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Abstract

Sphingolipid biosynthesis is potently upregulated by factors associated with cellular stress, including numerous
chemotherapeutics, inflammatory cytokines, and glucocorticoids. Dihydroceramide desaturase 1 (Des1), the third enzyme
in the highly conserved pathway driving sphingolipid biosynthesis, introduces the 4,5-trans-double bond that typifies most
higher-order sphingolipids. Surprisingly, recent studies have shown that certain chemotherapeutics and other drugs inhibit
Des1, giving rise to a number of sphingolipids that lack the characteristic double bond. In order to assess the effect of an
altered sphingolipid profile (via Des1 inhibition) on cell function, we generated isogenic mouse embryonic fibroblasts
lacking both Des1 alleles. Lipidomic profiling revealed that these cells contained higher levels of dihydroceramide than wild-
type fibroblasts and that complex sphingolipids were comprised predominantly of the saturated backbone (e.g.
sphinganine vs. sphingosine, dihydrosphingomyelin vs. sphingomyelin, etc.). Desl ablation activated pro-survival and
anabolic signaling intermediates (e.g. Akt/PKB, mTOR, MAPK, etc.) and provided protection from apoptosis caused by
etoposide, a chemotherapeutic that induces sphingolipid synthesis by upregulating several sphingolipid biosynthesizing
enzymes. These data reveal that the double bond present in most sphingolipids has a profound impact on cell survival
pathways, and that the manipulation of Des1 could have important effects on apoptosis.
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Introduction

Sphingolipids are comprised of a sphingosine backbone coupled
to a fatty acyl-chain. De novo sphingolipid biosynthesis involves a
highly conserved pathway initiated by the condensation of
palmitate and serine. Four sequential reactions, which occur in
the endoplasmic reticulum and possibly mitochondria [1], lead to
the formation of ceramide, the precursor for complex sphingolip-
ids such as sphingomyelin and gangliosides [2]. A number of
chemotherapeutics have been shown to induce sphingolipid
synthesis, which is the likely mechanism responsible for suppres-
sion of tumor growth [3]. In recent years, various sphingolipids
(e.g. ceramides, dihydroceramides, sphingosine, sphinganine,
ceramide 1-phoshate, sphingosine 1-phosphate, etc.) have been
implicated in the regulation of cell growth, death, and metabolism
[4,5,6,7,8].

The third reaction in the ceramide biosynthesis pathway is
catalyzed by dihydroceramide desaturase, an enzyme that
introduces a 4,5-trans-double bond into the sphinganine backbone
of dihydroceramide. Surprisingly, lipidomic analysis has recently
revealed that a number of factors including various chemother-
apeutics [9,10], reactive oxygen species [11], and resveratrol [12]
inhibit dihydroceramide desaturation, promoting accumulation of
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the dihydro form of high-order sphingolipids. These observations
have prompted studies on this enzyme and this unique class of
lipids [12,13].

In the majority of tissues, the double bond is introduced by
dihydroceramide desaturase 1 (Desl). The second isoform, Des2,
is highly enriched in epithelial cells (gut, kidneys, skin), but is
largely absent from other tissues [14]. Desl displays specificity for
synthesis of ceramide [15], while Des2 produces both ceramides
and phytoceramides [16,17]. We have previously described a
knockout mouse (Des! ~/7Y devoid of Desl [18] which demon-
strated a plethora of growth abnormalities and tremors, ultimately
proving lethal at about 8-weeks of age. Thus, these findings
highlight the importance of the double bond in the sphinganine
backbone in normal cellular function. However, the molecular
basis for its necessity has been enigmatic.

Previous studies that assessed the role of dihydrosphingolipids in
cellular function utilized one of three approaches. First, dihy-
droceramides were added exogenously to cultured cells
[9,14,19,20]. Second, small interfering RNAs were transfected
into cells to achieve a partial knockdown of the enzyme [13,21].
Third, the effects of the aforementioned Desl inhibitors were
assessed [12,13]. While each of these approaches has made
significant contributions to our understanding of sphingolipid
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biology, they have inherent limitations. Incomplete or transient
inhibition of Desl and the extreme difficulties with synthetic
dihydroceramide solubility make it difficult to study. Moreover,
many of the pharmacological inhibitors (e.g. fenretinide, resver-
atrol) are known to have multiple effectors. To gain a better
understanding of the role of Desl and dihydrosphingolipids in
cellular stress responses, we studied cells completely devoid of
Desl. The data reveal that Desl ablation has a potent and
dramatic effect on cell survival pathways.

Materials and Methods

MEF culture

Desl +/+ or —/— MEFs were obtained from our previous
studies done in University of Utah and Duke University, USA
[18]. Briefly, mouse embryos were isolated from pregnant Des] +/
+ (C57BL/6 mice) or Desl —/— mice (C57BL/6 mice lacking
full-length dihydroceramide desaturasel), and the cells were
immortalized by sequentially passing them in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal calf serum
(Hyclone, Thermo Scientific, USA) in a water jacket incubator in
the presence of 7.5% CO2 at 37°C. The studies were conducted in
accordance with the principles and procedures outlined in the
National Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by the IACUCs at the
University of Utah, and Duke University.

MTS Assay to measure cell viability

The CellTiter 96® AQueous One Solution Cell Proliferation
Assay Kit (Promega, USA) was used to measure the percentage of
viable cells after etoposide or ceramide treatment according to the
manufacturer’s protocol. 24 hours before treatment, 5000 cells/
well were placed in 96-well plates containing 100 pl of culture
medium. Cells were treated with etoposide or ceramide as
indicated in the Figure legends and 20 pl of CellTiter 96®
AQueous solution was added to each well. Following a 4-hour
incubation at 37°C in a humidified (7.5% COy) incubator,
absorbance at 490 nm was recorded using microplate reader

(Infinite M200 PRO, TECAN, Switzerland).

Analysis of cell death

Caspase activation. The Caspase-Glo® 3/7 Assay Kit
(Promega, USA) was used to quantify activation of apoptotic
caspases (caspase 3 & 7) according to the manufacturer’s protocol.
24 hours before treatment, 5000 cells were plated per well in a 96-
well plate containing 100 pl of culture medium. Cells were treated
with etoposide or ceramide as indicated in the figure legend, and
100 ul of Caspase-Glo ® 3/7 assay solution was added. Following
4-hour incubation at 37°C in a humidified (7.5% COy) incubator,
fluorescence was recorded using microplate reader (Infinite M200
PRO, TECAN, Switzerland).

Propidium iodide Staining. Cell death was measured by
staining cells with propidium iodide (PI) and detected with a
fluorescence cell sorter (Cytomics FC500, Beckman Coulter,
USA). Cells were trypsinized and were collected in 5 ml
polystyrene round-bottom tubes and then centrifuged at 300 g.
The cell pellets were washed twice with cold PBS. The pellet was
resuspended in 500 pl of PBS and 25 pg of propidium iodide was
added to stain the dead cells. To gate the total cell population
excluding cell debris, unstained cells were acquired through flow
cytometer; forward scatter (I'S) and side scatter (SC) were adjusted.
Cell population was gated in the I'S versus SC dot plot which
excluded polyploidy and cell debris. To detect the PI stained dead
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cells, FL.2 detector was used that detects red fluorescent-labeled
cells.

Protein immunoblotting

Cellular proteins were isolated by lysing cells in extraction buffer
(66 mM Tris pH "* 2% SDS) in the presence of a protease
inhibitor cocktail that contains a mixture of serine, cysteine,
aspartic protease and aminopeptidase inhibitors (Cat: P8340,
SIGMA-ALDRICH, USA) and incubating on ice for 15 min
followed by brief sonication. The lysate was centrifuged at
10,000 g (4°C) for 30 minutes and the supernatant containing
soluble proteins was collected. Proteins were quantified with the
BCA™ Protein Assay Kit (Thermo Scientific, USA) using BSA as
a standard.

Cell lysates were denatured in loading dye (2%SDS, 10 mM
DTT, 60 mM Tris pH %% 1% bromophenol blue and 15%
glycerol) before resolving by SDS-PAGE. Following electrophore-
sis the separated proteins were transferred by electroblotting
(40 V, 12 hours at 4°C) onto a PVDF or nitrocellulose membrane.
The membrane was blocked in 1X TTS (10 mM Tris & 0.15 M
NaCl, pH 7 and 5% non-fat milk for 1-2 hours at room
temperature. After washing with wash buffer (1X TTS, 0.2%
Tween 20 and 0.5% nonfat milk) the blot was incubated with the
indicated primary antibodies for 2 hours at room temperature or
4°C overnight. Desl antibody has been produced in our lab,
MDM?2 has been purchased from Santa Cruz Biotechnology
(USA), and rests of the antibodies have been purchased from Cell
Signaling Technology (USA). Cleaved Caspase-3 (Asp175) Anti-
body (Cell Signaling Technology, Cat# 9661) detects endogenous
levels of activated caspase-3 (17 and 19 kDa) resulting from
cleavage adjacent to Asp175 and this antibody does not recognize
full length caspase-3. Cleaved PARP (Asp214) Antibody (Cell
Signaling Technology, Cat# 9544) detects endogenous levels of
the large fragment (89 kDa) of mouse PARPI resulting from
caspase cleavage. The antibody does not recognize full length
PARPI or other PARP isoforms. After several washes (3 times) the
blot was incubated in secondary antibodies (anti-mouse/rabbit
IgG) and detected by either enhanced chemiluminescence
(Amersham ECL Plus™™ Western Blotting Reagent, GE Health-
care Biosciences, USA) or a LI-COR ODYSSEY scanner (LI-
COR. INC. Nebraska, USA).

Extraction of RNA from Cultured cells

Cells were washed with sterile PBS before being lysed in Trizol
Reagent (Invitrogen, Life Technologies, USA). The lysate was
transferred to a centrifuge tube, 0.2 ml chloroform/1 ml Trizol
was added, and the tube was centrifuged at 10,000 g for
15 minutes at 4°C. The supernatant was transferred to a fresh
tube and the RNA was precipitated at room temperature for
10 minutes by adding 0.5 ml isopropanol/1 ml Trizol followed by
centrifugation at 10,000 g at 4°C for 10 minutes. RNA pellets
were washed once with 75% ethanol, resuspended in DEPC
treated dH5O, and treated with Rnase free Dnase. RNA was then
purified using the QIAGEN RNAeasy column and stored at
—80°C.

Real Time PCR

Total RNA was reverse transcribed to 1% strand ¢cDNA which
was used as a template for quantitative PCR to determine the
expression of several genes in MEFs. 1 strand cDNA was
synthesized using the iScript™ Select ¢cDNA Synthesis Kit (Cat:
170-8897. BIO-RAD, USA). 2 pg of RNA was mixed with 2 ul of
oligo(dT)qp primer mix (purified oligo(dT)yo primer in a propri-
etary enhancer solution) in 20 pl reaction volume along with 1x
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1Script select reaction mix and 1 pl of iScript reverse transcriptase.
The reaction mixture was incubated at 37°C for 1 hour and then
75°C for 10 minutes to inactivate the reverse transcriptase. This
cDNA was used as a template for real time PCR.

Real time PCR was performed using SsoFast™ Eva Green®
Supermix Kit (Cat: 172-5200. BIO-RAD) according to the
manufacturer’s instructions. Briefly, 1 pl of 1* strand cDNA (from
previous reaction), 500 nM of each set of primers, and 10 pl of
SsoFast™ Eva Green® were mixed and topped up to 20 ul with
nuclease-free water. Amplification and quantification was done
using BioRad CFX or Rotor-GeneQ (QIAGEN, Germany)
thermal cycler. Primer sequences for the different genes are stated
in Table 1.

Lipidomic profiling

To quantify levels of specific lipids, cells were harvested, washed
with ice-cold PBS, resuspended in 900 ul of ice-cold chloroform:
methanol (1:2), and incubated in ice for 15 minutes with vortexing
every 5-minutes. Four hundred microliters of ice-cold dH;O and
300 pl of ice-cold chloroform were added to the samples, which
were then centrifuged at 8000 g for 2 min at 4°C. Lower organic
phase was transferred into a clean microfuge tube. The collected
samples were dried under a stream of nitrogen and stored at
—80°C for LC/MS analysis as described previously [22].

JC-1 staining to measure mitochondrial membrane
potential

Cells were grown on coverslips for 16 to 18 hours and the
medium was replaced with 10 pg/ml JC-1 (dissolved in DMSO)
containing 1x Assay buffer (JC-1 Mitochondrial Membrane
Potential Detection Kit, Cell Technology Inc. USA). The cells
were placed back into the incubator (37°C, 7.5% CO,) for

Table 1. List of primers used.

Gene Primers

B-actin 5'-TGGCATTGTTACCAACTGGG-3’
B-actin 5'-GGGTCATCTTTTCACGGTTG-3’
SPT1-For 5'-TACTCAGAGACCTCCAGCTG-3’
SPT1-Rev 5'-CACCAGGGATATGCTGTCATC-3’
SPT2-For 5'-GGAGATGCTGAAGCGGAAC-3'
SPT2-Rev 5'-GTATGAGCTGCTGACAGGCA-3’
CerS1-For 5'-CTGTTCTACTTGGCCTGTTG-3’
CerS1-Rev 5'-TCATGCAGGAAGAACACGAG-3’
CerS2-For 5'-TCTTCTCAAAAAGTTCCGAG-3’
CerS2-Rev 5'-AGTGATGATGAAAACGAATGG-3’
CerS3-For 5'-TGGCTGCTATTAGTCTGATG-3’
CerS3-Rev 5'-TCAGGATAAAGTAACCCCAG-3’
CerS4-For 5'-TGTCGTTCAGCTTGAGTGAG-3’
CerS4-Rev 5'-AGCAGGCTTCACAGAATTTC-3'
CerS5-For 5'-CTCCAACGCTCACGAAATTC-3’
CerS5-Rev 5'-ATGCAGACAGAAGATGAGTG-3'
CerS6-For 5'-GTTCGGAGCATTCAACGCTG-3’
CerS6-Rev 5'-CTGAGTCGTGAAGACAGAGG-3'
Des1-For 5'-CACCGGTACCTCGGAGCGGA-3’
Des1-Rev 5'-GTTTGGGATTGATGAACAGGGGT-3'
doi:10.1371/journal.pone.0044042.t001
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10 minutes followed by washing with HBSS (2 times) to remove
unbound dye. Monomeric JC-1 was detected by excitation at
488 nm, and emission at 527 nm. Aggregated JC-1 was detected
by excitation at 543 nm and emission at 570 nm using confocal
microscopy (Carl-Zeiss, Germany). Fluorescence intensity has
been measured using LSM software ZEN 2009 (Carl Zeiss,
Germany).

Results

Des1 ablation alters the cellular sphingolipidome

Desl is the key enzyme that introduces a critical double bond in
the fatty-acyl chain of dihydroceramide and converts it to
ceramide in the final step of de novo ceramide biosynthesis
(Fig. 1A). The absence of Desl in the knockout fibroblasts was
confirmed by RT-PCR and Western blotting (Fig. 1B, upper and
lower panel, respectively). Moreover, microarray studies identified
DesI as the most markedly altered gene in these two cell lines (data
not shown). To assess the effect of Des/ ablation on the
sphingolipidome, lipids were quantified by LC/MS. Desl
knockout (Des/—/—) fibroblasts had close to 80% of the
sphingolipidome replaced with dihydro-sphingolipids (i.e. sphin-
golipids lacking the characteristic double bond). Thus, ceramide
was replaced with dihydroceramide (Fig. 1C), sphingomyelin with
dihydrosphingomyelin (Fig. 1D), and sphingosine with sphinga-
nine (Fig. 1E).

To prime the system by increasing the production of
sphingolipids, we treated a subset of cells with etoposide, a
chemotherapeutic agent known to activate the de novo sphingolipid
synthesis pathway [23]. As shown in Fig. 2, etoposide doubled
levels of ceramide in the wild-type (DesI+/+) cells (Fig. 2A), but
had virtually no effect on dihydroceramides (Fig. 2B). Moreover,
etoposide increased transcript levels of a number of the
biosynthesizing enzymes; including SPT1 and SPT2, certain CerS
isoforms, and Desl (Fig. 2C).

Des1 ablation increases cell survival and protects from
etoposide-induced apoptosis

We next sought to understand the impact of replacing
ceramides with dihydroceramides on cell survival. As shown in
Fig. 3, Desl —/— MEFs that contain mostly unsaturated
sphingolipids were resistant to etoposide-induced cell death
(Fig. 3A). We also assessed cell death by measuring staining with
propidium iodide. Treatment of cells for 48 hours with etoposide
killed nearly 30% of the wild-type cells, but less than 10% of the
Desl homozygous null MEFs (Fig. 3B). Thus, Desl ablation had a
strong protective effect on cell survival. To assess whether this was
due to protection from apoptosis, we measured caspase 3 and 7
activity by luminescence. Etoposide strongly activated caspase 3
and 7, and this was blunted in the knockout cells (Fig. 3C). To test
whether the absence of ceramide or the presence of dihydrocer-
amide induced apoptosis, we added back synthetic C2-ceramide
(100 pM) to both the wild-type and knockout cells. Ceramide was
sufficient to induce cell death, as assessed by propidium iodide
staining (Fig. 3D and Fig. S1). As etoposide also induces apoptosis
by inhibiting topoisomerase II, we have measures replicating cells
using BrdU-FITC incorporation and no difference was observed
in terms of percentage of S-phase cells (Fig. S2).

The cell survival and caspase 3/7 activity assays suggested that
the knockout cells were protected from etoposide-induced
apoptosis. To further validate this effect, we tested caspase 3 and
PARP cleavage by Western blotting. We observed large amounts
of cleaved caspase-3 in wild-type cells, and this was markedly
upregulated by etoposide. By contrast, cleaved Caspase 3 was
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Figure 1. Status of ceramide and dihydroceramide to confirm the acceptability of our in vitro model. A. Structure of dihydroceramide
and ceramide. B. Des 1 knock out MEFs do not express Des1 mRNA (upper panel) as well as Des1 protein (lower panel). C. Des1 deletion inhibits
ceramide formation and causes accumulation of dihydroceramide (*P<<0.01, **P<<0.003). D. To confirm the efficiency of Des1 ablation, downstream
metabolites of ceramide and dihydroceramide were detected. Ceramide containing Des1 +/+ cells contain sphingomyelin while the DesT —/— contain
mostly its dihydro-species, dihydrosphingomyelin (¥*P<<0.05, # not significant). E. A similar pattern was observed for levels of sphingosine and
dihydrosphingosine (*P<<0.01, **P<<0.05). The data represent the average values of experiments which have been done at least in triplicates. For all
panels, paired t-test has been used for statistical analysis.

doi:10.1371/journal.pone.0044042.g001

virtually undetectable in the knockout cells (Fig. 4). Similar Des1 ablation activates the pro-survival kinase Akt

findings were observed for PARP (Fig. 4). Studies with ceramide analogs indicate that ceramide inhibits

We additionally assessed mitochondrial membrane integrity activation of Akt/PKB, a serine/threonine kinase implicated in
using JC-1 staining, which has been used as an indicator of  cell survival. To test whether ceramide depletion led to a
mitochondrial membrane potential in a variety of cell types. JC-1 compensatory upregulation of Akt/PKB, we assessed its activation
accumulates into the mitochondria based on mitochondrial status by Western blotting with ami.phospho.AktS‘”‘rd‘73 antibodies.
membrane potential. In the event of higher mitochondrial Desl ablation markedly increased phosphorylated Akt/PKB
membrane potential, accumulation of this dye forms J-aggregates activity in both vehicle and etoposide-treated cells (Fig. 6A).
and produces red fluorescence. Depolarization of mitochondrial Probing with an antibody directed against the consensus Akt/PKB
membrane is detected by accumulation of JC-1 monomers that phosphorylation site (RXRXXS) revealed that a number of
produce green fluorescence. In Desl knockout cells, we observed different substrates were phosphorylated in the knockout cells
more J-aggregates than that in the wild type cells indicating higher (Fig. 6B). Moreover, GSK-3B, a prominent Akt/PKB substrate
mitochondrial membrane potential in these cells (Fig. 5). that induces apoptosis, demonstrated increased phosphorylation

on an inhibitory serine 9 residue in the knockout cells (Fig. 6C).
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Figure 2. Effect of etoposide in these cell lines. A: Etoposide induces ceramide production in Desl +/+ cells (*P<0.001, n=3) and B:
dihydroceramide in Des1 —/— cells (**P<0.005, n =3). C: Expression of key enzymes involved in ceramide synthesis were investigated to confirm the
elevated levels of different sphingolipids in these cells using real-time polymerase chain reaction. SPT initiates sphingolipid biosynthesis and both
SPT1 and SPT2 subunits are required for this process. SPT2 mRNA level in untreated Des1+/+ and Des1—/— cells is equal however, SPT2 mRNA level is
significantly higher in Des1+/+ after treating them with etoposide than Des?—/— cells (*P<<0.05, n=3). The mRNA levels of CerS family of enzymes
(CerS1-6) that contribute to the synthesis of ceramides and dihydroceramides from sphinganine were also explored. The expression level of CerS
mMRNA shows that in Des1+/+ cells, CerS 2,3,4 and 6 are relatively higher after etoposide treatment compared to the Des1 —/— counterparts. A slight
increase of CerS2 and CerS3 mRNA has been observed in etoposide treated Des?—/— cells than untreated Des1—/— cells but the differences are not
statistically significant. DesT mRNA level was remarkably higher in Des1 +/+ cells after treating with etoposide (*P<<0.05, n=3).
doi:10.1371/journal.pone.0044042.g002

Consistent with the observed increased Akt activation, p27kipl,
another downstream target implicated in stress response and
apoptosis [24,25], was downregulated in the Desl —/— cells
(Fig. 6C).

Mdm?2, another target of Akt is, normally phosphorylated at
serine 166 residue and degrades unphosphorylated p53. Paradox-
ical to the phospho-Akt>™”% status, phospho-MDM2%"1%® was
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much lower in the Des/—/— cells compared to the wild-type
counterparts. However, elevated phospho-MDM2%™'%®  Jevel
correlated with the total p53 level in these cells. Upon stress, such
as etoposide treatment, p53 is phosphorylated at Serl) residue
which in turn activates its downstream targets to induce apoptosis.
In DesI—/— cells, upon etoposide treatment, phospho-p535*'®
level remains remarkably lower. Tumor suppressor p53 is an
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Figure 3. Des7 ablation protects from etoposide-induced apoptosis. A. MTS assay showing percent metabolic viability after treating Des1+/+
and Des1—/— cells with 20 uM etoposide at 24 hours and 48 hours of post-treatment. MTS assay measures metabolic viability that also indicates cell
viability. After 48 hours of etoposide treatment, significant increase in metabolic viability is observed in Des1—/— cells compared to Des1+/+ cells
(*P<<0.05, n=3). B. Percentage of dead cells (Pl positive cells) measured using Pl (propidium iodide) staining after treating MEFs with etoposide. At
24 hours of post-etoposide treatment, percentage of Pl positive cells is higher in Des1 +/+ cells compared to Des1—/— cells (# P<0.05, n=3),
However, after 48 hours significantly high cell death is observed in Des! +/+cells compared to Des1—/— cells (P<<0.005, n=3). C. Activation of
caspase 3 & 7 as measured by luminescence produced from luminogenic substrate of caspase 3&7. At both 24 hours and 48 hours, caspase 3/7
activation is significantly higher in Des1 +/+ cells (*P<<0.05, n=3). D. Pl staining of MEFs after treatment with 20 uM etoposide, 20 uM etoposide +
100 uM C2 ceramide, and 100 uM C2 ceramide (as a control to confirm ceramide’s toxicity) for 24 hours. Addition of exogenous ceramide demise the
pro-survival property of the Des1—/— cells in presence of etoposide (#P=0.87, n=3, difference is not significant) when comparing between
etoposide treated Des1+/+ cells (that harbor endogenous ceramide) and Des1—/— cells treated with etoposide+exogenous ceramide (both panels
are marked with #). Additional experiments with etoposide and ceramide show the efficacy of these two compounds to induce cell death (control +/+
vs. etoposide-treated +/+ or ceramide-treated +/+ and control—/— vs. etoposide-treated —/— or ceramide-treated —/—).
doi:10.1371/journal.pone.0044042.g003

important mediator of apoptosis that has been implicated in PHLPP, a phosphatase that directly dephosphorylates Akt and
etoposide-ceramide-mediated cell death [44]. Phospho-p53° ' promotes apoptosis [29], was downregulated in Desl—/— cells

status in Des/—/— cells suggests that p53 activation could be while its expression was higher in  Desl+/+ cells
affected in the absence of ceramides in these cells. (Fig. 6D). (Fig. 7C).Surprisingly, we also saw regulation of PDK-1 that we
demonstrated previously was not regulated by exogenous ceramide

Des1 ablation downregulates PP2A analogs [26]. Phosphoinositide dependent kinase-1 (PDK-1), an
One of the prominent ways that ceramide is thought to upstream regulator of Akt/PKB, demonstrated increased phos-

modulate Akt/PKB is through PP2A, which dephosphorylates and phorylation of an activating residue, Ser241 (Fig. 7C), while the
inactivates the enzyme Akt [26]. Ceramide is a purported activator polyphosphoinositide phosphatase PTEN, which prevents Akt/
of PP2A [27], though intermediary proteins have also been PKB activation, was downregulated to some extent (Fig. 7C).
proposed to mediate the interaction [28]. Desl ablation decreased

both the expression (Fig. 7A) and activity (Fig. 7B) of PP2A.
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Figure 4. Pro-apoptotic pathway is downregulated in Des7 —/—
cells. Cleaved caspase-3 and PARP cleavage are the hallmarks of
apoptosis. After 24 hours of etoposide treatment, activation of caspase-
3 and PARP cleavage was similar to untreated Des1 —/— cells, whereas
these were markedly higher in Des? +/+ cells. Both antibodies detect
only the cleaved forms of the proteins.

doi:10.1371/journal.pone.0044042.9004

Des1 ablation upregulates MAPK/ERK signaling

Apart from PI3-kinase/Akt, the MEK/ERK pathway also plays
a key pro-survival role by activating its downstream pathways that
are also responsible for the regulation of a number of biological
processes. Several groups have reported that PI3K plays a role in
activation of the MEK/ERK pathway [30,31]. In our study, we
also investigated the status of both phosphorylated ERK1/2
(Thr202/Tyr204) and total ERKI1/2 level. After etoposide
treatment, we detected higher levels of phosphorylated ERK1/2
in DesI—/— cells whereas the total ERK1/2 level was not affected
(Fig. 8).

Discussion

Altered sphingolipid metabolism has been implicated in the
etiology of several human diseases, including type II diabetes and
Cushing’s disease [32]. Of the myriad sphingolipids, ceramide
warrants particular attention, given its increasing use as an inducer
of apoptosis in cancer treatment [33,34,35]. Several stress signals
(such as chemotherapeutic agents, ionizing radiations, inflamma-
tory cytokines, etc.) induce long-chain ceramide accumulation in
cells [36], which reduces mitochondrial mass, activates caspase-3,
and induces apoptosis [37] in a number of cell types [34,38] and
through diverse pathways (e.g., Btf, p53, etc.) [39]. However, due
to less-sensitive methods of detection, early reports were unable to
distinguish  sphingolipids and dihydrosphingolipids. Thus, the
potential role for dihydroceramide, or other dihydrosphingolipids,
in processes heretofore connected with ceramide is unknown.

Apoptotic agents, such as etoposide, can induce sphingolipid
synthesis by increasing serine palmitoyltransferase (SPT) activation

PLOS ONE | www.plosone.org
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Figure 5. Des1 ablation alters mitochondrial membrane
potential. A. JC-1 staining of Des7+/+ and Des1—/— indicates higher
mitochondrial membrane potential in Des71—/— cells. Green fluores-
cence represents monomeric JC-1 in the cytoplasm (left panel) while
red fluorescence represents J-1 aggregates accumulated in mitochon-
dria due to high mitochondrial membrane potential (middle panel).
doi:10.1371/journal.pone.0044042.g005

[23,40]. Following treatment with etoposide, we observed similar
phenomena, namely elevated levels of ceramide and dihydrocer-
amide in Des/+/+ and Des]—/— cells, respectively. Further, after
using etoposide as an inducer of ceramide in Des/+/+ and Des] —/—
cells, we have observed that dihydroceramide accumulation causes
upregulation of phospho-PDK1°**! and Akt/PKB, which in turn
downregulates pro-apoptotic substrates. At the same time, we
observed reduced expression of PP2A active catalytic subunit (PP2A
C) and PHLPP, both Akt/PKB inhibitors. Concomitantly, de-
creased expression of active caspase 3 was detected in Des]—/—
MEFs along with anti-apoptotic phenotypes such as resistance to
etoposide and elevated phospho-Akt®* 72,

Apart from inducing ceramide, etoposide also causes DNA
damage and p53 activation [41,42,43]. The precise mechanism
responsible for the down-regulation of p53 in the Des] —/— MEFs
is unknown, though it likely stems from the altered ceramide/
dihydroceramide ratio and subsequent effects on pro-survival
pathways (c.g., upregulation of phospho-Akt™" ** and phospho-
Akt substrates). In support of this view, p53 might work upstream
of ceramide [44]. p53 activation induces ceramide accumulation
and p53 null cells are resistant to etoposide [43]. In vitro expression
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Figure 6. Des7 ablation results in the activation of pro-survival kinase Akt/PKB. A. Phospho-Akt>*™73 |evel is upregulated in Des1—/— cells.
B. Activated Akt phosphorylates its substrates at Ser/Thr. These phospho-Ser/Thr proteins detected by Phospho Akt Substrate (PAS) antibody shows
increased phosphorylation in Des1 —/— cells. C. Among the Akt substrates, phospho-GSK-3p°°", the inactive form of GSK-3p, is elevated in DesT —/—
cells. p27Kip which is inhibited by Akt, is downregulated in DesT7 —/— cells. D. Pro-apoptotic tumor suppressor p53 is phosphorylated at Ser15
residue upon genotoxic stress such as etoposide. In Des7 —/— cells, phospho-p53°*"° and total p53 levels are significantly lower after treating with
etoposide. p53 upregulates its negative regulator MDM2 at the transcriptional level. MDM2 can be phosphorylated by Akt or ERK at Ser 166 residue
which in turn degrades non-phosphorylated p53. Paradoxical to the status of phospho-Akt**™73, phospho-MDM2°¢""%® is consistently higher in Des1

+/+ cells.
doi:10.1371/journal.pone.0044042.g006

of SIP lyase, the enzyme that degrades the pro-survival ceramide
metabolite S1P, can be activated by etoposide, leading to
apoptosis. This phenomenon requires p53 and p53-inducible
death domain protein (PIDD) as inhibition of p53 diminishes S1P
lyase-mediated apoptosis [46]. As stated earlier, we found that
phospho-pf)?)S“]5 level was higher in Des/+/+ cells after treating
with etoposide, which likely contributes to the increased cell death.
However, in the absence of ceramide and its metabolites,
dihydroceramide is not sufficient to restore this function (Fig. 6D).

Sphingolipid precursors, such as ceramide, have been associated
with a wide range of human pathophysiologies, including cancer,
neurodegeneration, and cardiomyopathies in which ceramides are
described to be involved in modulating the DNA damage
response, cell cycle progression, apoptosis and autophagy. In
contrast, dihydroceramides have received less attention as in the
past, these sphingolipid species were considered biologically
inactive. In recent years, several reports demonstrate that this
sphingolipid species are not inert but are important in mediating
several cellular functions. Recent reviews by Fabrias et al. [47]

PLOS ONE | www.plosone.org

compiled the information on dihydroceramides in response to
known therapeutic agents and in the involvement of dihydro-
sphingolipids in several metabolic and signaling pathways. The
enzymatic action of dihydroceramide desaturase can be inhibited
during oxidative stress [11] and hypoxia [48] which also suggest
the involvement of dihydroceramide in these cellular events. These
data suggest that Des] activity is a crucial marker for such cellular
events-related disorders and Desl could be a target to manipulate
these processes. Several studies reported that the saturated fatty
acid palmitate promotes insulin resistance in the heart, adipose,
and skeletal muscle [49] whereas unsaturated fatty acids such as
oleate have protective effects against palmitate toxicity [50].
Palmitate increases Desl level which in turn produces ceramide
and insulin resistance while oleate reduces Desl level and prevents
palmitate induced insulin resistance. This suggests that Des] might
play an important role in fatty acid-induced insulin resistance. Our
recent findings propose that Desl inhibition improves insulin
sensitivity [51] and targeting this enzyme may be a possible

September 2012 | Volume 7 | Issue 9 | e44042



-

A B

Control  Etoposide @
S = e é-’-

E

PP2AC S s s s =
a1
BActn s —— $s
b ... — - =
0

Control  Etoposide
+H+ L -

Phospho
PTENsesso [ S—
PTEN — —
|
Phospho _

B-Actn  — e ———

Des1 Ablation Inhibits Etoposide-Induced Apoptosis

g 88 g

.

++ -

Figure 7. Akt/PKB negative regulators are downregulated in Des7—/— cells. A. The catalytic unit of PP2A, PP2AC, is downregulated in
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Figure 8. MAPK pathway is upregulated in Des7—/— cells.
Phospho-ERK1/2 Th202/T¥204 |aye| remained high in Des1—/— cells after
treating with etoposide.

doi:10.1371/journal.pone.0044042.g008
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therapeutic means for normalizing glucose homeostasis in the
obese and diabetic.

This study raises an interesting possibility that altering the
ceramide/dihydroceramide ratio may affect cellular susceptibility
to genotoxic stress. Our data suggest that targeting de novo
ceramide synthesis may be an effective way to prevent ceramide-
mediated apoptosis. In support of this hypothesis, it has been
shown that inhibition of de novo ceramide synthesis by myriocin or
fumonisin B1 prevents cell death in the presence of excessive fatty
acid [52]. Knock down of genes that are involved in ceramide
metabolism, such as sphingosine kinase, cause a significant
increase in ceramide and induce apoptosis [53]. Critically, this
ceramide-dependent effect can be attenuated by inhibiting de novo
ceramide synthesis [53]. Collectively, our data suggest that
dihydroceramide and ceramide play opposing roles in cells,
preventing or eliciting apoptosis, respectively.
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Supporting Information

Figure S1 Histogram showing PI positive cells after
treating with etoposide and/or C2 ceramide. PI staining of
MEFs after treatment with 20upM etoposide, and 20 uM
etoposide+100 pM C2 ceramide, and 100 uM C2 ceramide (as
a control to confirm ceramide’s toxicity) for 24 hours. The results
has been summarized in figure 3D. Addition of exogenous
ceramide demise the pro-survival property of the Desl—/— cells
in presence of etoposide (#P=0.87, n=3, difference is not
significant) when comparing between etoposide treated Des1+/+
cells (that harbor endogenous ceramide) and Desl—/— cells
treated with etoposidet+exogenous ceramide (both panels are
shown in red box). Additional experiments with etoposide and
ceramide show the efficacy of these two compounds to induce cell
death (control +/+ us. etoposide-treated +/+ or ceramide-treated
+/+ and control —/— uvs. etoposide-treated —/— or ceramide-
treated —/—).

(TIF)

Figure S2 BrdU staining to detect proliferating cells.
FITC-BrdU Flow Kits (BD Pharmingen™™', USA) has been used
to measure replicating cells following manufacturer’s protocol.
Briefly, Desl+/+ and —/— cells were plated and grow them
overnight. Cultures were incubated with 10 uM BrdU for 1 hour
and 2 hours. Cells were trypsinized and washed twice with cold
PBS. 1.5x106 cells from each experimental unit were fixed and
permeabilized in 100 pl of BD Cytofix/Cytoperm Buffer for
15 minutes at room temperature. The cells were washed once with

References
1. Dai Q, Liu J, Chen J, Durrant D, McIntyre TM, et al. (2004) Mitochondrial

ceramide increases in UV-irradiated HeLa cells and is mainly derived from
hydrolysis of sphingomyelin. Oncogene 23: 3650-3658.

2. Merrill AH Jr (2002) De novo sphingolipid biosynthesis: a necessary, but
dangerous, pathway. J Biol Chem 277: 25843-25846.

3. Dimanche-Boitrel MT, Rebillard A, Gulbins E (2011) Ceramide in chemother-
apy of tumors. Recent Pat Anticancer Drug Discov 6: 284-293.

4. Hannun YA (1994) The sphingomyelin cycle and the second messenger function
of ceramide. J Biol Chem 269: 3125-3128.

5. Spiegel S, Olivera A, Carlson RO (1993) The role of sphingosine in cell growth
regulation and transmembrane signaling. Adv Lipid Res 25: 105-129.

6. von Haefen C, Wieder T, Gillissen B, Starck L, Graupner V, et al. (2002)
Ceramide induces mitochondrial activation and apoptosis via a Bax-dependent
pathway in human carcinoma cells. Oncogene 21: 4009-4019.

7. Avery K, Avery S, Shepherd J, Heath PR, Moore H (2008) Sphingosine-1-
phosphate mediates transcriptional regulation of key targets associated with
survival, proliferation, and pluripotency in human embryonic stem cells. Stem
Cells Dev 17: 1195-1205.

8. Gomez-Munoz A, Gangoiti P, Granado MH, Arana L, Ouro A (2010)
Ceramide-1-phosphate in cell survival and inflammatory signaling. Adv Exp
Med Biol 688: 118-130.

9. Wang H, Maurer BJ, Liu YY, Wang E, Allegood JC, et al. (2008) N-(4-
Hydroxyphenyl)retinamide increases dihydroceramide and synergizes with
dimethylsphingosine to enhance cancer cell killing. Mol Cancer Ther 7:
2967-2976.

10. Kraveka JM, Li L, Szulc ZM, Bielawski J, Ogretmen B, et al. (2007) Involvement
of dihydroceramide desaturase in cell cycle progression in human neuroblastoma
cells. J Biol Chem 282: 16718-16728.

11. Idkowiak-Baldys J, Apraiz A, Li L, Rahmaniyan M, Clarke CJ, et al. (2010)
Dihydroceramide desaturase activity is modulated by oxidative stress. Biochem J
427: 265-274.

12. Signorelli P, Munoz-Olaya JM, Gagliostro V, Casas J, Ghidoni R, et al. (2009)
Dihydroceramide intracellular increase in response to resveratrol treatment
mediates autophagy in gastric cancer cells. Cancer Lett 282: 238-243.

13. Vieira CR, Munoz-Olaya JM, Sot J, Jimenez-Baranda S, Izquierdo-Useros N,
et al. (2010) Dihydrosphingomyelin impairs HIV-1 infection by rigidifying
liquid-ordered membrane domains. Chem Biol 17: 766-775.

14. Zheng W, Kollmeyer J, Symolon H, Momin A, Munter E, et al. (2006)
Ceramides and other bioactive sphingolipid backbones in health and disease:
lipidomic analysis, metabolism and roles in membrane structure, dynamics,
signaling and autophagy. Biochim Biophys Acta 1758: 1864—-1884.

15. Cadena DL, Kurten RC, Gill GN (1997) The product of the MLD gene is a
member of the membrane fatty acid desaturase family: overexpression of MLD
inhibits EGF receptor biosynthesis. Biochemistry 36: 6960-6967.

PLOS ONE | www.plosone.org

Des1 Ablation Inhibits Etoposide-Induced Apoptosis

BD Perm Wash Buffer and incubated in 100 pL. BD Cytoperm
Plus Buffer for 10 min on ice. The cells were then washed and
fixed for 5 min at room temperature followed by Dnase treatment
(300 pug/ml) for 1 hour at 37°C. This step allows exposure of
BrdU that incorporates to the DNA of the replicating cells. Cells
were then incubated with anti-BrdU-FITC antibody for 20 min-
utes at room temperature followed by staining with 7-ADD for
20 minutes at room temperature. The cells were then resuspended
in 1 ml of staining buffer and analyzed for FACS. To gate,
unstained cells were acquired through flow cytometer; forward
scatter (FS) and side scatter (SC) were adjusted that excluded
polyploidy and cell debris. To detect BrdU-FITC and 7-ADD
labeled cells, FLL1 and FL3 detectors were used respectively. BrdU
incorporates to newly synthesized DNA in S-phase cells that are
detected by anti-BrdU-FITC antibody and produces green
fluorescence are shown in the box. The results in the bar diagram
are expressed as percentage of the total cells in S-phase (n = 3). No
significant difference is observed between Desl+/+ and Desl —/—
cells in terms of the cells entering into S-phase (*P =0.3, **P =10.7).
Representative figures are shown as do plots.

(TTEF)

Author Contributions

Conceived and designed the experiments: SAS MMS. Performed the
experiments: MMS. Contributed reagents/materials/analysis tools: BTB
LW LY ER GS MRW. Wrote the paper: MMS SAS.

16. Omae F, Miyazaki M, Enomoto A, Suzuki M, Suzuki Y, et al. (2004) DES2
protein is responsible for phytoceramide biosynthesis in the mouse small
intestine. Biochem J 379: 687-695.

17. Mizutani Y, Kihara A, Igarashi Y (2004) Identification of the human
sphingolipid C4-hydroxylase, hDES2, and its up-regulation during keratinocyte
differentiation. FEBS Lett 563: 93-97.

18. Holland WL, Brozinick JT, Wang LP, Hawkins ED, Sargent KM, et al. (2007)
Inhibition of ceramide synthesis ameliorates glucocorticoid-, saturated-fat-, and
obesity-induced insulin resistance. Cell Metab 5: 167-179.

19. Ravid T, Tsaba A, Gee P, Rasooly R, Medina EA, et al. (2003) Ceramide
accumulation precedes caspase-3 activation during apoptosis of A549 human
lung adenocarcinoma cells. Am J Physiol Lung Cell Mol Physiol 284: L1082~
1092.

20. de Chaves EI, Bussiere M, Vance DE, Campenot RB, Vance JE (1997)
Elevation of ceramide within distal neurites inhibits neurite growth in cultured
rat sympathetic neurons. J Biol Chem 272: 3028-3035.

21. Hu W, Ross J, Geng T, Brice SE, Cowart LA (2011) Differential regulation of
dihydroceramide desaturase by palmitate versus monounsaturated fatty acids:
implications for insulin resistance. ] Biol Chem 286: 16596-16605.

22. Holland WL, Bikman BT, Wang LP, Yuguang G, Sargent KM, et al. (2011)
Lipid-induced insulin resistance mediated by the proinflammatory receptor
TLR4 requires saturated fatty acid-induced ceramide biosynthesis in mice. J Clin
Invest 121: 1858-1870.

23. Perry DK, Carton ], Shah AK, Meredith F, Uhlinger DJ, et al. (2000) Serine
palmitoyltransferase regulates de novo ceramide generation during etoposide-
induced apoptosis. J Biol Chem 275: 9078-9084.

24. Levkau B, Koyama H, Raines EW, Clurman BE, Herren B, et al. (1998)
Cleavage of p21Cipl/Wafl and p27Kipl mediates apoptosis in endothelial cells
through activation of Cdk2: role of a caspase cascade. Mol Cell 1: 553-563.

25. Weng LP, Brown JL, Eng C (2001) PTEN coordinates G(I) arrest by down-
regulating cyclin D1 via its protein phosphatase activity and up-regulating p27
via its lipid phosphatase activity in a breast cancer model. Hum Mol Genet 10:
599-604.

26. Stratford S, Hoehn KL, Liu F, Summers SA (2004) Regulation of insulin action
by ceramide: dual mechanisms linking ceramide accumulation to the inhibition
of Akt/protein kinase B. J Biol Chem 279: 36608-36615.

27. Dobrowsky RT, Kamibayashi C, Mumby MC, Hannun YA (1993) Ceramide
activates heterotrimeric protein phosphatase 2A. J Biol Chem 268: 15523~
15530.

28. Mukhopadhyay A, Saddoughi SA, Song P, Sultan I, Ponnusamy S, et al. (2009)
Direct interaction between the inhibitor 2 and ceramide via sphingolipid-protein
binding is involved in the regulation of protein phosphatase 2A activity and
signaling. FASEB J 23: 751-763.

September 2012 | Volume 7 | Issue 9 | e44042



29.

30.

32.

36.

37.

38.

39.

40.

Gao T, Furnari F, Newton AC (2005) PHLPP: a phosphatase that directly
dephosphorylates Akt, promotes apoptosis, and suppresses tumor growth. Mol
Cell 18: 13-24.

Yart A, Laffargue M, Mayeux P, Chretien S, Peres C, et al. (2001) A critical role
for phosphoinositide 3-kinase upstream of Gabl and SHP2 in the activation of
ras and mitogen-activated protein kinases by epidermal growth factor. J Biol

Chem 276: 8856-8864.

. Hayashi H, Matsuzaki O, Muramatsu S, Tsuchiya Y, Harada T, et al. (2006)

Centaurin-alphal is a phosphatidylinositol 3-kinase-dependent activator of
ERK1/2 mitogen-activated protein kinases. J Biol Chem 281: 1332-1337.
Summers SA, Nelson DH (2005) A role for sphingolipids in producing the
common features of type 2 diabetes, metabolic syndrome X, and Cushing’s
syndrome. Diabetes 54: 591-602.

. Furuya H, Shimizu Y, Kawamori T (2011) Sphingolipids in cancer. Cancer

Metastasis Rev 30: 567-576.

. Osawa Y, Uchinami H, Bielawski J, Schwabe RF, Hannun YA, et al. (2005)

Roles for C16-ceramide and sphingosine 1-phosphate in regulating hepatocyte
apoptosis in response to tumor necrosis factor-alpha. J Biol Chem 280: 27879~

27887.

. Huwiler A, Pfeilschifter J (2006) Altering the sphingosine-1-phosphate/ceramide

balance: a promising approach for tumor therapy. Curr Pharm Des 12: 4625
4635.

Hannun YA, Luberto C (2000) Ceramide in the eukaryotic stress response.
Trends Cell Biol 10: 73-80.

Thomas RL Jr, Matsko CM, Lotze MT, Amoscato AA (1999) Mass
spectrometric identification of increased C16 ceramide levels during apoptosis.
J Biol Chem 274: 30580-30588.

Seumois G, Fillet M, Gillet L, Faccinetto C, Desmet C, et al. (2007) De novo
C16- and C24-ceramide generation contributes to spontancous neutrophil
apoptosis. J Leukoc Biol 81: 1477-1486.

Renert AF, Leprince P, Dieu M, Renaut J, Raes M, et al. (2009) The
proapoptotic C16-ceramide-dependent pathway requires the death-promoting
factor Btf in colon adenocarcinoma cells. J Proteome Res 8: 4810-4822.
Sawada M, Nakashima S, Banno Y, Yamakawa H, Hayashi K, et al. (2000)
Ordering of ceramide formation, caspase activation, and Bax/Bcl-2 expression
during etoposide-induced apoptosis in C6 glioma cells. Cell Death Differ 7: 761
772.

PLOS ONE | www.plosone.org

1

41.

42.

46.

47.

48.

49.

50.

51.

52.

Des1 Ablation Inhibits Etoposide-Induced Apoptosis

Karpinich NO, Tafani M, Rothman RJ, Russo MA, Farber JL (2002) The
course of etoposide-induced apoptosis from damage to DNA and p53 activation
to mitochondrial release of cytochrome c. J Biol Chem 277: 16547-16552.

Grandela C, Pera MF, Grimmond SM, Kolle G, Wolvetang EJ (2007) p53 is
required for etoposide-induced apoptosis of human embryonic stem cells. Stem

“ell Res 1: 116-128.

. Yin D, Tamaki N, Kokunai T (2000) Wild-type p53-dependent etoposide-

induced apoptosis mediated by caspase-3 activation in human glioma cells.

J Neurosurg 93: 289-297.
. Dbaibo GS, Pushkareva MY, Rachid RA, Alter N, Smyth MJ, et al. (1998) p53-

dependent ceramide response to genotoxic stress. J Clin Invest 102: 329-339.

Sawada M, Nakashima S, Kiyono T, Nakagawa M, Yamada J, et al. (2001) p53
regulates ceramide formation by neutral sphingomyelinase through reactive
oxygen species in human glioma cells. Oncogene 20: 1368-1378.

Oskouian B, Sooriyakumaran P, Borowsky AD, Crans A, Dillard-Telm L, et al.
(2006) Sphingosine-1-phosphate lyase potentiates apoptosis via p53- and p38-
dependent pathways and is down-regulated in colon cancer. Proc Natl Acad
Sci U S A 103: 17384-17389.

Fabrias G, Munoz-Olaya J, Cingolani F, Signorelli P, Casas J, et al. (2012)
Dihydroceramide desaturase and dihydrosphingolipids: debutant players in the
sphingolipid arena. Prog Lipid Res 51: 82-94.

Devlin CM, Lahm T, Hubbard WC, Van Demark M, Wang KC, et al. (2011)
Dihydroceramide-based response to hypoxia. J Biol Chem 286: 38069-38078.
Summers SA (2010) Sphingolipids and insulin resistance: the five Ws. Curr Opin
Lipidol 21: 128-135.

Coll T, Eyre E, Rodriguez-Calvo R, Palomer X, Sanchez RM, et al. (2008)
Oleate reverses palmitate-induced insulin resistance and inflammation in skeletal
muscle cells. J Biol Chem 283: 11107-11116.

Bikman BT, Guan Y, Shui G, Siddique MM, Holland WL, et al. (2012)
Fenretinide Prevents Lipid-induced Insulin Resistance by Blocking Ceramide
Biosynthesis. ] Biol Chem 287: 17426-17437.

Gonzalez-Pertusa JA, Dube J, Valle SR, Rosa TC, Takane KK, et al. (2010)
Novel proapoptotic effect of hepatocyte growth factor: synergy with palmitate to
cause pancreatic {beta}-cell apoptosis. Endocrinology 151: 1487-1498.

. Taha TA, Kitatani K, El-Alwani M, Bielawski J, Hannun YA, et al. (2006) Loss

of sphingosine kinase-1 activates the intrinsic pathway of programmed cell
death: modulation of sphingolipid levels and the induction of apoptosis. FASEB J
20: 482-484.

September 2012 | Volume 7 | Issue 9 | e44042



