
Sphingosine-1-phosphate phosphohydrolase-1
regulates ER stress-induced autophagy
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The sphingolipid metabolites ceramide and sphingosine-1-phosphate (S1P) have recently been implicated in autophagy. In this
study, we report that depletion of sphingosine-1-phosphate phosphohydrolase-1 (SPP1), an endoplasmic reticulum
(ER)-resident enzyme that specifically dephosphorylates S1P, induced autophagy. Although the mammalian target of
rapamycin and class III phosphoinositide 3-kinase/Beclin-1 pathways were not involved and this autophagy was p53
independent, C/EBP homologous protein, BiP, and phospho-eucaryotic translation initiation factor-2a, and cleavage of
procaspases 2 and 4, downstream targets of ER stress, were increased after SPP1 depletion. Autophagy was suppressed by
depletion of protein kinase regulated by RNA-like ER kinase (PERK), inositol-requiring transmembrane kinase/endonuclease-1a,
or activating transcription factor 6, three sensors of the unfolded protein response (UPR) to ER stress. Autophagy triggered by
downregulation of SPP1 did not lead to apoptosis but rather stimulated, in a PERK dependent manner, the survival signal Akt,
whose inhibition then sensitized cells to apoptosis. Although depletion of SPP1 increased intracellular levels of S1P and its
secretion, activation of cell surface S1P receptors did not induce autophagy. Nevertheless, increases in intracellular pools
of S1P, but not dihydro-S1P, induced autophagy and ER stress. Thus, SPP1, by regulating intracellular S1P homeostasis,
can control the UPR and ER stress-induced autophagy.
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Macroautophagy (hereafter referred as autophagy) is a
physiological response to cell stress that involves the
degradation of proteins and organelles for the elimination
of superfluous, damaged or aged cells or organelles. The
sequestration of organelles and long-lived proteins in a
double-membrane vesicle, called an autophagosome, is
controlled by a set of evolutionarily conserved autophagy-
related gene (Atg) proteins. The formation of autophago-
somes is initiated by class III phosphoinositide 3-kinase
(PI3K) and Atg6 (also known as Beclin-1) or through
repression of the mammalian target of rapamycin (mTOR).
Elongation of autophagosomal membranes is mediated
by two ubiquitin-like conjugating systems that convert Atg8
(also known as microtubule-associated protein-1 light
chain-3 (LC3)) from free form to a lipid-conjugated mem-
brane-bound form (LC3-II).1,2 Although autophagy is often
a stress adaptation to avoid cell death (and suppress
apoptosis), in other cellular settings, autophagy may be an
alternative death pathway to cellular demise that is called
autophagic cell death.3

The interconvertable sphingolipid metabolites, ceramide
and sphingosine-1-phosphate (S1P), have long been
proposed to have opposing functions in the regulation of
cell fate.4,5 Whereas ceramide has been associated with cell
growth arrest and apoptosis, S1P stimulates cell growth

and survival.4–6 Recent studies suggest that ceramide and
S1P also have opposing effects on autophagy.7 Elevation
of ceramide promotes accumulation of Beclin-1 and inhibition
of Akt phosphorylation, leading to autophagic cell death.8

In addition to the induction of autophagy by exogenous
short-chain ceramides or tamoxifen,8 the combination of the
multikinase inhibitor sorafenib with histone deacetylase
inhibitors also increases ceramide levels mainly by enhance-
ment of de novo synthesis.9 Increased ceramide synthesis
has been implicated in endoplasmic reticulum (ER) stress,
autophagy, and apoptosis.9 Furthermore, exogenous dihydro-
ceramide, an intermediate in the biosynthesis of ceramide, or
its elevation induced by fenretinide, which stimulates serine
palmitoyltransferase and inhibits the desaturase, also induces
autophagy.10

Surprisingly, however, increasing endogenous S1P levels
by overexpression of sphingosine kinase 1 (SphK1), one
of the isoenzymes that produces it, leads to inhibition of
the mTOR pathway and autophagic cell survival that
protects cells from apoptosis during nutrient starvation.11

Thus, it has been proposed that ceramide-induced autophagy
and S1P-induced autophagy may be mutually exclusive res-
ponses and that autophagy is the mechanism by which the
sphingolipid rheostat controls cell fate decisions.7 Examina-
tion of the enzymes that regulate the balance between
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ceramide and S1P may help to resolve these issues. S1P
levels are regulated by the balance between its synthesis
catalyzed by SphK1 and SphK2 and its degradation by
ER localized S1P phosphatases (SPP1 and SPP2) and S1P
lyase. Interestingly, in Saccharomyces cerevisiae, the homo-
log of SPP1 has been shown to be a key regulator of stress
responses.12,13 Because previous studies have shown that
SPP1 also has a key role in the regulation of the relative levels
of S1P and ceramide and thus cell fate,14 it was important to
examine its function in regulating autophagic responses
leading to cell survival or cell death. Our results suggest that
SPP1, by its influence on intracellular S1P levels, regulates
the unfolded protein response (UPR) and ER stress-induced
autophagy.

Results

Depletion of SPP1 induces autophagy. Overexpression
of sphingosine kinase 1 (SphK1), which increases S1P, has
been shown to induce autophagy.11 It was thus of interest
to investigate the role in the autophagic process of the
counteracting enzyme, SPP1, which decreases S1P levels.
To this end, human breast adenocarcinoma MCF7 cells were
transfected with specific siRNA targeted to SPP1, which
markedly reduced its mRNA (480%) without altering the
expression of other enzymes that regulate S1P levels, inclu-
ding S1P phosphatase-2 (SPP2), S1P lyase (Figure 1a),
and SphK1 and SphK2 (data not shown). This also effectively
decreased SPP1 protein levels, determined by immuno-
blotting with a specific antibody (Figure 1b). Depletion of
SPP1 significantly increased autophagy, as evidenced by the
increased conversion of endogenous LC3/Atg815 to lipidated
LC3-II, as determined by western blotting (Figure 1c), and by
the redistribution of GFP-LC3 fusion protein from a diffusive
cytoplasmic pattern to a punctate pattern, indicative of formation
of autophagic vacuoles (Figure 1d). Almost 40% of the SPP1-
depleted cells were autophagic compared with o10% of the
non-targeting control siRNA transfectants or non-transfected
cells (Figure 1e). Similar results were obtained with siRNAs
targeted to different sequences in SPP1 (Figure 1e), suggesting
that the increased autophagy was not due to off-target effects.

To insure that silencing SPP1 did not induce an incomplete
autophagic process, we also utilized a recently developed
double-tagged mCherry-GFP-LC3 construct,16 which is
detected by its yellow fluorescence (green merged with red)
in non-acidic autophagosomes and as red fluorescence in
acidic autolysosomes due to quenching of GFP. SPP1-deple-
ted cells displayed numerous yellow structures and some
red ones (autophagolysosomes) (Supplementary Figure 1),
demonstrating maturation of autophagosomes and fusion with
lysosomes. Moreover, transmission electron microscopy of
SPP1-depleted cells also revealed the formation of auto-
phagosomes, identified as double-membrane vacuolar struc-
tures containing visible cytosolic content (Figure 1f).

The class III PI3K/Beclin-1 complex and mTOR are not
involved in autophagy triggered by depletion of SPP1.
To examine the mechanism of autophagy induced by deple-
tion of SPP1, we first investigated the canonical autophagy

signaling pathways. Silencing SPP1 did not affect levels
of Beclin-1 (Figure 2a), a component of the class III PI3K
complex, in contrast to nutrient deprivation (Figure 2b). More-
over, downregulation of SPP1 did not affect AMP kinase
(AMPK) that modulates autophagy resulting from mTOR
inhibition,2 nor did it reduce the phosphorylation status of
mTOR itself and that of one of its known downstream effectors,
p70S6K (Figure 2a), suggesting that mTOR is not involved.
However, in agreement with previous studies (reviewed by
Eisenberg-Lerner et al.2), nutrient deprivation increased
phosphorylation of AMPK and decreased that of mTOR and
p70S6K (Figure 2b). To confirm the lack of involvement of the
class III PI3K/Beclin-1 pathway, we analyzed the effects of
3-methyl adenine (3MA), a class III PI3K inhibitor, on auto-
phagy. 3MA did not inhibit autophagy induced by silencing
SPP1 (Figure 2c), yet as expected it markedly reduced
autophagy induced by nutrient deprivation. Because these
data suggest that depletion of SPP1 does not stimulate auto-
phagy through the mTOR or class III PI3K/Beclin-1 signaling
pathways, we next examined whether Atg5, a protein required
in the early stages of autophagosome formation,3 was
involved. Silencing Atg5 decreased its mRNA and protein
expression without affecting SPP1 (Figure 2d), yet markedly
inhibited autophagy triggered by depletion of SPP1 (Figure 2e).

Depletion of SPP1 triggers autophagy by ER stress. As
SPP1 is located at the ER14 and abundant evidence indi-
cates that ER stress is another potent trigger of auto-
phagy,17,18 the involvement of ER stress and the UPR19 in
SPP1-regulated autophagy were examined. Depletion of
SPP1 increased expression of transcriptional regulator
C/EBP homologous protein and Grp78/BiP, a chaperone
protein classically induced during UPR, as well as the
phosphorylation of eukaryotic translation initiation factor-2a
(eIF2a) (Figure 3a) that is usually phosphorylated by
kinase-like endoplasmic reticulum kinase (PERK) during
ER stress.19 Similarly, silencing SPP1 also activated
caspases 2 and 4, ER-resident caspases that are activated
during ER stress,20 as assessed by the disappearance of
their procaspase forms (Figure 3b) and direct enzymatic
assays (Figure 3c). The larger apparent loss of procaspases
2 and 4 (Figure 3b) compared with the increases in activities
of caspases 2 and 4 (Figure 3c) is likely due to the different
types of assays, as the first determines the disappearance
of endogenous proenzymes and the latter measures in vitro
cleavage of artificial fluorescent substrates.

As these data indicate that depletion of SPP1 induces ER
stress and UPR, we next examined whether this mediated the
autophagic response. Downregulation of the expression of
two major ER stress transducers, activating transcription
factor 6 (ATF6) and inositol-requiring transmembrane kinase/
endonuclease (IRE1a) (Figure 3d), completely abrogated
SPP1-regulated autophagy (Figure 3f). Similarly, expression
of dominant-negative PERK (dnPERK), which blocked phos-
phorylation of eIF2a (Figure 3e), also drastically suppressed
autophagy (Figure 3f).

Autophagy induced by SPP1 depletion is not accom-
panied by apoptosis or cell death. While autophagy is
often a stress adaptation to avoid cell death and suppress
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apoptosis, in other cellular contexts, it may also be an
alternative cell death pathway.2,3,18 Thus, we examined
the impact of autophagy resulting from depletion of SPP1
on apoptosis and cell survival. Silencing SPP1 did not
induce apoptosis at any time point examined nor did it
induce cleavage of poly(ADP-ribose) polymerase (PARP)
(Figure 3g), a substrate for caspase-mediated proteolysis
during apoptosis. Next, we investigated whether the lack
of apoptosis was a consequence of the induction of protec-
tive autophagy. However, silencing Atg5, ATF6, or IRE1a, or
expression of dnPERK, each of which completely

suppressed SPP1-regulated autophagy (Figures 2e and 3f),
had no effect on apoptosis (Figure 3h) or cell viability
(Figure 3i).

Autophagy induced by SPP1 depletion is p53-inde-
pendent. Treatment of cells with inducers of ER stress
has recently been shown to stimulate proteosomal degrada-
tion of the tumor suppressor p53 resulting in autophagy.21 As
we demonstrated that depletion of SPP1 triggered autophagy
that was induced through ER stress, we wondered whether
this was also accompanied by degradation of p53. However,
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Figure 1 Depletion of SPP1 induces autophagy in MCF7 cells. MCF7 cells were transfected with control scrambled siRNA or ON-TARGETplus SMARTpool siRNA
targeted to SPP1 (siSPP1) or with individual siRNAs targeted to two distinct SPP1 sequences (siSPP1#1, siSPP1#2), as indicated. (a) SPP1, SPP2, and S1P lyase mRNA
levels were determined by quantitative real-time PCR and normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA. (b, c) Lysates from MCF7 cells
transfected with siControl or siSPP1 were analyzed by immunoblotting with anti-SPP1 antibody (b), or with anti-LC3 antibody (c) and re-probed with anti-tubulin antibody to
insure equal loading and transfer. Numbers indicate fold changes determined by densitometry. (d, e) Twenty-four hours after siRNA transfections as in (a), cells were
transfected with EGFP-LC3. After culturing for an additional 24 h in complete medium, cells were examined by confocal fluorescence microscopy. (d) Representative images
are shown. Scale bars, 10mm. (e) Percentage of cells showing GFP-LC3 fluorescence in puncta was quantified. Mock, untransfected cells. Data are means±S.D. from three
independent experiments. At least 100 cells were analyzed for each. (f) MCF7 cells transfected with siControl or siSPP1 were examined by transmission electron microscopy.
Representative micrographs are shown and atypical autophagosome are boxed and shown at higher magnification. Scale bars, 0.5 mm. *Po0.01 compared with siControl
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in contrast to ER stress induced by tunicamycin or
thapsigargin,21 silencing SPP1 in MCF7 cells did not affect
cytosolic p53 levels (Figure 4a). Moreover, decreasing endo-
genous levels of SPP1 in human HCT116 colon carcinoma
cells with siRNA (Figure 4b) also caused autophagy (Figure 4c
and d). Similar autophagy (Figure 4c and d) was also induced
in an isogenic cell line derived from HCT116 cells, in which
p53 was inactivated by targeted homologous recombination
(Figure 4c). Western blotting also showed increased conver-
sion of endogenous LC3I to LC3II that was independent of
p53 status (Figure 4d). It should be noted that only 35–45%
of GFP-LC3 transfected cells were autophagic due to SPP1
depletion (Figure 4d), which explains the apparent smaller

changes in endogenous LC3II formation determined by
western blotting of cell lysates (Figure 4c). Because MCF7
cells are deficient in Beclin-1 expression,22 we also examined
the involvement of class III PI3K/Beclin-1 complex and mTOR
in Beclin-1 expressing HCT116 cells. Silencing SPP1 in
wild-type or p53-null HCT116 cells did not increase levels
of Beclin-1 nor did it reduce the phosphorylation status of
mTOR (Figure 4e), supporting the lack of involvement of
mTOR and class III PI3K/Beclin-1 pathways in autophagy
triggered by depletion of SPP1. Moreover, as in MCF7 cells,
autophagy was not accompanied by changes in cytosolic p53
levels (Figure 4f), nor did it lead to apoptosis as demonstrated
by a lack of PARP cleavage (Figure 4f).
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Depletion of SPP1 induces Akt phosphorylation that
protects cells from apoptosis. The function of the UPR is
to mitigate ER stress by reducing the accumulation of
misfolded proteins. However, cells die by apoptosis when
these adaptive responses are not sufficient to relieve ER
stress.23 Despite the induction of ER stress, cells depleted of
SPP1 do not die. Thus, we examined whether cell survival
pathways, such as Akt or ERK1/2 that counteract apoptotic
signals, are activated in parallel with ER stress and UPR
induced by depletion of SPP1. We utilized phospho-specific
antibodies to examine phosphorylation of Akt at Thr308 in the
activation loop and at Ser473 at the C terminus, which are

required for full activation.24 Silencing SPP1 markedly
increased phosphorylation of Akt at both Thr308 and
Ser473 (Figure 5a), whereas in sharp contrast, it did not
significantly affect ERK1/2 phosphorylation at Thr202/Tyr204
(Figure 5a). This was not caused by the upregulation of
Akt, as expression of Akt1, Akt2, and Akt3 was unaltered
(Figure 5b). We next examined the effect of AktVIII, a potent
and selective Akt1 and Akt2 inhibitor that inhibited
Akt phosphorylation (Figure 5c). As expected from the well-
known function of Akt to activate mTOR that suppresses
autophagy,25 treatment with AktVIII reduced phosphorylation
of mTOR (Figure 5d) and induced autophagy (Figure 5e and f).
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S Lépine et al

354

Cell Death and Differentiation



Surprisingly, however, AktVIII treatment did not further
enhance autophagy induced by depletion of SPP1
(Figure 5e). In contrast, although AktVIII alone induced
little apoptosis after 48 h (o20%), as was found in another
cell type,26 it significantly sensitized MCF-7 cells to SPP1
depletion-induced apoptosis, as demonstrated by cleavage
of PARP (Figure 5g), increased the number of apoptotic cells
(Figure 5h), and decreased viability (Figure 5i). Even after
72 h of treatment, when AktVII itself increased apoptosis and
decreased viability, it still significantly enhanced the effects
of SPP1 depletion (Figure 5h and i).

Autophagy is triggered by intracellular S1P independent
of its cell surface receptors. Consistent with previous
studies,27,28 silencing SPP1 not only increased intracellular
mass levels of S1P (Figure 6a) and dihydro-S1P (Figure 6b),
but it also slightly increased S1P released into the medium
(Figure 6a), supporting the involvement of SPP1 in regulation
of intra and extracellular levels of S1P. Importantly, no
significant changes were observed in levels of sphingoid
bases (Figure 6c), or even ceramide (Figure 6d) and
dihydroceramide (Figure 6e), which have been implicated
in regulation of autophagy.8–10
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Next, it was important to determine whether intra or
extracellular S1P is responsible for the induction of auto-
phagy. MCF7 cells express three of the five S1PRs, with S1P3

being the most predominant.29,30 However, 100 nM S1P or
dihydro-S1P, both of which also bind and activate all of the
S1P receptors, did not trigger autophagy when added to cells
(Figure 7a). Yet, this concentration of S1P and dihydro-S1P,
which is much greater than the Kd values for the S1P recep-
tors, activated ERK1/2 in these cells (Figure 7b), suggesting

that the lack of effect of these sphingolipids on autophagy
is not due to their inability to signal through S1P cell surface
receptors. Moreover, neither VPC23019, at a concentration
that antagonizes S1P3, nor the S1P2 antagonist JTE-013,
blocked siSPP1-triggered autophagy in these cells
(Figure 7d), although as expected, both VCP23019 and
JTE-013 inhibited S1P-stimulated ERK1/2 activation
(Figure 7c). Moreover, in contrast to depletion of SPP1, which
increased Akt phosphorylation, exogenous S1P-stimulated
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ERK1/2 but not Akt in these cells (Figure 7e). To conclusively
demonstrate that increased levels of intracellular S1P are
responsible for induction of autophagy, we relied on previous
observations that only high concentrations of exogenously
added S1P and dihydro-S1P significantly increase their intra-
cellular levels.31,32 While S1P at 100 nM had no significant
effects on autophagy (Figure 7a), treatment with 10 mM S1P,
which increased the intracellular pools of S1P (Figure 7f),

enhanced autophagy as shown by the increase in GFP-LC3
puncta and by the increased formation of LC3-II (Figure 7g
and h), and slightly increased ER stress as shown by
phosphorylation of eIF2a (Figure 7h). As expected, these
effects of exogenous S1P were less pronounced than those
induced by depletion of SPP1, as depletion of SPP1 increases
the specific pool of S1P in the ER, whereas treatment of cells
with 10 mM S1P increases S1P throughout the cell. However,
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a high concentration of dihydro-S1P, which as previously
reported,32 increased its intracellular level to an even greater
extent (Figure 7f), but did not mimic the effects of S1P on
autophagy (Figure 7g). Taken together, these results indicate
that intracellular S1P, rather than extracellular S1P, is
responsible for induction of autophagy in response to SPP1
depletion.

Although the UPR is known to alleviate ER stress by
reducing accumulation of misfolded proteins,2,18,19 recent
studies demonstrate that the UPR also induces activation of
Akt to protect cells from ER stress-induced apoptosis.33–35

Because activation of the Akt pathway by inducers of ER
stress is often dependent on PERK,33–35 we examined its

role in phosphorylation of Akt induced by SPP1 depletion.
Overexpression of dnPERK not only suppressed phosphory-
lation of eIF2a (Figure 3d) and autophagy (Figure 3e), but it
also reduced Akt phosphorylation (Figure 7i). LY294002, an
inhibitor of PI3K, also markedly reduced Akt phosphorylation
induced by SPP1 depletion (Figure 7j), suggesting that PERK
induced PI3K-dependent Akt phosphorylation. Finally,
although induction of Akt phosphorylation and autophagy
were observed in wild-type mouse embryonic fibroblasts
(MEFs), downregulation of SPP1 in PERK-null MEFs no
longer induced phosphorylation of Akt or eIF2a (Figure 7k)
or triggered autophagy (Figure 7k), further supporting the
importance of PERK in autophagy induced by SPP1 depletion.
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Discussion

In this study, we have shown that SPP1, the enzyme that
specifically dephosphorylates S1P and dihydro-S1P at the
ER, regulates autophagy in diverse cell types. Depletion of
SPP1 in human breast cancer MCF7 cells, HCT116 colon
cancer cells, or in MEFs induced autophagy, even in the
presence of nutrients, as demonstrated by the formation of
autophagosomes and autophagolysosomes, as well as by
LC3 lipidation. In contrast to autophagy mediated by ceramide
elevation,8 neither class III PI3K/Beclin-1 nor mTOR path-
ways were involved, as depletion of SPP1 did not increase
Beclin-1 or inhibit activation of mTOR. Moreover, autophagy
was not decreased by treatment with the class III PI3K
inhibitor 3MA. Consistent with a ceramide-independent effect,
neither ceramide nor dihydroceramide species were elevated
by depletion of SPP1, yet as expected, S1P and dihydro-S1P
levels were significantly increased. Our data indicate that
autophagy induced by downregulation of SPP1 was mediated
by intracellular S1P and not by secreted S1P, as treat-
ment with 100 nM S1P or dihydro-S1P, concentrations that
activate cell surface S1P receptors, did not cause autophagy.
In contrast, increased intracellular pools of S1P, but not of
dihydro-S1P, by treatment with 100-fold higher concentra-
tions similarly induced autophagy. It should be noted that
depletion of SPP1 likely increases specific pools of S1P at
the ER, whereas, treatment of cells with 10 mM probably not
only increases S1P at the ER but also throughout the cell.
Elevation of intracellular S1P by overexpression of SphK1,
like downregulation of SPP1, has previously been reported to
cause autophagy.11 Although this was also characterized by a
lack of robust upregulation of Beclin-1, inhibition of mTOR
signaling was suggested to be involved.11 On the other hand,
autophagy was not altered in S1P lyase-null MEFs, despite
increased S1P and concomitant elevation of both sphingosine
and ceramide.36 As the phosphatase and the lyase are
important for different routes of S1P metabolism, the first
for salvage of sphingolipids and the latter for gene-
ration of phosphatidylethanolamine, they likely have different
functions in regulation of ER homeostasis and autophagy.

Interestingly, downregulation of SPP1 led to activation of
the UPR (Figure 8), an integrated signaling pathway that
senses protein-folding status in the ER to regulate protein
folding capacity and is the hallmark of ER stress.19 The three
essential sensors of the UPR, IRE1a, ATF6, and PERK were
all involved in ER stress induced by depletion of SPP1
(Figure 8). This is unusual as, although PERK and IRE1a
share functionally similar ER lumenal-sensing domains, they
are selectively engaged in vivo by the physiological stress
of unfolded proteins. For example, autophagy induced by
the ER stressors, tunicamycin and thapsigargin, requires
IRE1a expression but not PERK or ATF6.37 It is tempting to
speculate that upregulation of the chaperone protein GPR78/
BiP that maintains ER integrity has an important role in
transducing the ER stress signals on depletion of SPP1. In
unstressed cells, GRP78/BiP binds and inhibits PERK, IRE1,
and ATF6. When misfolded proteins accumulate in the ER,
GPR78/BiP binds to them to promote their folding, and PERK,
IRE1a, and ATF6 are released from GRP78/BiP and become
activated.38 Although the mechanisms that couple the UPR to

autophagy in mammalian cells are not completely understood,
both PERK and IRE1a have been implicated. It has been
suggested that JNK activation mediated by IRE1a is involved
in autophagosome formation.37 A recent report suggested
that phosphorylation of the antiapoptotic protein BCL-2 at the
ER membrane by JNK, possibly by ceramide elevation, may
directly affect the initiation of autophagy by modulating the
activity of Beclin-1.39 Activation of eIF2a by PERK causes
the induction of Atg12 expression by ATF4, which likely
participates in autophagy.17 In this regard, PERK has been
shown to activate Akt as a mechanism to protect cells from ER
stress-induced apoptosis.33–35 Indeed, depletion of SPP1-
stimulated phosphorylation of Akt in a PERK-dependent
manner (Figure 8), without affecting total Akt levels. Similarly,
both tunicamycin and thapsigargin, inducers of ER stress,
activate Akt without increasing its expression.33,40 Not much
is yet known about how PERK activates Akt, but it has been
suggested that phosphorylation of eIF2a by PERK is critical
to the activation of Akt, due to translation inhibition of a protein
that negatively regulates PI3K activity. This leads to the acti-
vation of Akt downstream of PI3K signaling.40 In agreement,
we found that inhibition of PI3K with LY294004 decreased
activation of Akt induced by SPP1 depletion.

Autophagy induced by depletion of SPP1 has unique
characteristics compared with other inducers of ER stress.
First, in contrast to tunicamycin or thapsigargin, which
enhance proteosomal degradation of the tumor suppressor
p53 resulting in autophagy,21 SPP1 downregulation-induced
autophagy did not alter p53 levels and was independent of
p53 status. Second, unlike these chemical ER stressors
that also induce apoptosis,33 SPP1 depletion did not trigger
apoptosis even after prolonged periods of autophagy, despite
activation of caspases 2 and 4. Although a requirement
for caspase 4 in ER-stress-induced apoptosis has been
suggested,41 it is uncertain whether caspase 4 is required for
ER-stress-induced apoptosis in general.18 Moreover, inhibi-
tion of autophagy by dowregulation of three arms of the UPR
did not lead to apoptosis. Our data indicate that regardless of
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the cell type, depletion of SPP1 triggers p53-independent
autophagy that does not lead to autophagic cell death. This is
probably due to activation of Akt in a PERK-dependent
manner, which has a critical role in counteracting ER-stress-
induced apoptotic signaling, thereby controlling cell survival.
Our results support the notion that sphingolipid homeostasis
is important for proper function of the ER.

Materials and Methods
Reagents. Cell culture medium and fetal bovine serum (FBS) were from
Invitrogen (Carlsbad, CA, USA). 3MA was purchased from Sigma (St. Louis, MO,
USA). Monoclonal anti-Beclin-1 was from Bioscience (San Jose, CA, USA);
polyclonal anti-LC3 from Novus Biologicals (Littleton, CO USA); anti-actin, anti-p53,
polyclonal anti-ERK2, anti-GRP78 and anti-p70S6K were from Santa Cruz (Santa
Cruz, CA USA); polyclonal anti-SPP1 was from Pierce (Rockford, IL, USA);
monoclonal anti-IRE1a, anti-Akt1, anti-Akt2, anti-Akt3, anti-AMPK, anti-phospho-
eIFa, anti-phospho-ERK1/2, polyclonal anti-phospho-Akt (Ser473), anti-Akt, anti-
tubulin, anti-mTOR, anti-phospho-mTOR, anti-phospho-AMPK, anti-phospho-
p70S6K (Thr308), and anti-eIF2 were from Cell Signaling (Danvers, MA, USA);
monoclonal anti-ATF6 was from IMGENEX (San Diego, CA USA); monoclonal anti-
caspase 4 from Stressgen (Farmingdale, NY, USA); and anti-Atg5 from Abgent
(San Diego, CA USA).

Plasmids. Plasmid expression vectors encoding GFP-LC3 (pEGFP-LC3) were
provided by T Yoshimori (National Institute of Genetics, Mishima, Japan) and
K Kirkegaard (Stanford University School of Medicine, Stanford, CA). Wild-type and
dnPERK (Myc-tagged PERKDC) and pBABE tandem mCherry GFP-LC3 were
a generous gift from Dr. JA Diehl (University of Pennsylvania) and Dr. Andrew
Thorburn (University of Colorado), respectively.

Cell culture and transfection. Human breast cancer MCF7 cells were
maintained in phenol red-free IMEM, supplemented with 10% heat-inactivated FBS
and 0.25% glucose. Wild-type and p53�/� human colon cancer HCT116 cells,
immortalized wild-type and PERK�/� MEFs were kindly provided by Dr. David Ron
(Skirball Institute, NYU), were maintained in DMEM, supplemented with 10% FBS.
For culture in nutrient-free medium, cells were cultured in Earle’s Balanced Salt
Solution (Sigma), which does not contain serum or amino acids.

MCF7 and HCT116 cells in six-well plates were transfected with siRNAs (50 nM)
using Oligofectamine (Invitrogen). MEFs were transfected with Lipofectamine 2000
(Invitrogen). Expression of SPP1, IRE1a, and Atg5 was downregulated with ON
TARGETplus SMARTpool siRNAs (Dharmacon, Lafayette, CO, USA), unless
indicated otherwise, and ATF6 with siRNA from Qiagen (Valencia, CA, USA). siRNA
sequences are available in Supplementary Table 1. For plasmid transfections,
MCF7 and HCT116 cells were transfected using Fugene 6 (Roche, Basel,
Switzerland) and Lipofectamine 2000 (Invitrogen), respectively. When
co-transfected with siRNA and plasmids, cells were first transfected with siRNA
and then with plasmids the following day.

Quantitative RT-PCR. Cells were disrupted in Trizol reagent (Invitrogen) and
RNA was reverse transcribed with SuperScript II (Invitrogen). For quantitative PCR,
premixed primer-probe sets were purchased from Applied Biosystems (Carlsbad,
CA ,USA) and cDNA was amplified with ABI 7900HT (Carlsbad, CA, USA).

Autophagy assay. MCF7 cells were grown on poly-lysine (Sigma) coated
glass coverslips. Briefly, after transfection with GFP-LC3 and treatments as
described in figure legends, cells were washed with PBS and fixed for 20 min at
room temperature with 4% paraformaldehyde. After washing, coverslips were
mounted on glass slides and examined with a Zeiss (Thornword, NY, USA) LSM
510 laser confocal microscope. Autophagy was quantified in a minimum of 100 cells
per preparation in three independent experiments. Cells with five or more intense
GFP-LC3 puncta were considered autophagic, whereas those with diffuse
cytoplasmic GFP-LC3 staining were considered non-autophagic. Percent
autophagy was determined in a double-blind manner.

Electron microscopy. MCF7 cells were grown on poly-lysine-coated glass
coverslips, washed with PBS and initially fixed with 2% glutaraldehyde in 0.1 M
sodium cacodylate buffer followed by secondary fixation with 1% osmium tetroxide

in 0.1 M sodium cacodylate buffer. The samples were dehydrated through an
ethanol series and embedded in EMbed-812 epoxy resin (Electron Microscopy
Sciences, Hatfield, PA, USA). Samples were thin sectioned at 900 Angströms with a
diamond knife using the LKB 2128 Ultrotome IV (Vienna, Austria) and then stained
with 5% uranyl acetate in 50% methanol and Reynold’s lead citrate. Cells were
observed with a JEOL JEM-1230 transmission electron microscope (JEOL, Tokyo,
Japan), and photographs were taken with a Gating UltraScan 4000 digital camera
(Gatan, Pleasanton, CA, USA).

Apoptosis assay. Apoptotic and necrotic cells were quantified by fluorescence
microscopy after labeling with Hoescht 33342 (10mg/ml) and propidium iodide (10mg/
ml). Cells exhibiting blue condensed or fragmented nuclei were considered apoptotic.
Red nuclei without signs of condensation or fragmentation were considered necrotic.
Cells were observed with a Nikon (Tokyo, Japan) eclipse TE300 fluorescence
microscope. Cell viability was also determined by Trypan blue exclusion.

Caspase activity assays. Caspase 2 and caspase 4 activities, were
determined with a luminescence assay kit (Promega, Madison, WI, USA) and a
fluorescence assay kit (Abcam, Cambridge, MA, USA), respectively, using a Victor
X4 plate reader (PerkinElmer, Waltham, MA, USA).

Western blot analysis. Cells were lysed in buffer containing 20 mM Tris
(pH 7.5), 150 mM NaCl, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM
b-glycerophosphate, 1 mM EDTA, 1 mM sodium orthovanadate, and 1 : 500
protease inhibitor mixture (Sigma). Equal amounts of protein were separated by
SDS-PAGE and transferred to nitrocellulose, incubated with the indicated primary
antibodies overnight, washed, and incubated with appropriate HRP-conjugated
secondary antibodies. Immune complexes were visualized by enhanced chemil-
uminescence (Pierce, Rockford, IL, USA).

Mass spectrometric analysis of lipids. Sphingolipids were quantified
by liquid chromatography, electrospray ionization-tandem mass spectrometry
with a Shimadzu (Columbia, MD, USA) LC-10 binary pump system coupled to a
PerkinElmer Series 200 autoinjector and an Applied Biosystems 4000 QTRAP
operating in a triple quadrupole mode, as described previously.42

Statistical analysis. Experiments were repeated at least three times. Results
were analyzed for statistical significance with the Student’s t-test for unpaired
samples and Po0.05 was considered significant.
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