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Abstract Apoptosis and autophagy are two evolutionarily
conserved processes that maintain homeostasis during
stress. Although the two pathways utilize fundamentally dis-
tinct machinery, apoptosis and autophagy are highly inter-
connected and share many key regulators. The crosstalk
between apoptosis and autophagy is complex, as autophagy
can function to promote cell survival or cell death under
various cellular conditions. The molecular mechanisms of
crosstalk are beginning to be elucidated and have critical
implications for the treatment of various diseases, such as
cancer. Sphingolipids are a class of bioactive lipids that me-
diate many key cellular processes, including apoptosis and
autophagy. By targeting several of the shared regulators,
sphingolipid metabolites differentially regulate the induc-
tion of apoptosis and autophagy. Importantly, individual
sphingolipid species appear to “switch” autophagy toward
cell survival (e.g., sphingosine-1-phosphate) or cell death
(e.g., ceramide, gangliosides). This review assesses the cur-
rent understanding of sphingolipid-induced apoptosis
and autophagy to address how sphingolipids mediate the
“switch” between the cell survival and cell death .l As sphin-
golipid metabolism is frequently dysregulated in cancer,
sphingolipid-modulating agents, or sphingomimetics, have
emerged as a novel chemotherapeutic strategy. Ultimately, a
greater understanding of sphingolipid-mediated crosstalk
between apoptosis and autophagy may be critical for en-
hancing the chemotherapeutic efficacy of these agents.—
Young, M. M., M. Kester, and H-G. Wang. Sphingolipids:
regulators of crosstalk between apoptosis and autophagy.
J- Lipid Res. 2013. 54: 5-19.
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Sphingolipids are membrane lipids that are ubiquitously
expressed in all eukaryotic cells. While previously believed
to exert only structural roles, sphingolipids are now recog-
nized as signaling molecules within the cell. Nearly two
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decades ago, pioneering work by Hannun et al. and Kole-
snick et al. established the foundation for the bioactive
nature of sphingolipids by demonstrating the inhibition of
protein kinase C (PKC) by sphingosine and the stimula-
tion of a ceramide-activated protein kinase in response to
tumor necrosis factor (TNF)-a, respectively (1, 2). Sphin-
golipids have since been recognized as critical activators or
inhibitors of various protein kinases and phosphatases, re-
ceptors, and ion transporters (3). Moreover, sphingolipids
have been identified as key regulators of a vast number of
cellular processes, including cell growth, adhesion, migra-
tion, senescence, apoptosis, and most recently, autophagy
(3, 4).

Much of the investigation into sphingolipid signaling
has focused on the disparate nature of ceramide and
sphingosine-1-phosphate (S1P). Ceramide is typically as-
sociated with growth arrest and apoptosis, while S1P pro-
motes cell proliferation and survival. The opposing nature
and dynamic balance of intracellular ceramide and SIP,
termed the “sphingolipid rheostat,” has been proposed to
determine cell fate (5). However, emerging evidence and
extensive characterization of the sphingolipid metabolic
network suggests that this two-dimensional model does
not adequately reflect sphingolipid signaling and function
within the cell. In addition to ceramide and S1P, other
sphingolipid metabolites, such as sphingosine, dihydro-
ceramide, and gangliosides, have been implicated in the
regulation of apoptosis and macroautophagy (hereafter
referred to as autophagy). Although autophagy is typically
considered to be a cytoprotective mechanism for the sup-
pression of apoptosis, recent evidence indicates that autophagy
can also promote cell death (6). Due to the differential regu-
lation of apoptosis and autophagy by sphingolipid metab-
olites, the sphingolipid network has emerged as a novel
molecular switch between the apoptotic and autophagic
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pathways. This review aims to describe the regulation of
apoptosis and autophagy by sphingolipids and begin to
position sphingolipid metabolism as a critical regulator of
crosstalk between the two cellular pathways.

SPHINGOLIPID METABOLISM

Sphingolipid metabolism is highly interconnected and
compartmentalized (3, 7-9). Ceramide, which occupies a
central position in the sphingolipid network, can be gen-
erated by de novo synthesis, the degradation of complex
sphingolipids or the recycling of long chain bases (3, 7-9).
Ceramide synthase, which resides in the endoplasmic re-
ticulum (ER), catalyzes the formation of dihydroceramide
during de novo synthesis or ceramide during the salvage
of sphingolipid bases. Notably, six isoforms of ceramide
synthase (CerS1-6; longevity assurance genes 1-6/LASS1-6)
have been identified and display varying specificities for
fatty acyl-CoA substrate chain lengths (10). Ceramide is
the precursor for a number of complex sphingolipids,
including glycosphingolipids, sphingomyelin, and ceramide-
I-phosphate (3, 7-9). The catabolism of ceramide by ce-
ramidase liberates the sphingolipid base sphingosine, which
is readily phosphorylated by sphingosine kinase (SK1 and
SK2) to generate S1P. Exit from the sphingolipid network
is mediated by SIP lyase (SPL), which irreversibly cleaves
SI1P to the nonsphingolipid metabolites 2-hexadecenal
and phosphoethanolamine.

APOPTOSIS, AUTOPHAGY, AND CROSSTALK

Apoptosis

Programmed cell death (PCD) is essential for proper
development and the maintenance of homeostasis (11).
Apoptosis is an extensively studied PCD mechanism that is
characterized by the activation of a family of cysteine pro-
teases known as caspases. Caspases are activated through
extrinsic and intrinsic signaling pathways and mediate the
cleavage of a number of cytosolic and nuclear proteins to
induce the hallmark morphological features of apoptosis
(i.e., nuclear fragmentation and membrane blebbing)
(12, 13). Initiation of the extrinsic pathway of apoptosis
occurs at the plasma membrane upon the ligation of a
death receptor belonging to the TNF receptor superfam-
ily. Multimerization of activated death receptors promotes
the assembly of the death-inducing signaling complex
(DISC), which serves as a platform for procaspase-8 oli-
gomerization and auto-activation through self-cleavage. In
contrast, initiation of the intrinsic pathway occurs in re-
sponse to intracellular stress signals, such as DNA damage
or cytotoxic stress. Activation and oligomerization of the
proapoptotic Bcl-2 family proteins Bax and Bak trigger mi-
tochondrial outer membrane permeabilization (MOMP)
and the release of apoptogenic factors, such as cytochrome
¢ (cyt ¢) (Fig. 1). Cytosolic cyt ¢ associates with Apaf-1 and
procaspase-9 in a multiprotein complex known as the
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apoptosome to promote caspase-9 self-activation. Ulti-
mately, the extrinsic and intrinsic pathways converge with
the activation of effector caspases (caspase-3, caspase-6,
caspase-7), which cleave cytosolic and nuclear substrates
to execute the cell death pathway.

Autophagy

Autophagy is a catabolic process in which cytoplasmic
components are sequestered in double-membrane vesi-
cles, known as autophagosomes, and delivered to lyso-
somes for degradation and recycling. Autophagy promotes
cell survival during stress, such as hypoxia or nutrient de-
privation, through the removal of damaged proteins and/
or organelles and the generation of nutrients; however,
autophagy can also mediate caspase-dependent and inde-
pendent cell death (14-17). Autophagosome biogenesis is
divided into three steps: initiation, nucleation, and elon-
gation/expansion/closure; each of which is tightly regu-
lated by a specific set of autophagy-related (Atg) proteins
(Fig. 2) (18-20). The Unc-51-like kinase 1 (Ulkl; mam-
malian homolog of Atgl) complex initiates autophago-
some biogenesis. Importantly, the Ulkl complex is negatively
regulated by mechanistic target of rapamycin complex
1 (mTORCI1), which phosphorylates Ulkl and the associ-
ated protein Atgl3 during nutrientrich conditions to
inhibit autophagy (21). Upon nutrient depletion, the cel-
lular energy sensor AMP-activated protein kinase (AMPK)
suppresses mMTORCI1 and directly activates Ulkl through
phosphorylation to initiate autophagy (21). The Beclin 1-
containing class III phosphatidylinositide 3-kinase (PISKC3,
Vps34) complex I regulates nucleation of autophagosomal
membranes. Beclin 1 (mammalian homolog of Atg6)
positively regulates PI3KC3 activity to generate phosphati-
dylinositol 3-monophosphate (PI3P), which likely mediates
the recruitment of additional Atg proteins for autophago-
some biogenesis (22). The elongation, expansion, and clo-
sure of autophagosomal membranes require the Atgl2-Atgh
and microtubule-associated protein 1 light chain 3 (LC3)-
phosphatidylethanolamine (PE) ubiquitin-like conjugation
systems (23). LC3-I1/LC3-PE is the only protein known to
be directly associated with the autophagosomal mem-
brane throughout the process of autophagy and thus is a
widely used marker of autophagosomes (24). Finally, auto-
phagosome-lysosome fusion delivers autophagic cargo to
the lysosome for degradation and recycling.

Crosstalk between apoptosis and autophagy

The functional crosstalk between apoptosis and
autophagy is complex. Under certain cellular contexts,
autophagy functions as a stress-response to suppress
apoptosis and promote cell survival. However in other
settings, autophagy may serve as a mechanism of caspase-
dependent or independent cell death (14-17). Recent
investigation into the crosstalk between apoptosis and au-
tophagy has identified many common regulators (6, 25)
(Table 1). The Bcl-2 family proteins provide a molecular
link between the mitochondrial pathway and autophagy
(26). In addition to suppressing apoptosis, the antiapoptotic
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Fig. 1. A generalized overview of the regulation of apoptosis by sphingolipids. Sphingolipids have direct

effects on mitochondrial function. Ceramide (Cer) assembles channels in the outer membrane of mitochon-
dria to promote the release of cytochrome ¢ (cyt ¢) for caspase-9 activation. Dihydroceramide (dHCer) in-
hibits ceramide channel formation. Similarly, the ganglioside GD3 permeabilizes mitochondria in a ROS
and calcium-dependent manner. Additionally, Cer directly inhibits mitochondrial complex III to generate
ROS. Cer promotes Bax activation and recruitment to the mitochondria through the PP2A-dependent de-
phosphorylation of Bax and formation of mitochondrial ceramide-rich macrodomains (MCRMs). Further-
more, mitochondrial Cer is metabolized to S1P and hexadecenal (hex), which directly activate Bax and Bak,
respectively. 7) Lysosomal effects. Cer directly binds and activates the lysosomal protease cathepsin D to en-
hance Bid cleavage and induction of the mitochondrial pathway of apoptosis. At low to moderate concentra-
tions, sphingosine (Sph) becomes protonated and trapped within lysosomes, leading to lysosomal membrane
permeabilization (LMP) and cleavage of Bid for the induction of apoptosis. i) Bcl-2 family. Sph downregu-
lates antiapoptotic Bcl-2 and Bcl-xL to promote apoptosis. Cer activates PP1 and PP2A to regulate the alter-
native splicing of apoptosis-promoting variants Bcl-xS and Caspase-9 and inhibit the antiapoptotic effects of
Bcl-2, respectively. i) Kinase signaling. Cer directly activates protein kinase C { (PKC{), which mediates the
activation of JNK and inhibition of Akt to promote apoptosis. S1P suppresses Cer-mediated activation of JNK
and activates pro-survival Akt/mTORCI, MAPK/ERK, and NF-kB signaling pathways through cell surface
receptors. Sph-induced apoptosis is characterized by suppression of MAPK/ERK signaling, while ganglio-

sides enhance apoptosis through the inhibition of NF-«kB.

Bcl-2 proteins (Bcl-2, BclxL, and Mcl-1) bind the BH3
domain of Beclin 1 to suppress PI3KC3 activity and au-
tophagosome nucleation. Furthermore, several key mem-
bers of the extrinsic pathway, such as caspase-8 and
FLICE-like inhibitor proteins (FLIP), negatively regulate
autophagy (27, 28). Conversely, accumulation of auto-
phagosomal membranes can serve as a platform for cas-
pase-8 activation through an intracellular death-inducing
signaling complex (iDISC) (29-34). Interestingly, several
autophagic proteins are also reported to stimulate apop-
tosis independent of autophagic functions (Table 1).
For example, the calpain-mediated cleavage of Atgh gen-
erates a proapoptotic protein fragment that translo-
cates to the mitochondria to initiate apoptosis (35).
Similarly, the caspase-mediated cleavage of Beclin 1 sup-
presses autophagy and activates the mitochondrial path-
way (36-38). Finally, apoptosis and autophagy also share
several common transcriptional regulators [e.g., nuclear
factor-kappa B (NF-kB) and p53] and kinase signaling
pathways (e.g., PI3K/PTEN/Akt/mTOR and JNK) that
mediate cell fate.

SPHINGOLIPIDS IN APOPTOSIS AND AUTOPHAGY

Ceramide

Ceramide was first recognized as a regulator of apoptosis
(89) and cellular senescence (40) in the 1990s and has
since emerged as a critical mediator of cell death. Notably,
ceramide accumulation is observed to occur secondary to
the primary effects of radiation treatment and many che-
motherapeutics, including but not limited to doxorubicin,
etoposide, vincristine, and taxol (41). Interestingly, cer-
amide clearance or metabolism has been identified as a
feature of many drug-resistant cancers (42). As a result, the
elevation of ceramide levels through exogenous delivery,
stimulation of de novo synthesis, or inhibition of ceramide
metabolism has become an attractive chemotherapeutic
strategy (41). Although the use of exogenous short-chain
ceramide analogs may not necessarily mimic the effects
of endogenous long-chain or very long chain ceramides,
short-chain analogs are converted to endogenous cer-
amides within the cell (43, 44). Remarkably despite years of
study, a unified mechanism of ceramide-induced apoptosis
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Fig. 2. A generalized overview of the regulation of autophagy by sphingolipids. Sphingolipids have direct
effects on autophagy. Ceramide (Cer) activates calpain, which cleaves Atgh to generate a protein fragment
that promotes apoptosis and suppresses autophagy. Mitochondrial Cer mediates mitophagy (i.e., autophagic
degradation of mitochondria) through the direct association of ceramide with LC3-II. Sphingosine (Sph) is
likely to suppress autophagosome maturation. ) mTORCI signaling. Cer suppresses Akt activation to relieve
the downstream inhibitory effects of mTORCI on autophagy. Similarly, the ganglioside-induced autophagy
is associated with the suppression of Akt. Acid sphingomyelinase-derived Cer also shuts down mTORCI activ-
ity during amino acid deprivation in a PP2A-dependent manner. Cer-induced autophagy is also associated
with the downregulation of nutrient transporter proteins to activate autophagy through AMPK and lead to
a bioenergetic crisis for the induction of cell death. S1P differentially regulates mTOR activity. Overexpres-
sion of SKI as well as ligation of the cell surface receptor S1P; inhibits mTORCI to induce S1P-mediated
autophagy. In contrast, ligation of S1P; by SIP is reported to activate mTORCI for the suppression of Cer-
induced autophagy. ) Transcriptional regulation. Cer-mediated inhibition of Akt activates FOXO3 to up-
regulate BNIP3 expression. BNIP3 liberates Beclin 1 for the induction of autophagy through the competitive
binding of Bcl-2, BclxL, and Mcl-1. Cer-mediated activation of JNK and the transcription factor, c-Jun, up-
regulates Beclin 1 and LC3 expression to promote autophagy. JNK activation also disrupts the inhibitory
Beclin 1:Bcl-2 complex through direct phosphorylation of Bcl-2. The upregulation of Beclin 1 by Cer also is
mediated by the activation of NF-kB. Additionally, ganglioside-induced autophagy is dependent on the pro-
duction of ROS, which regulates Atg4 activity. ). ER stress. The accumulation of Cer and S1P within the ER
has been associated with the induction of ER stress leading to autophagy. Interestingly, SIP-mediated ER
stress leads to the activation of Akt for cell survival. In contrast, Cer-mediated ER stress has been associated
with inhibition of mMTORCI for autophagy induction as well as the upregulation of Atgb and Beclin 1.

has yet to be identified; however, ambiguity in ceramide
signaling is not all that surprising when one considers the
diversity of ceramide species that exist within the cell. Cer-
amide is a substrate or product of more than 28 distinct
enzymes and consists of more than 200 individual species
with varying head groups and/or acyl chain lengths (45).
Furthermore, the condensation of alanine with palmitoyl
CoA by serine palmitoyltransferase (SPT) has been demon-
strated to result in the generation of a new class of “cer-
amides” containing a 1-deoxysphingoid backbone (46).
The “many ceramides” paradigm hypothesizes that indi-
vidual ceramide molecules are generated within distinct
biochemical pathways and subcellular compartments to ex-
ert unique functions (45). For example, a recent study sug-
gests a proapoptotic role of CerSl-generated C18:0-ceramide
and prosurvival function of CerS6-generated C16:0-cer-
amide (47); however, an additional study has proposed
that long-chain ceramides (C16:0, C18:0, C20:0) are antipro-
liferative, whereas very long chain ceramides (C24:0, C24:1)
promote cell proliferation (48). Continued investigation
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and use of MS/MS lipidomics will greatly aid in the identi-
fication of individual ceramide species and their respective
biological effects.

While individual ceramide species may differentially
regulate apoptotic signaling pathways, studies over the
past two decades have implicated the mitochondria as a
key site of ceramide-mediated apoptosis (Fig. 1). Early in-
vestigation demonstrated direct effects of ceramide on mi-
tochondrial function. In these studies, the addition of
C2-ceramide to isolated mitochondria directly inhibited
mitochondrial complex III to generate reactive oxygen
species (ROS) (49, 50). Later in vitro studies revealed that
long- and short-chain ceramides assemble channels in the
outer mitochondrial membrane to release mitochondrial
proteins, including cyt ¢ (51, 52). Interestingly, while inde-
pendent of Bax and Bak, ceramide channels are inhibited
by antiapoptotic Bcl-2 proteins (53). While the in vivo rel-
evance of these results remains to be demonstrated, mito-
chondrial ceramide levels are observed to increase during
apoptosis in response to diverse stimuli, including CD95/Fas



TABLE 1.

Shared regulators of autophagy and apoptosis

Autophagy

Apoptosis

Positive Regulators

Negative Regulators

Positive Regulators Negative Regulators

Apoptosis proteins
Bad, BNIP3, NIX

Bcl-2, BelxL, Mcl-1

Bcl-2, BelxL, Mcl-1
Bad, BNIP3, NIX

Bim Bim
FLIPs FLIPs
Caspase-8 Caspase-8
Autophagy proteins  Beclin 1 Caspase-cleaved Beclin 1
Atgh Atgb, Calpain-cleaved
Atgh
Atgl?2 Atgl2, Atg3-Atgl2
Bif-1 Bif-1
p62 p62 p62
Transcription factors  NF-kB NF-«xB NF-«xB
p53 p53 p53
Kinase signaling PI3K/Akt/mTOR PI3SK/Akt/mTOR
JNK JNK
Sphingolipids Sphingosine-1- Sphingosine-1-
phosphate phosphate
Dihydroceramides Dihydroceramides?
Ceramides Ceramides
Gangliosides Gangliosides
Sphingosine? Sphingosine

and radiation (54). Furthermore, selective targeting of
bacterial SMase to various organelles has revealed that
only a mitochondrial pool of ceramide is sufficient to in-
duce apoptosis in MCF7 breast adenocarcinoma cells (55).
Consistent with these results, mitochondria-associated
membranes have been shown to mediate the transfer of
ceramide between the ER and mitochondrial compart-
ments and permeabilize mitochondria in an in vitro sys-
tem (56).

In addition, ceramide has been reported to induce Bax-
dependent apoptosis in several cancers, including glioblas-
toma (57), breast cancer (58), prostate cancer (59), colon
cancer (59), and acute myeloid leukemia (60). Increased
mitochondrial ceramide enhances Bax translocation to
the mitochondria in both a cell free system as well as MCF7
cells stimulated with TNF-a (58). Furthermore, ceramide
and activated Bax directly interact in vitro to synergisti-
cally induce outer membrane permeabilization in isolated
mitochondria (61). Moreover, Bax association with ceramide-
enriched detergentresistant membrane domains occurs in
situ upon ischemia/reperfusion, a well-characterized apop-
totic model (62). Further investigation has characterized
the assembly of mitochondrial ceramide-rich macrodomains
(MCRM) with enhanced association of Bax oligomers
upon exposure to radiation (63). Interestingly, ceramide
transfer to the mitochondria serves as a substrate for me-
tabolism to SIP and/or hexadecenal, which directly pro-
mote Bax and Bak activation, respectively (64). Therefore,
local regulation of sphingolipid metabolism within mito-
chondria appears to have a critical role in apoptosis.

In addition to potential direct lipid effects, C2-ceramide
enhances the activation and translocation of Bax through

the dephosphorylation of Ser184 (65). Bax dephosphory-
lation has been suggested to occur through PP2A as PP2A
dephosphorylates Serl84 in vitro and interacts with Bax
upon ceramide treatment in intact cells (65). Notably, the
phosphatases protein phosphatase 1 (PP1) and protein
phosphatase 2A (PP2A) are directly activated by ceramides
(66, 67). Additionally, C2-ceramide induces the PP2A-de-
pendent dephosphorylation of Bcl-2 at Ser70 to inhibit its
antiapoptotic activity and promote its binding to p53 for
the induction of apoptosis (68-70).

Furthermore, ceramide-mediated apoptosis is regulated
by transcriptional mechanisms. Exogenous ceramide and
the stimulation of de novo ceramide synthesis dynamically
regulate the splicing of Bcl-x and caspase-9 in human lung
carcinoma Ab549 cells prior to the induction of apoptosis
(71). Specifically, ceramide upregulates the apoptosis-pro-
moting variants Bcl-xS and caspase-9, while correspond-
ingly downregulating the antiapoptotic variants Bcl-xLL
and caspase-9b (71-73). As this effect was blocked by the
PP1 and PP2A inhibitor calyculin A but not by okadaic
acid, a PP2A-specific inhibitor, ceramide-induced alterna-
tive splicing is suggested to occur through a PPl-depen-
dent mechanism (71). Moreover, serine/arginine-rich (SR)
proteins, which are known modulators of mRNA splicing,
have been identified as PP1 substrates (74), thus providing
a potential mechanism for the alterative splicing of Bcl-x
and caspase-9 in response to ceramide.

PKC{ and the lysosomal protease cathepsin D are addi-
tional direct effectors of ceramide that have been impli-
cated in ceramide-mediated growth arrest and apoptosis.
Ceramide directly activates PKC{ in vitro and in intact
cells (75=77). Moreover, C6-ceramide treatment of A7rb
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smooth muscle cells stimulates the recruitment of PKC{ to
structured lipid microdomains (“lipid rafts”) where it be-
comes activated to suppress Akt3 phosphorylation (Ser34)
and cell proliferation (76, 78). Furthermore, PKC{ has
been linked to the activation of the stress-activated protein
kinase JNK (75, 77). PKC{ also functions to promote cell
survival through the inhibition of acid SMase in response
to UV-C irradiation (79) and the phosphorylation of Bax
(80). Cathepsin D is a lysosomal aspartyl protease impli-
cated in the induction of apoptosis. Short- and long-chain
ceramides directly bind cathepsin D to promote its prote-
olytic maturation and activation in vitro and in vivo (81).
Upon stimulation with TNF-a/cycloheximide or gemcit-
abine, the acid SMase-derived accumulation of endosomal
and lysosomal ceramide enhances cathepsin D-mediated
cleavage of the BH3-only protein Bid to activate the mito-
chondrial pathway of apoptosis (82, 83). Therefore, the
direct effectors, PKC{ and cathepsin D, also regulate the
induction of apoptosis in response to ceramide.

In addition to apoptosis, ceramide has more recently
been implicated in the induction of autophagy (84-94)
(Fig. 2). As autophagy has dual functions in cell survival and
cell death, defining a role of ceramide-induced autophagy
has critical implications for enhancing the efficacy of cer-
amide-generating chemotherapeutics and sphingomimetics.
Endogenous ceramide species are critical for the induction
of autophagy, as inhibition of CerS by fumonisin B1 or SPT
by myriocin completely suppresses autophagy induced in
response to short-chain ceramides and tamoxifen, respec-
tively (85, 88). Consistently, de novo synthesis is reported
to be essential for the induction of autophagy in activated
RAW264.7 cells (90) as well as in Saccharomyces cerevisiae
(95). However, the mechanism and function of ceramide-
induced autophagy remains unclear.

Ceramide is a well-established suppressor of Akt (96);
thus inactivation of mTOR signaling downstream of Akt
can be hypothesized as a mechanism by which ceramide
induces autophagy. Indeed, the accumulation of ceramide
upon exposure to exogenous C2-ceramide, tamoxifen,
or the glucosylceramide synthase inhibitor D,L-Threo-1-
phenyl-2-decanoylamino-3-morpholino-1-propanol (PDMP)
suppresses Akt activity to stimulate autophagy in human
colon cancer and breast cancer cell lines (85). Additionally,
recent work has shown that amino acid deprivation enhances
ceramide levels to lead to the PP1/PP2A-dependent in-
activation of mTOR for the induction of autophagy (94).
Interestingly, acid SMase rather than de novo synthesis or
the sphingosine salvage pathway was responsible for the
increase in ceramide levels and induction of autophagy
during amino acid depletion; however, the mechanism of
acid SMase activation under these conditions remains
unclear (94). In contrast, ceramide induces starvation un-
der nutrientrich conditions through the suppression of
nutrient transporter protein expression in murine prolym-
phocytic FL5.12 cells, resulting in the AMPK-mediated in-
duction of autophagy, bioenergetic crisis, and cell death
(86).

Disruption of the inhibitory Beclin 1:Bcl-2 complex
has also emerged as a common mechanistic theme in
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ceramide-induced autophagy. Exogenous C2-ceramide, ta-
moxifen, and PDMP enhance the expression of Beclin 1 to
promote autophagy (85). Increased expression of Beclin 1
is a contributing factor in the induction of lethal autophagy
in human leukemia cell lines treated with arsenic trioxide,
an agent that stimulates de novo ceramide synthesis and
inhibits ceramide metabolism to glucosylceramide (97,
98). Ceramide is a well-established activator of the stress-
activated kinase JNK (99, 100), and the JNK-mediated acti-
vation of the transcription factor c-Jun enhances Beclin 1
expression (89). Additionally, c-Jun positively regulates
the transcription of LC3 to increase the autophagic pro-
cess in response to ceramide (91). Furthermore, activation
of the NF-kB subunit p65/RelA is reported to mediate Be-
clin 1 upregulation during ceramide treatment (87). In
addition to altering the balance between Beclin 1 and
Bcl-2 protein levels, endogenous ceramide liberates Beclin
1 for autophagy induction through the JNK-mediated
phosphorylation of Bcl-2 (88). Notably, Bcl-2 has emerged
a critical regulator of ceramide-mediated crosstalk be-
tween autophagy and apoptosis. Specifically, the intracel-
lular localization of Bcl-2 is a key factor in mediating the
crosstalk, as the ceramide-dependent dephosphorylation
of mitochondrial Bcl-2 by PP2A promotes apoptosis while
the JNK-dependent phosphorylation of ER-targeted Bcl-2
enhances ceramide-induced autophagy.

In addition to the upregulation of Beclin 1, enhanced
expression of the mitochondrial BH3-only protein BNIP3
promotes Beclin 1 dissociation from the inhibitory complex
through the competitive binding of antiapoptotic Bcl-2
proteins (101). C2-ceramide was demonstrated to enhance
BNIP3 expression in several malignant glioma cell lines,
leading to autophagic cell death (84). Similarly, treatment
of malignant glioma cells with arsenic trioxide upregulated
BNIP3 to induce caspase-independent cell death (102, 103).
Activation of Forkhead box protein O3 (FOXO3), a tran-
scription factor negatively regulated by Akt, mediates the
upregulation of BNIP3 in response to ceramide (104).
Interestingly, the BNIP3 homolog BNIP3L/NIX is an im-
portant regulator of mitophagy, a process for selective deg-
radation of mitochondria by autophagy. As ceramide is a
well-established inducer of mitochondrial damage, the in-
duction of mitophagy may contribute to increased au-
tophagic activity in response to ceramide. Indeed, a recent
report has demonstrated that mitochondrial ceramide
selectively targets mitochondria to LC3-II-containing auto-
phagolysosomes through direct interaction between cer-
amide and LC3-II (93). In further support of this model,
mitochondrially targeted C6-ceramide preferentially in-
duces mitochondrial damage and protective autophagy in
comparison to untargeted C6-ceramide (105).

Ceramide-mediated autophagy is also attributed to the
induction of ER stress. Downregulation of ER-localized
CerS2, which has a preference for very long chain acyl
groups (C22-C26), results in the significant accumulation
of long-chain ceramides (C14-Cer and C16-Cer) and the
induction of ER stress-dependent autophagy to protect the
cell from cell death (106). In contrast, stimulation of de novo
ceramide synthesis by the cannabinoid tetrahydrocannabinol



(THC) induces the ER stresssmediated inhibition of
mTORCI for autophagosome nucleation (107). Interest-
ingly, autophagy under these conditions served to pro-
mote mitochondrial apoptosis, thereby demonstrating a
switch between ceramide-mediated autophagy and apop-
tosis (107). Likewise, melanoma differentiation-associated
gene 7 (mda-7) /interleukin-24 (IL-24) initiates autophagy
through the ER stress and eukaryotic translation initiation
factor 2a kinase (PERK)-dependent stimulation of de
novo ceramide synthesis and upregulation of Beclin 1 and
Atg5 (108, 109). In a manner similar to THC, mda-7/I1-24
switched autophagy to apoptosis through the calpain-me-
diated cleavage of Atgb (109). Consistently, the accumula-
tion of endogenous ceramide in response to doxorubicin
or exogenous C6-ceramide activates calpain to promote
Atgh cleavage and the induction of apoptosis (110). How-
ever, activation of calpain in response to ceramide also is
reported to stimulate NF-kB survival signaling (111); thus,
ceramide-mediated activation of calpain likely tightly reg-
ulates cell fate.

Further investigation will clarify the function of cer-
amide-induced autophagy and allow for the identification
of appropriate autophagy modulation (i.e., inhibition or
stimulation) during ceramide treatment. In light of recent
studies demonstrating the chain length-specific roles of
ceramide, it has recently been revealed that CerSb and
C14:0 ceramide are required for induction of autophagy
leading to hypertrophy in cardiomyocytes (92). In addition
to highlighting a pathogenic function of ceramide-induced
autophagy, the study suggests that chain length-specific ce-
ramides may differentially regulate autophagy. Additional
MS/MS lipidomics will greatly aid in discerning the role of
individual ceramide species in the regulation of apoptosis,
autophagy, and crosstalk.

Sphingosine

The bioactive nature of sphingosine was first demonstrated
in 1986 when the lipid was shown to inhibit PKC, a key sur-
vival signaling kinase (1). As with ceramide, sphingosine has
become associated with the induction of apoptosis (Fig. 1).
However, due to the metabolic interconversion of the two
lipids, identification of sphingolipid-specific apoptotic signal-
ing has been challenging. Although sphingosine has been
observed to induce apoptosis independent of the salvage
pathway (112-115), it has also been reported to occur in a
CerS-dependent manner (116). Therefore, the significance
of sphingosine metabolism in the induction of apoptosis may
be cell type- and/or stimulus-dependent.

Despite these limitations, differential mechanisms of
apoptosis induction have been identified for ceramide
and sphingosine. Ceramide and sphingosine are opposing
regulators of the ERK and SAPK cascades (100). While
ceramide-induced apoptosis has been associated with the
strong activation of JNK and weak inhibition of ERK in
U937 human monoblastic leukemia cells, apoptosis in re-
sponse to sphingosine was accompanied by the weak acti-
vation of JNK and strong inhibition of MAPK/ERK (117).
Furthermore, while the pan-caspase inhibitor z-VAD-fmk
rescues cells from apoptosis in response to ceramide and

sphingosine, the granzyme B inhibitor z-AAD-fmk and
caspase-8 inhibitor z-IETD-fmk protect against only sphin-
gosine-mediated cell death (118). Furthermore, sphingosine
has been shown to assemble channels in the outer mito-
chondrial membrane of isolated mitochondria; however,
the channels exhibit a significantly shorter halflife than
ceramide channels and are too small to permit the release
to apoptogenic proteins (119). Therefore, there appear to
be fundamental differences in ceramide- and sphingosine-
induced apoptosis.

Sphingosine has also been shown to regulate the expres-
sion of antiapoptotic Bcl-2 proteins to modulate apoptosis.
Exogenous sphingosine downregulates Bcl-2 to promote
apoptosis in HL-60 human AML cells (120). Moreover,
in DU-145 prostate cancer cells, sphingosine suppresses
BclxLL expression to enhance apoptosis (121). However,
the mechanism(s) responsible for these effects remain to
be characterized. Interestingly, depletion of S1P lyase and
the resulting accumulation of SIP have been shown to up-
regulate the expression of antiapoptotic Bcl-2 proteins to
promote chemoresistance and oncogenesis (122). There-
fore, it is possible that sphingosine accumulation disrupts
the sphingosine/S1P balance to alter Bcl-2 and/or Bel<L
expression. In addition, sphingosine has been shown to
regulate sphingosine-dependent protein kinase-1 (SDKI),
a truncated protein containing the kinase domain of PKC3
(123). SDKI1 is directly activated by sphingosine and phos-
phorylates isoforms of 14-3-3 on its dimer interface to pre-
sumably disrupt 14-3-3 dimerization (123, 124). Disruption
in the conformation and/or dimerization of the chaper-
one protein is hypothesized to suppress binding of kinases
involved in signal transduction (124).

Alternatively, sphingosine-induced apoptosis has been re-
ported to initiate at the lysosome. At low to moderate doses,
sphingosine becomes protonated within the acidic environ-
ment of the lysosome to result in the dose-dependent rup-
ture of the lysosomal membrane and release of lysosomal
proteases, such as cathepsin D, which cleave Bid to activate
the mitochondrial pathway (125). Notably, the induction of
autophagy in response to sphingosine has not been re-
ported. However, due to the effects on lysosomal function,
we hypothesize that the lysosomal accumulation of sphin-
gosine will block autophagic flux (Fig. 2). Interestingly, in-
hibition of SK by the pan-SK inhibitor SKI-I has been
demonstrated to result in iDISC-dependent cell death (30).
Although the role of sphingolipids in iDISC formation is
unclear, it is tempting to speculate that sphingosine accu-
mulation and lysosomal dysfunction may disrupt autophagic
flux to mediate the accumulation of autophagosomal mem-
branes for iDISC-dependent cell death. Moreover, due to
the reported effects of sphingosine on Bcl-2 and Bcl-xL ex-
pression, it is possible that sphingosine may regulate the
PIBKC3 complex I. Further study and the use of MS/MS
lipidomics will aid in the identification of sphingosine-spe-
cific effects on the apoptotic and autophagic pathways.

Sphingosine-1-phosphate
Sphingosine-1-phosphate was identified as a promitogenic,
lipid-derived second messenger in 1993 (126). A short time
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later, S1P was shown to have antiapoptotic properties (Fig. 1)
as the lipid antagonized ceramide-mediated apoptosis
through the activation of ERK and suppression of cer-
amide-induced JNK activation (5), thereby establishing
the foundation for the “sphingolipid rheostat.” Further
characterization of S1P-mediated cellular effects has re-
vealed that SK1 and SK2 isoforms differentially regulate
cell fate. While SKI1 activity is associated with mitogenic
and antiapoptotic effects, overexpression of SK2 has been
shown to promote cell death (127-129). Furthermore,
SK1 is an oncogene that is upregulated in many cancers
and associated with drug resistance, whereas expression of
SK2 sensitizes cells to chemotherapeutic agents (130). The
differential cellular effects of SK1 and SK2 are attributed
to differences in ceramide production. SK2 is proposed to
act in conjunction with SIP phosphatase to phosphory-
late/dephosphorylate sphingosine for ceramide produc-
tion via the salvage pathway, while cytosolic SK1 generates
S1P that may suppress ceramide generation (44, 131).

Signaling by S1P occurs through intracellular and extra-
cellular mechanisms (132). SIP is a ligand of five G-protein
coupled receptors, S1P,-S1P;, which are coupled to various
signaling pathways, such as Akt/mTOR (133), NF-«kB (134),
and MAPK (135). S1P also has intracellular functions. For
example, SIP activates calcium channels in a pertussis tox-
in-independent manner to mobilize calcium stores (136).
Notably, the SK2-mediated generation of nuclear S1P inhib-
its the activity of histone deacetylase 1 and 2 (HDACI and
HDAC?2) to regulate gene expression (137). This work iden-
tified S1P as the first nuclear lipid associated with the epige-
netic regulation of gene expression and exposes nuclear
sphingolipid metabolism as an intriguing area of study for
the regulation of autophagy and apoptosis. Interestingly, a
recent study has linked enhanced nuclear S1P in SPP1
deficient fibroblasts with reduced HDAC activity and dys-
regulation of calcium homeostasis (138). Furthermore as
previously noted, the generation of mitochondrial SIP di-
rectly activates Bak to promote the release of cytochrome c;
therefore, further stressing the importance of subcellular
sphingolipid pools in regulating cell fate (64).

Consistent with the generally protective role of SIP,
S1P-induced autophagy (Fig. 2) appears to function as a
survival mechanism. Notably, SK activity is stimulated in
response to nutrient deprivation and mediates the induc-
tion of autophagy for the survival of human breast cancer
MCEF-7 cells during starvation (139). In agreement with
these results, enhanced SK activity has previously been re-
ported during starvation in Saccharomyces cerevisiae, thus
suggesting a general role for SK in stress response (140).
Furthermore, overexpression of SKI induces autophagy
under nutrientrich conditions through the inhibition of
mTOR (139). Importantly, SKI (S1P)-induced autophagy
occurs independently of ceramide synthase and the class I
PI3K signaling arm (139).

In contrast to the overexpression of cytosolic SK1, de-
pletion of ER-localized SPP1 induces the accumulation of
S1P and the induction of autophagy in an ER stress-depen-
dent manner (141). Notably, the induction of ER stress-
mediated autophagy did not stimulate cell death but,
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rather, led to the PERK-dependent activation of Akt to
promote cell survival (141). Interestingly, doxorubicin
treatment dramatically reduces the autophagic activity of
SPP1-depleted cells and sensitizes the cells to apoptosis;
but surprisingly, apoptosis occurred in an autophagy-de-
pendent manner (110). The authors concluded that doxo-
rubicin enhances de novo ceramide synthesis to suppress
Akt and stimulate the calpain-mediated cleavage of Atg,
thus effectively switching protective autophagy in SPPI-
depleted cells to apoptosis (110). It is interesting to note
that although the depletion of ER-localized SPL enhanced
autophagy in this system, the cells were not sensitized to
doxorubicin (110); thus SPP1 and SPL, which mediate the
salvage pathway and irreversible cleavage of SIP, respec-
tively, appear to regulate different pools of S1P.

It is evident that, as with many other sphingolipid me-
tabolites, the intracellular localization of S1P appears to be
an important determinant of S1P-induced autophagy. Like-
wise, the intrinsic and extrinsic regulation of autophagy by
S1P is distinct. Exogenous SIP induces autophagy in hu-
man prostate cancer cells under serum-free conditions
through the S1P;-dependent inhibition of mTOR (142). In
contrast, the binding of exogenous SIP to SIP; activates
mTOR to suppress ceramide-mediated autophagy and res-
cue cells from autophagy-associated cell death (94). Thus,
in addition to inducing autophagy, SIP functions to coun-
ter the effects of ceramide in the sphingolipid rheostat.

Additionally, autophagy has been described in response
to the pan-SK inhibitors SKI-I, dimethylsphingosine, and
SKI-2, as well as the SK2-specific inhibitor ABC294640 (30,
143). Notably, SKI-I has been demonstrated to stimulate the
autophagy-dependent activation of caspase-8 and initiation
of the caspase cascade via iDISC formation (30). In con-
trast, dimethylsphingosine, SKI-2, and ABC294640 induced
autophagic cell death that was associated with a decrease in
Akt activity and upregulation of Beclin 1 (85, 143), mecha-
nisms similar to that described by ceramide. Furthermore,
the watersoluble sphingosine analog FTY720 has been
shown to induce caspase-independent cell death through
the downregulation of nutrient transporters and induction
of autophagy (144, 145). However, treatment with FTY720,
which is reported to inhibit SIP lysase (146), SK1 (147), and
CerS (148, 149), induced such effects independent of cer-
amide production and S1P receptors (145), suggesting a
mechanism that is distinct from ceramide and the SK in-
hibitors described above.

Further study is required to characterize the effects of
SK1 and SK2 in the induction of autophagy and regulation
of cell survival or cell death. Moreover, additional charac-
terization of SIP-mediated autophagy will confirm whether
this pathway functions solely as a protective mechanism
for cell survival or whether S1P can also initiate autophagic
cell death. The induction of exclusively cytoprotective au-
tophagy in response to SIP would be highly interesting
given the association of SKI with chemoresistance (150).

Dihydroceramide

The ceramide precursor, dihydroceramide, contains
the sphingoid base sphinganine rather than sphingosine.



Dihydroceramide has historically been considered to be a
biologically inactive lipid (151); however, recent studies
have proposed a bioactive role for the lipid. For example,
accumulation of dihydroceramides has been implicated in
the induction of cell death in response to the anticancer
agents fenretinide (152) and y-tocotrienol (153) in several
cancer cell lines. In contrast, short and long chain dihy-
droceramides have also been suggested to exhibit anti-
apoptotic effects (Fig. 1), as the lipids are able to inhibit
ceramide channel assembly in isolated mitochondria
(154). Moreover, the ER-localized enzyme dihydroceramide
A4-desaturase 1 (DES1), which metabolizes dihydrocer-
amide to proapoptotic ceramide, requires myristoylation
on its N-terminus for full activity (155). Interestingly, the
N-myristolyation of DES1 has been suggested to target a
portion of the enzyme to the mitochondria in COS-7 cells
to mediate the apoptotic effects of myristic acid (156). Itis
therefore tempting to speculate that the metabolism of
mitochondrial dihydroceramide and removal of an anti-
apoptotic influence may work in conjunction with the lo-
cal accumulation of ceramide to stimulate apoptosis. In
addition, the accumulation of dihydroceramide has been
reported to enhance cell survival and suppress cell prolif-
eration during hypoxia (157). Interestingly, dihydrocer-
amide is proposed to promote cell survival during hypoxia
though the induction of autophagy while also serving as a
lipid reserve for the rapid production of ceramide for cel-
lular damage upon reperfusion (157). If this hypothesis is
validated, dihydroceramide would serve as a unique regu-
lator of cell fate to “switch” cytoprotective autophagy to
ceramide-mediated apoptosis in response to stress. Cur-
rently, several studies have implicated dihydroceramide in
the regulation of autophagy (153, 158-160). While the
studies demonstrate the induction of autophagy in response
to exogenous C2-dihydroceramide or the accumulation of
endogenous dihydroceramide by resveratrol, y-tocotrienol,
and the dihydroceramide desaturase inhibitor XM462, the
signaling pathways responsible for the induction remain
undefined. Further investigation of dihydroceramide is
warranted to confirm what role, if any, the lipid plays in
regulating cell fate.

Gangliosides

Gangliosides, complex glycosphingolipids that are syn-
thesized in the Golgi complex, are characterized by a lac-
toyslceramide backbone and the addition of one, two, or
three sailic acid residues (GM, GD, and GT, respectively).
Like ceramide, gangliosides are involved in apoptosis
(Fig. 1) and autophagy (Fig. 2). The ganglioside GD3 has
been observed to directly permeabilize mitochondria
in vitro as well as induce mitochondrial permeability, cyt ¢
release, and caspase activation in intact cells (161-163).
Mitochondrial permeabilization is inhibited in the pres-
ence of antioxidants and cyclosporin A, thereby indicating
a role for ROS production and Ca” in GD3-mediated mito-
chondrial effects (161, 164). Interestingly, ceramide-mediated
apoptosis has been shown to require GD3 synthesis, and in
fact, apoptosis can be induced upon the transient overex-
pression of GD3 synthase (165). Additional studies have

demonstrated the mitochondrial accumulation of GD3
in several cell lines in response to C2-ceramide or TNF-a
treatment, suggesting that GD3 may contribute to the
apoptotic pathway in intact cells (166-168). GD3 is nor-
mally localized to the plasma membrane and endosomal/
Golgi network; however, upon stimulation, such as TNF-a
treatment, GD3 rapidly redistributes from the plasma
membrane to the endosomal compartment where it colo-
calizes with Rab5-positive early endosomes and Rab7-posi-
tive late endosomes (167). Although the details of GD3
transport remain unclear, transport to the mitochondria is
likely mediated by actin cytoskeleton vesicular trafficking,
as GD3 is observed to colocalize with the actin cytoskele-
ton protein ezrin (169). In addition to direct mitochon-
drial effects, the gangliosides GD1a, GM1, and GD3 have
been shown to suppress NF-kB translocation to the nu-
cleus, thereby blunting the transcription of cytoprotective
genes and promoting apoptosis (170, 171).

On the contrary, ganglioside-induced activation of NF-
kB has been shown to promote autophagic cell death in
astrocytes in a context-dependent manner, as this effect
was not observed in Ewing sarcoma cells regardless of NF-
kB activation (172). Furthermore, ganglioside-induced
autophagic cell death has been shown to be dependent on
the generation of ROS, inhibition of Akt/mTOR, activa-
tion of ERK, and formation of “lipid rafts” (172, 173). The
generation of ROS during starvation is essential for au-
tophagosome formation through the redox regulation of
Atg4 (174). However, a defined role for “lipid rafts” or in-
dividual gangliosides in autophagy is unclear. Moreover,
early work showed that glycosphingolipids are substrates
for the autophagic pathway in HT-29 human colon adeno-
carcinoma cells (175). Interestingly, multidrug resistance
has been associated with the accumulation of glycosylcer-
amides, a precursor of more complex glycosphingolipids,
such as gangliosides (176). Because autophagy serves as a
key cytoprotective mechanism to limit drug-induced apop-
tosis, future study into the role of glucosylceramide/gly-
cosphingolipids and autophagy may provide additional
explanation for the association between (glyco)sphingo-
lipid metabolism and drug resistance.

SUMMARY AND FUTURE PERSPECTIVES

The crosstalk between apoptosis and autophagy is com-
plex, as autophagy has paradoxical functions within the
cell. The induction of autophagy can function as i) a cell
survival mechanism, #7) a mechanism of caspase-indepen-
dent (autophagic) cell death, or i) a mechanism of cas-
pase-dependent (iDISC-mediated) cell death. We propose
that outcome of autophagy induction depends on the bal-
ance of autophagosomal membrane formation (autopha-
gosomeinitiation) and autophagic degradation (maturation).
If autophagosomes readily undergo maturation and deg-
radation, autophagy functions as a cell survival mechanism
to rid the cell of damaged proteins and/or organelles and
provide protection from cell death. However, if autopha-
gosome maturation occurs in excess, extensive degradation
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of cytosolic components will cause the cell to succumb to
caspase-independent, autophagic cell death. In contrast, an
accumulation of unsealed autophagosomal membranes or
immature autophagosomes functions to promote caspase-
dependent cell death through the stabilization of iDISC
and activation of caspase-8. In this respect, any disruption
in autophagic flux may greatly affect cell fate. Further-
more, this model emphasizes the importance of exam-
ining autophagic flux by cotreatment with lysosomal
inhibitors or utilization of tandem-fluorescent LC3 (RFP-
GFP-LC3) when analyzing autophagy in response to sphin-
golipids (24).

As discussed, sphingolipids are critical regulators of
apoptosis and autophagy. Although more investigation is
required, particularly regarding the regulation of au-
tophagy by sphingolipids, some initial conclusions can be
drawn from the current literature. Although ceramide is a
well-established inducer of apoptosis via activation of the
mitochondrial pathway, more recent studies have impli-
cated ceramide in the induction of autophagy. Ceramide
has been demonstrated to initiate autophagy via the activa-
tion of JNK (88, 89), upregulation of Beclin 1 (85, 87, 89,
97, 98) or BNIP3 (84, 102, 103), inhibition of Akt (85),
and the downregulation of nutrient transporter proteins
(86). Furthermore, mitochondrial ceramide appears to di-
rectly interact with autophagosomal membrane-bound
LC3-II to mediate the recruitment of damaged mitochon-
dria to lysosomes for degradation (termed “mitophagy”).
Given the direct effects of ceramide, GD3, S1P, and hexa-
decenal on mitochondrial function, further investigation
of the mechanism and regulation of mitochondrial sphin-
golipid metabolism is warranted.

In addition, a biophysical role for sphingolipids in au-
tophagy is unknown. Notably, although not discussed in
this review, the biophysical properties of ceramide allow
for the induction of membrane curvature, membrane fu-
sion, and the formation of lipid rafts (reviewed in Ref.
177), all or some of which may mediate autophagosome
biogenesis and/or maturation. In support of this hypoth-
esis, a recent study demonstrated that the inhibition of
sphingolipid synthesis in Saccharomyces cerevisiaesuppressed
autophagosome biogenesis through a mechanism that was
both independent of the Atg12-Atgb and Atg8-PE conjuga-
tion systems as well as the formation of preautophago-
somal structures (PAS), suggesting that sphingolipids play
a critical role in the elongation, expansion, or closure of
autophagosomal membranes (95). In addition, de novo
ceramide synthesis is essential for autophagy following
macrophage activation, and ceramide is observed to asso-
ciate with autophagosomes in these cells (90). The isola-
tion and lipidomic analysis of purified autophagosomes
would enhance our understanding of sphingolipids in au-
tophagy and reveal which sphingolipid metabolites regu-
late autophagosome formation.

Interestingly, while the current literature is limited,
sphingolipid metabolites appear to differentially regulate
the function of autophagy (i.e., cytoprotective versus cyto-
toxic), suggesting that sphingolipids may regulate the bal-
ance between autophagosome formation and maturation.
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Consistent with its mitogenic effects, SIP-dependent au-
tophagy has thus far only been associated with cell survival
(139, 141, 142). However, given the contrasting functions
of SKI and SK2 in regulating cell survival, future investiga-
tion into the differential effects of SK1 and SK2 on au-
tophagy induction and function would be intriguing. In
contrast to SI1P, the current literature supports the notion
that ceramide-induced autophagy functions to promote
cell death, either through the induction of autophagic cell
death (84, 88, 97, 98, 102, 103) or by “switching” off au-
tophagy and inducing apoptosis through the calpain-me-
diated cleavage of Atgb (109, 110) and/or iDISC formation
(30). Consistent with the “many ceramides” hypothesis and
recent reports demonstrating the chain-length-specific
properties of ceramides in the induction of apoptosis, it is
likely that individual ceramide species may differentially
regulate autophagy.

In a similar manner to ceramide, ganglioside species
have been reported to induce autophagic cell death (172,
173); however, further investigation is required to deter-
mine whether this occurs through mechanisms that are
similar to or distinct from that of ceramide. Furthermore,
we have hypothesized that the accumulation of sphin-
gosine in response to SK inhibition may promote iDISC
formation as a result of lysosomal dysfunction to mediate
the “switch” between autophagy and apoptosis. Interest-
ingly, the accumulation of dihydroceramides during hy-
poxia is associated with the induction of cytoprotective
autophagy and is hypothesized to function as a “reserve”
for ceramide generation upon reperfusion (157). Given
this hypothesis, it is intriguing to suggest that the accumu-
lation of dihydroceramide serves as an additional “switch”
to regulate cell fate; however, the biological activity of di-
hydroceramide is still controversial and remains unclear.
All in all, further investigation is needed to examine the
role of sphingolipid species in regulating autophagy in-
duction as well as the balance between autophagosome
initiation and maturation.

The association of sphingolipids with autophagy has ex-
posed yet another critical function of the bioactive lipids.
Furthermore, recent progress in elucidating the crosstalk
between apoptosis and autophagy has shed light on new
mechanisms by which sphingolipids may regulate these
processes and control cell fate. The ability to regulate the
crosstalk between apoptosis and autophagy has significant
implications for many diseases. For example, CerS5-medi-
ated autophagy has recently been implicated in lipotoxic
cardiomyopathy and hypertrophy (92). Furthermore, sev-
eral sphingolipid storage disorders (e.g., Sandhoff disease,
Niemann-Pick disease type C) show signs of dysregulated
autophagy (178, 179). Moreover, dysregulated sphingo-
lipid metabolism occurs in numerous cancers and has
been shown to contribute to cancer progression as well as
chemoresistance (4). Interestingly, sphingolipid metabo-
lism is an exploitable target for the generation of novel
chemotherapeutics and has been validated through the
development of several sphingomimetics (4, 41, 180). Al-
though many studies have shown that sphingolipid modu-
lation can promote cancer cell death in vitro and the



suppression of tumor growth in vivo, sphingolipid-induced
autophagy is not clearly understood. Further investigation
regarding sphingolipid-induced autophagy as well as
sphingolipid-mediated crosstalk between apoptosis and
autophagy will help understand how best to modulate au-
tophagy in combination with these agents. Specifically, the
identification of sphingolipid-mediated mechanisms by
which cytoprotective autophagy can be shifted to cell
death may provide a novel strategy to enhance the cyto-
toxic efficacy of sphingomimetics and other chemothera-
peutics.HE
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