulated in the afflicted regions of the
tissues, presumably to promote neuronal and cardiac cell death
(5-7). This protein is primarily a soluble protein in healthy cells
(8—-11). Upon treatment with a variety of apoptotic stimuli, Bax
translocates to mitochondria and is associated with the loss of
mitochondrial membrane potential (8 —11) and the release of
cytochrome ¢ from mitochondrial intermembrane space (12—
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15). Cytochrome c then initiates the formation of apoptosomes
to promote caspase activation and cell death (16).

Currently, two major apoptotic pathways that signal Bax
translocation to mitochondria have been identified (17). In the
extrinsic pathway, the binding of death ligands such as FAS
ligand and tumor necrotic factor a (TNFa) to their respective
receptors results in the activation of caspase-8. Caspase-8 then
cleaves the BH3-only protein Bid, and the truncated Bid (tBid)
activates Bax and causes its translocation to mitochondria (18 —
20). In the intrinsic pathway, apoptotic stimuli trigger Bax
translocation to mitochondria via mechanisms that are inde-
pendent of caspase-8 and Bid. Although it has been shown that
H/R induces Bax translocation to mitochondria and subse-
quent cytochrome c release into the cytoplasm (21), the molec-
ular trigger for Bax activation is still not known.

Ceramide is a signaling molecule shown to be involved in
cellular growth, differentiation, and apoptosis (22). Exposure of
rat pheochromocytoma (PC12) cells to oxygen-glucose depri-
vation (23) and of brain tissues to I/R resulted in ceramide accu-
mulation (24, 25). Ceramide can be generated via the salvage
pathway through the action of sphingomyelinases, or the de
novo synthetic pathway through the action of ceramide syn-
thases. Currently, five distinct sphingomyelinases have been
identified based on their preferred optimal pH for activity, sub-
cellular localization, and dependence on cations (for a review
see Ref. 26). Among them, the acid sphingomyelinase (aSMase)
and the neutral Mg>*-dependent neutral sphingomyelinase
(nSMase) have been shown to be involved in ceramide genera-
tion in response to apoptotic stimuli (27-29).

The de novo pathway commences with the action of serine
palmitoyl transferase leading to the formation of dihydrosphin-
gosine and then dihydroceramide, which is produced by (dihy-
dro)ceramide synthases (30, 31). Dihydroceramide is then con-
verted into ceramide by dihydroceramide desaturase (32, 33). A
homologue of ceramide synthases, also known as longevity
assurance factors (LASS/CerS), was first identified in yeast. Its
deletion resulted in an increased yeast lifespan (34). Currently,
six LASS genes have been identified in mammals, and each of
them displays a unique substrate specificity profile for chain
length and/or saturation in fatty acid acyl-CoA (35).

Recently, a more complex mechanism of regulation of cera-
mide levels has become appreciated involving the recycling or
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salvage pathway. In the salvage pathway, ceramide generated
via sphingomyelin hydrolysis is further hydrolyzed by cerami-
dases to sphingosine, which is then re-acylated via the action of
ceramide synthases (LASS/CerS) to regenerate ceramide.

In neuronal cells, H/R induces Bax mitochondrial localiza-
tion and subsequent cytochrome c release (21). Because cera-
mide has been suggested to play a role in Bax activation (36, 37),
we set out to examine the cross-talk between sphingolipid
metabolism and Bax activation following H/R. Using an NT-2
neuronal precursor cell line stably expressing GFP-tagged Bax,
we examined the mechanism of ceramide accumulation in
these cells and the contribution of the salvage and de novo path-
ways of ceramide synthesis. In addition, we have determined
the roles of these ceramide-producing enzymes in the activa-
tion of Bax following H/R.

EXPERIMENTAL PROCEDURES

Materials—NT-2 human neuronal precursor cell line was
obtained from ATCC. Fetal bovine serum, Dulbecco’s modified
Eagle’s medium, tissue culture supplements, SuperScript first-
strand synthesis system, caspase-3 assay kit, and the Quant-iT
RiboGreen RNA assay kit were from Invitrogen. FUGENE 6
transfection reagent was from Roche Applied Science. Max-
iprep kits for plasmids extraction, sequence-specific small
interfering RNA reagents, minikits for mRNA extraction, and
SYBR Green PCR reagents were purchased from Qiagen.
Horseradish peroxidase-conjugated sheep anti-mouse immu-
noglobulins and the ECL Western blot detection kit were from
Amersham Biosciences. The anti-cytochrome ¢ antibody was
from BD Pharmingen. Pan-caspase inhibitor zZVAD-fmk was
purchased from Axxora. The reverse transcriptase kit was from
Promega. The iQ SYBR Green PCR kit was bought from Bio-
Rad. 17C-sphingosine was from Avanti Polar Lipids, Inc. All
other chemicals were from either Sigma or Fisher Scientific.

Development of NT-2 Cells Stably Expressing GFP-Bax—
NT-2 cells were cultured in DMEM/F12 (1:1) supplemented
with 2 mm glutamine and 10% fetal bovine serum and main-
tained at 37 °C in the presence of 5% CO,. To develop stable
clones of NT-2 cells expressing GFP-Bax, NT-2 cells (in a
10-cm plate) were transfected with 12 pug of C3-EGFP-Bax (10)
with the FuGENE transfection reagent. A day after transfection,
the cells were selected with 0.2 mg/ml G418. After a week of
selection, the surviving cells were trypsinized, and GFP-positive
cells were sorted by flow cytometry (carried out by the MUSC
flow cytometry facility). The cells were subsequently main-
tained in the culture medium supplemented with 0.2 mg/ml
G418. GFP-Bax-stable NT-2 cells were plated onto either
6-well (for Bax localization analysis) or 10-cm (for SMase/LASS
activity assays or lipid analysis) plates.

Treatment of NT-2 Cells with H/R and Fluorescence
Microscopy—NT-2 cells were grown to 70 —80% confluency in
6-well plates. The plates were placed in a hypoxic chamber (Bil-
lups-Rothenberg), flushed with 95% N, and 5% CO,, and incu-
bated for 12 h at 37 °C (38, 39). Plates were then removed from
the chamber, and reoxygenation was allowed to proceed for
specified time periods. Cell visualization was carried out using
an Olympus IX-70 fluorescence microscope using an LCPlanFI
X20 objective lens with a 1.5X intermediate magnification. The
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images were captured with an Optronics DEI-750D digital
imaging camera (39). The percentages of GFP-Bax punctate
cells were determined by fluorescence microscopy.

Immunofluorescence Labeling with an Anti-cytochrome c
Antibody—For immunofluorescence labeling, GFP-Bax stable
NT-2 cells were subjected to H/R. Control and treated cells
were then washed three times with phosphate-buffered saline
(PBS), fixed in 6% paraformaldehyde (30 min), and permeabi-
lized with 0.06% saponin in PBS (15 min). The cells were then
incubated with the blocking buffer (PBS, 5% fetal bovine serum,
and 0.06% saponin) for 30 min and then with 5 ug/ml anti-
cytochrome ¢ antibody diluted in the blocking buffer for 2 h.
The cells were subsequently washed and incubated with 6
pg/ml Cy3-labeled goat anti-mouse immunoglobulin in the
blocking buffer (2 h). After additional washes with PBS and
treatment with the antifade reagent, the labeled cells were visu-
alized by fluorescence microscopy.

Down-regulation of Acid Sphingomyelinase and LASS 5 by
siRNA Oligonucleotides—The gene silencing of human aSMase
and LASS 5 was performed essentially according to a standard
protocol (40). The sequences of specific small interfering RNAs
are as below: human aSMase: sense (5'-CUC CUU UGG AUG
GGC CUG G-3’) and antisense (5'-CCA GGC CCA UCC AAA
GGA G-3') (41); human LASS 5: sense (5'-ACC CUG UGC
ACU CUG UAU U-3’) and antisense (5'-AAU ACA GAG UGC
ACA GGG U-3'); human LASS 6: sense (5'-CGC UGG UCC
UUU GUC UUC A-3') and antisense (5'-UGA AGA CAA AGG
ACC AGC G-3'). The efficiency of gene silencing was assessed
by enzymatic activity or by measuring mRNA levels of the tar-
get genes using quantitative real-time PCR (qPCR). Briefly,
GFP-Bax-stable NT-2 cells were plated onto either 6-well (for
Bax localization analysis) or 10-cm (for activity assays or lipid
analyses) plates. The cells were then transfected with scrambled
control siRNA oligonucleotides or siRNA oligonucleotide
duplexes against human aSMase (150 nm), LASS 5 (5 nm), or
LASS 6 (5 nm) using the Dharmafect or Hiperfect transfection
reagent. At 48-h post-transfection, the cells were replated onto
6-well or 10-cm plates and subjected to H/R for specified times.

Analyses of Endogenous Sphingolipids—Normoxic and H/R-
treated cells were collected, fortified with internal standards,
extracted with ethyl acetate/isopropyl alcohol/water (60:30:10,
v/v/v), evaporated to dryness, and reconstituted in 100 ul of
methanol (42, 43). Simultaneous ESI/MS/MS analyses of sphin-
goid bases, sphingoid base 1-phosphates, ceramides, and sphin-
gomyelins were performed on a Thermo Finnigan TSQ 7000
triple quadrupole mass spectrometer operating in a multiple
reaction monitoring positive ionization mode (43). Results
were normalized to total phospholipid levels.

Quantitative Real-time PCR Analysis—RNA was extracted
from NT-2 cells using the Qiagen RNeasy kit according to the
manufacturer’s protocol. RNA concentrations were deter-
mined by the Quant-iT RiboGreen RNA assay kit. The
extracted RNA (1 ug) was used to produce cDNA with Super-
Script first-strand synthesis system according to the manufac-
turer’s protocol. The resulting cDNA (500 ng) were analyzed in
triplicates by qPCR using the iQ SYBR Green PCR kit and an
ABI 7300 Q-PCR system as described by the manufacturer.
Primers (final concentration of 400 nm) used for the qPCR anal-
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FIGURE 1. Hypoxia/reoxygenation induces Bax translocation from the
cytoplasm to mitochondria in GFP-Bax-stable NT-2 cells. A, untreated and
hypoxia (12 h)/reoxygenation (24 h)-treated GFP-Bax-stable NT-2 cells were
stained with Mitotracker and visualized by fluorescence microscopy. B, cell
lysates prepared from untransfected NT-2(lanes a) or GFP-Bax-stable NT-2
cells (lanes b) were subjected to Western blotting analyses with anti-Bax 1F6
and anti-Bcl-2 8C8 monoclonal antibodies.

ysis are targeted to human ceramide synthase/LASS family
members and are as follows: LASS I forward: 5'-ACG CTA
CGC TAT ACA TGG ACA C-3' and reverse: 5'-AGG AGG
AGA CGA TGA GGA TGA G-3'; LASS 3 forward: 5'-ACA
TTC CAC AAG GCA ACC ATT G-3' and reverse: 5'-CTC
TTG ATT CCG CCG ACT CC-3'; LASS 4 forward: 5'-CTT
CGT GGC GGT CAT CCT G-3' and reverse: 5'-TGT AAC
AGC AGC ACC AGA GAG-3'; LASS 5 forward: 5'-TGT AAC
AGCAGC ACC AGA GAG-3' and reverse: 5'-GCC AGC ACT
GTC GGA TGT C-3'; LASS 6 forward: 5'-GGG ATC TTA
GCCTGG TTCTGG-3' and reverse: 5'-GCC TCC TCC GTG
TTC TTC AG-3'. Primers used for aSMase are as follows: for-
ward: 5'-TGG CTC TAT GAA GCG ATG GC-3' and reverse
5-TTG AGA GAG ATG AGG CGG AGA-3'. Target mRNA
expression was normalized to that of B-actin expression. The
B-actin primers used are: forward: 5'-ATT GGC AAT GAG
CGG TTC C-3' and reverse: 5'-GGT AGT TTC GTG GAT
GCC ACA-3'. The qPCR results were analyzed using Q-Gene
software, which expresses data as mean normalized expression
(MNE), which is directly proportional to the amount of the
target gene mRNA relative to the reference gene (B-actin)
mRNA.

Ceramide Synthase Activity Assay—To evaluate the activity
of ceramide synthase in cells, we employed a synthetic 17C-
sphingosine as the substrate. NT-2 cells were grown to 70 — 80%
confluency, and subjected to H/R. At the indicated time points,
cells were treated with 1 um 17C-sphingosine for 30 min prior
to harvest. Ceramide synthase activity was determined by
measuring the accumulation of 17C_-ceramide using tandem
MS on a Thermo Finnigan TSQ 7000 triple quadrupole mass
spectrometer (44). Ceramide synthase specific activity was
expressed as pmol 17C_-ceramide/nmol phosphate.

Sphingomyelinase Assays—NT-2 cells were grown to
70-80% confluency, and subjected to H/R for the indicated
time periods. The cells were then collected and subjected to in
vitro acid and neutral sphingomyelinase enzymatic assays using
[**C]sphingomyelin according to the previously described pro-
tocol (40, 45).

SDS-Polyacrylamide Gel Electrophoresis and Western
Blotting—GFP-Bax-stable NT-2 cells were collected and lysed
in the lysis buffer (PBS, 1% Triton X-100, 0.1% SDS, and 25
pg/ml phenymethylsulfonyl fluoride). Cell lysates were nor-
malized to protein concentration using the Bio-Rad protein
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FIGURE 2. Hypoxia/reoxgenation-induced Bax translocation to mito-
chondria in NT-2 cells was associated with the release of cytochrome c.
Undifferentiated (A) and retinoic acid-differentiated (B) GFP-Bax-stable NT-2
cells were subjected to hypoxia (12 h)/reoxygenation (24 h). The treated cells
were then stained with an anti-cytochrome c antibody and visualized by flu-
orescence microscopy.
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FIGURE 3. Hypoxia/reoxygenation triggers accumulation of ceramide
metabolites in NT-2 cells. GFP-Bax-stable NT-2 cells were subjected to
hypoxia (12 h) and varying lengths of reoxygenation (0, 12, and 24 h). Lipids
were extracted from the collected cells and dihydroceramide (DHCer), cera-
mide (Cer), dihydrosphingosine (DHSph), sphingosine (Sph), and sphingo-
sine-1-phosphate (Sph-1P) contents were analyzed by HPLC and tandem MS
and expressed either as pmol/nmol phosphate (A) or as a percentage of the
control untreated cells (B; *, p < 0.05, compared with corresponding control).

assay kit. SDS-polyacrylamide gel electrophoresis (12%) and
Western blotting analyses were performed as described before
(46). For immunoblotting analysis, the blots were probed with
hBax IF6 and hBcl-2 8C8 antibodies (8). The ECL detection
system was used to visualize the labeled protein bands.

In Vitro Assessment of Cytochrome c¢ Release—Control and
siRNA-transfected cells were subjected to H/R. At specified
time points, cells were collected and washed in PBS. Cells were
then subjected to subcellular fractionation and cytosolic
extracts were isolated as described earlier (47). Briefly, cells
were lysed on ice for 30 min and then disrupted by repeated
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FIGURE 5. Sphingomyelin levels are decreased in NT-2 cells following H/R
treatment. GFP-Bax-stable NT-2 cells treated with hypoxia (12 h)/reoxygen-
ation (24 h) were collected and sphingomyelin species were analyzed by lipid
extraction and tandem MS. Sphingomyelin levels were expressed either as
pmol/nmol phosphate (A) or as a percentage of the control untreated cells (B).

passage through a 27-gauge needle. The lysate was then spun at
10,000 X g (10 min, 4 °C) to obtain the cytosolic fraction. Cyto-
solic fractions were the analyzed by Western blotting with anti-
cytochrome ¢ and B-actin antibodies. Equal amounts of pro-
teins were loaded per lane.
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C24-Cer (C24:1-Cer Total Cer

FIGURE 4. Hypoxia/reoxygenation triggers accumulation of various ceramide species in NT-2 cells. GFP-
Bax-stable NT-2 cells were subjected to 12 h hypoxia and varying lengths of reoxygenation (0, 12,and 24 h). The
levels of various ceramide species were determined by tandem MS and expressed either as pmol/nmol phos-

Bax subcellular localization. These
cells were developed by transfecting
NT-2 cells with an EGFP-Bax con-
struct, and the cells were selected
with G418. The expression of GFP-
Bax protein in these cells was con-
firmed by fluorescence microscopy (Fig. 14) and by Western
blotting analysis with an anti-Bax antibody (Fig. 1B). Western
blotting analysis indicated that GFP-Bax-stable cells express
equivalent levels of endogenous Bax and Bcl-2 as their parental
cells (Fig. 1B). Fluorescence microscopy analysis indicated that
under the normoxic condition, almost all the cells had Bax
localized to the cytoplasm (Fig. 1A). When these cells were sub-
jected to H/R treatment, there was a shift in the fluorescence
pattern of GFP-Bax from a diffuse cytoplasmic state to a punc-
tate membrane-bound state. The punctate GFP-Bax was local-
ized to mitochondria, as determined by staining with Mito-
tracker, a dye that specifically labeled mitochondria (Fig. 1A).
After a 12-h hypoxia treatment, ~10% of the cells displayed a
punctate GFP-Bax localization pattern (data not shown). The
percentage of GFP-Bax punctate cells increased following
reoxygenation (up to 50% at 24 h post reoxygenation) (Figs. 6D
and 8C). Interestingly, this translocation induced by H/R was
not blocked by the addition of the pan-caspase inhibitor zZVAD-
fmk (data not shown), indicating that this redistribution proc-
ess is caspase-independent. As reported previously, Bax trans-
location to mitochondria leads to the release of cytochrome ¢
(14, 48, 49) and cell death. By immunofluorescence labeling
with an anti-cytochrome ¢ antibody, we found that cytochrome
¢ was retained in the mitochondria of undifferentiated (Fig. 24)
and retinoic acid-differentiated GFP-Bax-stable NT-2 cells
(Fig. 2B). Following H/R treatment, cytoplasmic cytochrome ¢
became visible in cells that had GFP-Bax localized to the mito-
chondria (Fig. 2).
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FIGURE 6. Acid sphingomyelinase is involved in H/R-induced ceramide accumulation and Bax transloca-
tion to mitochondria. A, GFP-Bax-stable NT-2 cells were subjected to hypoxia (12 h) and varying lengths of
reoxygenation (0, 12, and 24 h). Acid and neutral sphingomyelinase activity assays were carried out on control
untreated and H/R-treated cells. B, acid SMase mRNA levels were determined in GFP-Bax-stable NT-2 cells
following H/R treatment by qPCR. C, GFP-Bax-stable NT-2 cells were transfected with either control scrambled
or aSMase siRNA oligonucleotides. The decrease in aSMase mRNA level was determined by qPCR. D, GFP-Bax-
stable NT-2 cells transfected with either control scrambled or aSMase siRNA oligonucleotides were subjected
to H/R.The percentages of GFP-Bax punctate cells were visualized by fluorescence microscopy and quantitated
from four separate visual fields. The results were averaged from three independent studies. E, untransfected
and GFP-Bax-stable NT-2 cells transfected with control scrambled, LASS 5, or aSMase siRNA oligonucleotides
were subjected to normoxia or H/R (24 h). The cells were then subjected to subcellular fractionation, and the
isolated cytosolic extracts were analyzed by Western blotting with anti-cytochrome ¢ antibody. The blot was
probed with anti-$ actin antibody to show equal loading. F, GFP-Bax-stable NT-2 cells were transfected with
control scrambled or aSMase siRNA oligonucleotides. Untransfected and transfected cells were subjected to
either normoxia or H/R (24 h). Caspase-3 activities of the normoxia and H/R-treated cells were then determined.
The results were averaged from three independent studies and expressed as a percentage of the untreated
cells. G, GFP-Bax-stable NT-2 cells were transfected with control scrambled or aSMase siRNA oligonucleotides.
Untransfected (Con) and transfected cells were subjected to normoxia or hypoxia (12 h)/reoxygenation (24 h)
(H/R-24h). The levels of various ceramide species were determined by tandem MS and expressed as a percent-
age of the control untreated cells. The results were averaged from three independent studies.

dihydrosphingosine levels were ele-
vated in NT-2 cells after H/R. On
the other hand, sphingosine and
sphingosine-1-phosphate levels in
these cells were unchanged. Follow-
ing hypoxia, ceramide levels were
found to increase, and they
remained elevated upon extended
reoxygenation. Analyses of the vari-
ous ceramide species revealed that
H/R induced a robust elevation
in Cy,o- and C,4-ceramides, a
small increase in C,4.4-, C;4.;-> and
Co0:0-ceramidesr ald NO increase in
C,4.0- and C,,.;-ceramides (Fig. 4, A
and B). These results demonstrate
the significant effects of H/R on cer-
amide metabolism. They also sug-
gest that H/R treatment may induce
ceramide accumulation in NT-2
cells through up-regulation of cera-
mide synthesis rather than activa-
tion of neutral sphingomyelinase
because the former has been associ-
ated with preferential accumulation
of C,¢-ceramide whereas the latter
is associated with C,,-ceramide.

Acid Sphingomyelinase and the
Ceramide Salvage Pathway Are
Involved in Hypoxia/Reoxygen-
ation-induced Ceramide Accumu-
lation and Bax Translocation—Be-
cause ceramide can be generated
from the hydrolysis of sphingomye-
lin (SM), SM levels were examined
following H/R (Fig. 5). GFP-Bax-
stable NT-2 cells were subjected to
H/R, and SM species from the con-
trol and H/R-treated cells were
determined by MS analyses. The
results indicated that almost all
following hypoxia and species of
SM were decreased in NT-2 cells
following hypoxia and remained
mostly depressed upon extended
reoxygenation.

The finding that sphingomyelin
level was decreased following H/R
prompted us to investigate the action
of sphingomyelinases, namely acid
sphingomyelinase (aSMase) and

H/R Triggered Accumulation of Ceramide in NT-2 Cells—Be-
cause ceramide is implicated in apoptosis signaling, we investi-
gated whether H/R treatment affected ceramide content in
NT-2 cells. NT-2 cells treated with H/R were collected at 0, 12,
and 24 h after reoxygenation. Lipid extraction and mass spec-
trometry analyses were then carried out on the collected cells.
As shown in Fig. 3, A and B, dihydroceramide, ceramide, and
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neutral sphingomyelinase (nSMase). GFP-Bax-stable NT-2
cells were subjected to hypoxia (12 h) and varying lengths of
reoxygenation (0, 12, and 24 h). The cells were then collected
and aSMase and nSMase activities were measured. As shown
in Fig. 6A, aSMase activity was elevated following hypoxia,
and it decreased back to the basal level following reoxygen-
ation. In contrast, the activity of nSMase was not affected by
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the H/R treatment. Analyses by qPCR indicated that aSMase
mRNA level was elevated following hypoxia and dropped
upon extended reoxygenation (Fig. 6B).

To examine the role of aSMase in H/R-induced Bax transloca-
tion, GFP-Bax-stable NT-2 cells were transfected with control
scrambled or aSMase siRNA oligonucleotides. A knockdown in
aSMase mRNA expression was confirmed by qPCR (Fig. 6C). As
shown in Fig. 6D, knockdown of aSMase led to a significant
decrease in Bax translocation to mitochondria following H/R. In
addition, we found that aSMase knockdown attenuated H/R-in-
duced cytochrome c release and caspase-3 activation (Fig. 6, E and
F). Moreover, down-regulation of aSMase decreased H/R-induced
ceramide elevation, particularly C, ;- and C, g-ceramides (Fig. 6G).
These results suggest that elevated aSMase activity during hypoxia
is important for ceramide up-regulation and for subsequent Bax
translocation to mitochondria.

LASS 5 Is Involved in H/R-induced Ceramide Accumulation
and Bax Translocation—The salvage pathway also involves the
action of ceramide synthase (50, 51). To determine the contribu-
tory role of the salvage pathway to H/R-induced ceramide up-reg-
ulation, we examined the activity of ceramide synthase (LASS).
GFP-Bax-stable NT-2 cells were subjected to hypoxia and varying
lengths of reoxygenation. The cells were then labeled with syn-
thetic 17C-sphingosine for 30 min. The incorporation of 17C-
sphingosine into ceramide was determined by lipid extraction and
tandem MS analyses. As shown in Fig. 7A, 17C_-ceramide synthe-
sis was elevated by hypoxia, and it continued to be elevated post-
reoxygenation. Specifically, 17C,,- and 17C,,-ceramides were
found to be the predominant species synthesized.

Each of the six known LASSes displays unique substrate
specificity for fatty acyl chain length and/or saturation (35).
Because C, - and C,,,-ceramide species were increased the
most following H/R, we hypothesized that LASS 5 and/or LASS
6 may be the source of the ceramide up-regulation since they
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H/R-0h H/R-12h H/R-24h H/R-36h

FIGURE 7. Ceramide synthase LASS 5 was up-regulated following H/R in NT-2 cells. A, GFP-Bax-stable NT-2
cells were subjected to 12 h hypoxia followed by varying lengths of reoxygenation (0, 12, and 24 h). Ceramide
synthase activities (pmol 17C-ceramide/nmol phosphate) of the collected cells were determined by tandem
MS. B, mRNA expression levels of various ceramide synthases (LASS) in NT-2 cells were determined by qPCR.
C, mRNA expression level of LASS 5 in NT-2 subjected to hypoxia and varying lengths of reoxygenation were
determined by qPCR and expressed as a percentage of the control untreated cells.

UCon ceramide. To identify the LASS iso-
2:$:‘:Zn form that is responsible for the up-
Sk regulated ceramide synthesis, LASS
gene expression in NT-2 cells was

first examined. Analyses by qPCR

revealed that LASS I, LASS 4, LASS

5and LASS 6 are expressed in NT-2

e cells, with LASS 5 being the most

17C24-Cer  17C24:1-Cer

abundant, followed by LASS 4, LASS
1, and LASS 6 (Fig. 7B). Following
hypoxia, we found that LASS 5
* mRNA level was elevated, and it
continued to rise upon extended
reoxygenation (Fig. 7C). On the
other hand, there was little change
in expression of LASS 6 or other
LASS genes (data not shown). To
test whether LASS 5 is responsible
for H/R-induced ceramide up-regu-
lation, GFP-Bax-stable NT-2 cells
were transfected with sequence-
specific siRNA oligonucleotides to
down-regulate LASS 5 gene expres-
sion. The down-regulation of LASS 5 expression was first con-
firmed by ceramide synthase activity assay. In the study, it was
found that the H/R-induced increase in ceramide synthase
activity was significantly inhibited in LASS 5 siRNA oligonu-
cleotide-transfected cells (Fig. 84). On the other hand, trans-
fection with the LASS 6 siRNA oligonucleotides had no effect
on ceramide synthase activity (data not shown). Transfection
with LASS 5 siRNA oligonucleotides only decreased the LASS 5
mRNA level without affecting the mRNA levels of other LASSes
including 1, 4, and 6, as determined by qPCR (Fig. 8B).

Because physiological up-regulation of ceramide has been
implicated in Bax activation (52—-54), we set out to determine
whether a knockdown in LASS 5 could attenuate H/R-induced
Bax translocation to mitochondria. GFP-Bax-stable NT-2 cells
were transfected with either control scrambled or LASS 5-spe-
cific siRNA oligonucleotides. The transfected cells were then
subjected to hypoxia (12 h)/reoxygenation (24 h) and visualized
by fluorescence microscopy. As shown in Fig. 8C, LASS 5
knockdown partially inhibited H/R-induced Bax localization to
mitochondria. In contrast, down-regulation of LASS 6 had no
effect on the Bax subcellular distribution. In addition, it was
found that knockdown of LASS 5 could attenuate H/R-induced
cytochrome c release and caspase-3 activation (Figs. 6E and
8D). Moreover, LASS 5 knockdown decreased primarily the
H/R-induced up-regulation of C,,- and C,,-ceramides (Fig.
8E). These results suggest that LASS 5 is important for cera-
mide up-regulation following H/R and that its down-regulation
would attenuate Bax activation.

DISCUSSION

Apoptosis plays an important role in neuronal cell death fol-
lowing cerebral ischemia. Bax is a key regulator of apoptosis and
its activation and localization to mitochondria triggers cyto-
chrome c release and the initiation of the caspase proteolytic
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FIGURE 8. Down-regulation of LASS 5 attenuated H/R-induced Bax translocation to mitochondria. A, GFP-Bax-
stable NT-2 cells were transfected with control scrambled or LASS 5 siRNA oligonucleotides. Untransfected and
transfected cells were subjected to normoxia or hypoxia (12 h)/reoxygenation (24 h). Ceramide synthase activities of
the control and H/R-treated cells were then measured. B, GFP-Bax-stable NT-2 cells were transfected with LASS 5
siRNA oligonucleotides. A qPCR analysis of various LASS isoforms was carried out. C, GFP-Bax-stable NT-2 cells
transfected with control scrambled, LASS 5, or LASS 6 siRNA oligonucleotides were subjected to H/R and then visu-
alized by fluorescence microscopy. GFP-Bax punctate cells were quantitated from four separate visual fields. The
results were averaged from three independent studies. D, GFP-Bax-stable NT-2 cells were transfected with control
scrambled or LASS 5 siRNA oligonucleotides. Untransfected and transfected cells were subjected to either normoxia
or H/R (24 h). Caspase-3 activities of the normoxia and H/R-treated cells were then determined. The results were
averaged from 3 independent studies and expressed as a percentage of the untreated cells. £, GFP-Bax-stable NT-2
cells were transfected with control scrambled (Scr) or LASS 5 siRNA oligonucleotides. Untransfected (Con) and trans-
fected cells were subjected to normoxia or hypoxia (12 h)/reoxygenation (24 h). The levels of various ceramide
species were determined by tandem MS and expressed as a percentage of the control untransfected cells. The
results were averaged from three independent studies.

pathway. The molecular signaling pathway that regulates Bax
activation following H/R is not known. In this report, we show
that in NT-2 cells, ceramide up-regulation following H/R is an
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important trigger for Bax activation.
We found that the salvage pathway
of ceramide synthesis is involved in
ceramide up-regulation following
H/R. In particular, we have shown
that acid sphingomyelinase and cer-
amide synthase LASS 5 are the key
enzymes responsible for this
up-regulation. In addition, we have
demonstrated that these ceramide-
producing enzymes are important
for Bax activation. A knockdown of
these enzymes significantly attenu-
ated the extent of Bax localization
to mitochondria.

Ceramide could be produced from
the hydrolysis of sphingomyelin by
sphingomyelinases. Mammalian cells
utilize two separate forms of sphingo-
myelinase, an acidic and a neutral iso-
form, for ceramide generation (55). It
was reported that sphingomyelinase
activation and sphingomyelin hydrol-
ysis led to endogenous ceramide
accumulation following severe and
lethal cerebral ischemia reperfusion
(56,57). Sphingomyelinases appear to
play a role in ischemic neuronal cell
death as a knock out in acid sphingo-
myelinase decreased I/R-induced
brain tissue damage (24). In cardiom-
yocytes, neutral sphingomyelinase
activation is an early response to H/R
(58). However, in another study, it
was reported that sphingomyelin
hydrolysis was not detected in I/R-
treated brain tissues (42). In our sys-
tem with NT-2 neuronal precursor
cells, we found that treatment with
H/R resulted in a decrease in overall
sphingomyelin content of the cells.
Analyses by qPCR indicated that
aSMase mRNA level was increased
with hypoxia treatment. Consis-
tently, enzyme activity analyses
indicated that acid but not neutral
sphingomyelinase activity was up-
regulated. Interestingly, aSMase
activity returned to the basal level
following prolonged reoxygen-
ation. Knockdown of aSMase
resulted in significant attenuation
of the induced levels of ceramide.
Taken together, these results sug-
gest that in NT-2 cells, hypoxic

condition triggers the activation of aSMase.
Ceramide produced by de novo synthesis has been reported
to serve as an apoptotic signaling molecule (50, 59). De novo
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synthesized ceramide was shown to increase after a brief expo-
sure of cultured neuronal cells to hypoxia, oxygen/glucose dep-
rivation, or tumor necrosis factor « (60). Unfortunately, many
studies have relied solely on the use of fumonisin B1, an inhib-
itor of (dihydro)ceramide synthases to implicate the involve-
ment of the de novo pathway. However, this inhibitor also
inhibits ceramide generated from the salvage pathway. In the
current study, we found that ceramide synthesis was up-regu-
lated following H/R in NT-2 cells. In addition to ceramide, we
found that dihydroceramide level was elevated following H/R.
However, this elevated level of dihydroceramide did not seem
to significantly contribute to ceramide production, as a knock-
down of dihydroceramide desaturase did not affect ceramide
production following H/R.” Thus, it would appear that the syn-
thesis of ceramide from acylation of sphingosine is the primary
route for the salvaged synthesis of ceramide.

In a previous study, it was shown that LASS 6, which prefer-
entially generates C,4,,- and C, .o-ceramide, plays an important
role in I/R-induced ceramide accumulation (42). However, it
was proposed that this elevated ceramide synthase activity is
mediated through a post-translational modification mecha-
nism, as the protein level of LASS 6 did not increase following
I/R. In our study with NT-2 cells, C,,.,-, C,4.o-ceramides were
the major ceramide species found to be elevated following H/R.
In addition, we found that for LASS 5, which preferentially gen-
erates C,..0- Cig0 Ciso- and C,g -ceramide (35, 61), its
mRNA expression level was elevated following H/R. Similarly,
analysis of ceramide synthase activity indicated that C, ,.5-, C;4.0-
ceramide increased significantly and preferentially following
H/R. On the other hand, we did not detect a comparable
increase in the mRNA expression level of LASS 6 (data not
shown). Moreover, a knockdown in LASS 5 significantly
reduced H/R-induced increase in ceramide synthase activity.
Based on these results, it appears that LASS 5 is also important
at promoting ceramide up-regulation following H/R.

Bax translocation to mitochondria constitutes a key step in
apoptosis signaling pathways. It has been reported that addi-
tion of exogenous C,- and C,-ceramide enhanced Bax local-
ization to mitochondria in HL-60 cells (62). In addition, it was
shown that UV irradiation could activate sphingomyelinases
resulting in ceramide up-regulation and Bax conformational
change (63). This elevated ceramide level was attributed to the
activation of aSMase (41). Moreover, it was shown that expres-
sion of mitochondrial-targeting bacterial sphingomyelinase
could trigger Bax translocation to mitochondria (36). In NT-2
cells subjected to H/R, we found that ceramide up-regulation is
linked to Bax translocation to mitochondria. Down-regulation
of either aSMase or LASS 5 could attenuate H/R-induced Bax
translocation to mitochondria. On the other hand, down-regu-
lation of nSMase® and LASS 6 had no effect on Bax localization.

Mitochondria have been implicated in ceramide-induced
apoptosis. They are closely associated with smooth membra-
nous sacs that resemble the ER membranes (64), and it has been
suggested that membrane contact between the ER and mito-
chondria may enable rapid lipid exchange between these two

> J.Jin, J. M. Kraveka, and Y. T. Hsu, unpublished data.
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membranous compartments (65, 66). Thus, H/R-induced up-
regulation of aSMase and LASS 5 may lead to ceramide accu-
mulation in mitochondria. The mitochondrial pool of ceramide
is believed to play a role in TNFa-induced Bax translocation,
cytochrome c release and cell death (36). Akt might be a target
of ceramide, as inhibition of Akt by ceramide could lead to
inhibition of the anti-apoptotic protein Bcl-X; by Bad (67, 68).
Increasing the Bax/Bcl-X; or the Bax/Bcl-2 ratio might be
another mechanism of ceramide-induced apoptosis (54, 69).
However, in our study, we observed no change in the levels of
Akt, Bcl-2 and Bcl-X; (data not shown).

Currently, the precise mechanism by which ceramide acti-
vates Bax is unclear. It has been shown that nonionic detergents
could lead to a change in Bax conformation and oligomeric
state (9, 46). It has been proposed that ceramide could poten-
tially mimic the property of nonionic detergents in altering Bax
conformation and lead to its activation (63). Alternatively, it has
been reported that ceramide derived from aSMase in the lyso-
some could activate cathepsin D (70), which in turn could lead
to Bax activation by a yet unknown mechanism (71). Taken
together, it appears that ceramide up-regulation induced by
H/R serves as a trigger for Bax activation. In the future, it would
be important to decipher the molecular mechanisms of cera-
mide signaling in cell death regulation.
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