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Background: The switch between autophagy and apoptosis is an important and complicated process that is not well
understood.
Results: Doxorubicin treatment switches protective autophagy in sphingosine-1-phosphate phosphohydrolase-1 (SPP1)-de-
pleted cells to apoptosis, increasing ceramide synthesis that enhances calpain activation and cleavage of pro-autophagic Atg5,
generating a pro-apoptotic fragment.
Conclusion: Depletion of SPP1 sensitizes cells to doxorubicin-induced apoptosis.
Significance: Sphingolipid metabolites are involved in the cross-talk between autophagy and apoptosis.

Sphingosine 1-phosphate (S1P) and ceramide have been
implicated in both autophagy and apoptosis. However, the roles
of these sphingolipidmetabolites in the links between these two
processes are not completely understood. Depletion of S1P
phosphohydrolase-1 (SPP1), which degrades intracellular S1P,
induces the unfolded protein response and endoplasmic reticu-
lum stress-induced autophagy (Lépine, S., Allegood, J. C., Park,
M.,Dent, P.,Milstien, S., andSpiegel, S. (2011)CellDeathDiffer.
18, 350–361). Surprisingly, however, treatment with doxoru-
bicin, which by itself also induced autophagy, markedly
reduced the extent of autophagy mediated by depletion of
SPP1. Concomitantly, doxorubicin-induced apoptosis was
greatly enhanced by down-regulation of SPP1. Autophagy
and apoptosis seemed to be sequentially linked because
inhibiting autophagy with 3-methyladenine also markedly
attenuated apoptosis. Moreover, silencing Atg5 or the three
sensors of the unfolded protein response, IRE1�, ATF6, and
PKR-like eIF2� kinase (PERK), significantly decreased both
autophagy and apoptosis. Doxorubicin stimulated calpain
activity andAtg5 cleavage, which were significantly enhanced
in SPP1-depleted cells. Inhibition or depletion of calpain not
only suppressed Atg5 cleavage, it alsomarkedly decreased the
robust apoptosis induced by doxorubicin in SPP1-deficient
cells. Importantly, doxorubicin also increased de novo syn-
thesis of the pro-apoptotic sphingolipidmetabolite ceramide.
Elevation of ceramide in turn stimulated calpain; conversely,
inhibiting ceramide formation suppressed Atg5 cleavage and
apoptosis. Hence, doxorubicin switches protective autophagy
in SPP1-depleted cells to apoptosis by calpain-mediated Atg5
cleavage.

Autophagy and apoptosis are important and interconnected
stress-response mechanisms. Although apoptotic cell death,
known as type I programmed cell death, is a universal process
leading to self-killing, autophagy (“self-eating”) is a major pro-
tective pathway that usually helps cells to survive various
stresses. It is generally considered that autophagy and apoptosis
are antagonistic and tend to inhibit each other (1). For example,
autophagy is induced to protect cells when apoptosis is blocked,
whereas autophagy blockade triggers or enhances apoptosis (1).
However, increased formation of autophagosomes can be asso-
ciated with autophagic cell death, termed type II programmed
cell death, and there is still some controversy about the func-
tional role of autophagy in life and death outcomes (2). This
functional duality is also apparent during the unfolded protein
response (UPR),2 the major ER stress pathway (3), which is a
potent stimulus of autophagy. Although the UPR initially
improves folding and degradation of misfolded proteins, if the
UPR is overwhelmed, leading to chronic ER stress, apoptosis
can be initiated. Hence, multiple connections must exist
betweenER stress, autophagy, and apoptosis, and themolecular
interplay and functional relationship between their pathways
are now receiving considerable attention (1).
The sphingolipid metabolites, sphingosine 1-phosphate

(S1P) and its precursor ceramide, have long been implicated as
critical regulators of cell fate decisions (4). Although ceramide
is generally pro-apoptotic and activates both intrinsic and
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extrinsic apoptotic pathways (reviewed in Ref. 5), S1P has been
linked to cell survival and suppression of apoptosis (reviewed in
Refs. 6 and 7). Recent studies have indicated that these sphin-
golipid metabolites are also important regulators of ER stress
and autophagy. Elevation of ceramide, either artificially by
treatment with short-chain ceramides or with the anti-cancer
drug tamoxifen, leads to autophagic cell death triggered by
Beclin 1 or by inhibition of Akt phosphorylation (8). Similarly,
ceramide sensitized multiple cancer cell lines to apoptosis
induced by the commonly used anti-cancer drug doxorubicin
by promoting AMP kinase activation and mTORC1 inhibition
(9). In contrast, increasing S1P by overexpression of sphingo-
sine kinase 1 (10) or by deletion of the ER-resident S1P-degrad-
ing enzyme, S1P phosphohydrolase 1 (SPP1) (11), induced pro-
tective autophagy. Thus, it was of interest to examine the
possibility that these counteracting sphingolipid metabolites,
S1P and ceramide, may be involved in the link between
autophagy and apoptosis.
The autophagy-related gene 5 (Atg5) product, which is

required for the formation of autophagosomes, has been sug-
gested to be a molecular link between autophagy and apoptosis
as its cleavage by calpain destroys its pro-autophagic function
(12) and produces a pro-apoptotic mitochondrion-permeabi-
lizing fragment (13). In this study, we found that deficiency of
SPP1 enhances doxorubicin-induced, calpain-mediated cleav-
age of Atg5. Ceramide, whose synthesis is increased by doxoru-
bicin, also stimulated calpain; moreover, inhibition of ceramide
formation suppressed Atg5 cleavage as well as the robust apo-
ptosis induced by doxorubicin in SPP1-deficient cells. Thus,
doxorubicin switches autophagy in SPP1-depleted cells to apo-
ptosis by calpain-mediated Atg5 cleavage.

EXPERIMENTAL PROCEDURES

Reagents and Plasmids—Cell culture medium and fetal
bovine serumwere from Invitrogen. Doxorubicin, L-3-carboxy-
trans-2,3-epoxypropionyl-leu-amido-(4-guanidino-)butane-
ethylester (E64d), and 3-methyladenine (3MA)were purchased
from Sigma. Fumonisin B1 and myriocin were from Enzo Life
Sciences (Plymouth Meeting, PA). C6:0-ceramide (d18:1/6:0,
N-hexanoyl-D-erythro-sphingosine)was fromAvanti Polar Lip-
ids (Alabaster, AL). The following antibodies were used for im-
munoblotting: rabbit polyclonal anti-LC3 (Novus Biologicals,
Littleton, CO); anti-CHOP, anti-actin, anti-p70S6K, and anti-
GRP78 (Santa Cruz Biotechnology, Santa Cruz, CA); anti-�-
tubulin, anti-phospho-p70S6K (Thr389), anti-cleaved
poly(ADP-ribose) polymerase (PARP), anti-cleaved caspase 7,
anti-phospho-eIF2� (Ser51), anti-Akt, and anti-phospho-Akt
(Ser473) (Cell Signaling, Danvers, MA); anti-Atg5 (Abgent, San
Diego, CA); and anti-beclin (BD Biosciences). GFP-LC3 was
provided by T. Yoshimori (National Institute of Genetics,
Mishima, Japan) andK. Kirkegaard (StanfordUniversity School
of Medicine). Myc-tagged dominant negative PERK (dnPERK)
was from J. A. Diehl (University of Pennsylvania).
Cell Culture and Transfection—Human breast cancer MCF7

andMB-MDA-231 cells weremaintained at 37 °C in 5%CO2 in
phenol red-free improvedminimum essential medium, supple-
mentedwith 10%heat-inactivated fetal bovine serum (FBS) and
0.25% glucose as described (11). SPP1, inositol requiring

enzyme 1 (IRE1�), and calpain small subunit were down-regu-
lated with ON-TARGETplus SMARTpool siRNA (Dharma-
con, Lafayette, CO) exactly as described (11). Where indicated,
24 h after siRNA transfection, cells were transfected with
expression plasmids.
Quantitative RT-PCR—Cells were disrupted in TRIzol rea-

gent (Invitrogen), and RNA was isolated and reverse-tran-
scribed with SuperScript II (Invitrogen). For real-time PCR,
premixed primer probe sets were purchased fromApplied Bio-
systems (Carlsbad, CA), and cDNA was amplified with ABI
7900HT.
Autophagy Assay—Autophagy was determined as described

previously (11). Briefly, after transfection with GFP-LC3 and
treatments as described in the legends for Figs. 1, 2, 4, and 7,
cells were washed with PBS and fixed with 4% paraformalde-
hyde. Coverslips were examined with a Zeiss LSM 510 laser
confocal microscope (Thornwood, NJ). Cells with five or more
intense GFP-LC3 puncta were considered autophagic, whereas
those with diffuse cytoplasmic GFP-LC3 staining were consid-
ered non-autophagic. Autophagy was quantified in at least 100
cells in three independent experiments in a double-blind
manner.
ElectronMicroscopy—For transmission electronmicroscopy,

MCF7 cells were processed and analyzed by a transmission
electron microscope (JEOL JEM-1230, Tokyo, Japan) equipped
with a Gatan UltraScan 4000SP charge-coupled device camera
(Pleasanton, CA) as described (11).
Apoptosis Assay—Apoptotic cells were quantified by fluores-

cencemicroscopy after labelingwithHoechst 33342 (10�g/ml)
(11). Cells exhibiting blue condensed or fragmented nuclei
were considered apoptotic. At least 300 cells in three indepen-
dent experiments were quantified with a Nikon Eclipse TE300
fluorescence microscope (Melville, NY). Cell viability was also
determined by trypan blue exclusion.
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 �-glycerophosphate, 1 mM

EDTA, 1 mM sodium orthovanadate, and 1:500 protease inhib-
itormixture (Sigma). Equal amounts of proteinswere separated
by SDS-PAGE and transblotted to nitrocellulose, blocked with
5% nonfat dry milk for 1 h at room temperature, and then incu-
bated overnight with the appropriate primary antibodies at
4 °C. The appropriate horseradish peroxidase-conjugated sec-
ondary antibodies were added in TBS containing 2.5% nonfat
milk. Immunoreactive signals were visualized by enhanced
chemiluminescence (Pierce Chemical Co).
Sphingolipid Quantitation—Lipids were extracted, and sph-

ingolipid metabolites were quantified by liquid chromatogra-
phy, electrospray ionization-tandem mass spectrometry (LC-
ESI-MS/MS, 4000 QTRAP, Applied Biosystems) as described
(14).
Calpain Activity—Calpain activity was determined with the

Calpain-Glo protease assay kit using a luminogenic succinyl
calpain substrate following the manufacturer’s protocol (Pro-
mega,Madison,WI). Luminescence wasmeasured using a Vic-
tor X4 plate reader (PerkinElmer Life Sciences).
Statistical Analysis—Experiments were repeated at least

three times. Results were analyzed for statistical significance
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with the Student’s t test for unpaired samples, and p� 0.05 was
considered significant.

RESULTS

Doxorubicin Decreases ER Stress-induced Autophagy Result-
ing from SPP1 Depletion—We have recently demonstrated that
depletion of SPP1 leads to activation of the UPR and ER stress-
mediated autophagy in various cell types (11). This autophagy
has unique characteristics as compared with those of other
inducers of ER stress, such as tunicamycin or thapsigargin, as it
did not involve p53 and did not trigger apoptosis, even after
prolonged periods of autophagy or after inhibition of
autophagy. Thus, it was of interest to examine whether this
protective autophagy would influence the effects of the chemo-
therapeutic drug doxorubicin. The high level of autophagy
observed in MCF7 human breast carcinoma cells depleted of
SPP1, determined by the presence of characteristic punctate
fluorescent GFP-LC3 patterns indicating recruitment of LC3

during autophagosome formation,was not altered by treatment
with doxorubicin for 6 h (Fig. 1, A and B). Electron micrograph
images of SPP1-depleted cells 6 h after doxorubicin treatment
confirmed the presence of membrane-bound electron dense
structures sequestering cellular components, a distinctive fea-
ture of double-membrane autophagosomes, single-membrane
autolysosomes, and multivesicular bodies (Fig. 1C). However,
after treatment of control siRNA transfectants with doxorubi-
cin for 6 h, GFP-LC3 was observed predominantly as diffuse
green fluorescence in the cytoplasm (Fig. 1A). Consistent with
previous studies (15, 16), prolonged treatment of these cells
with doxorubicin induced autophagy (Fig. 1B). Surprisingly,
however, doxorubicin decreased autophagy in SPP1-depleted
cells in a time-dependent manner (Fig. 1B). Notably, doxorubi-
cin up-regulated expression of SPP1 in a time-dependent man-
ner (Fig. 1D). However, in siSPP1-transfected cells, its expres-
sionwas stillmarkedly down-regulated even after 48 h (Fig. 1D).
Immunoblots of doxorubicin-treated control scrambled siRNA

FIGURE 1. Effect of doxorubicin on autophagy induced by SPP1 depletion. A and B, MCF7 cells were transfected with control scrambled siRNA (siControl)
or siRNA targeted to SPP1 (siSPP1) and GFP-LC3 as described under “Experimental Procedures.” Cells were then treated with doxorubicin (1 �g/ml) for 6 h (A)
or the indicated times (B and D), and localization of LC3 was examined by confocal microscopy. A, representative images are shown. Scale bars, 10 �m.
B, autophagy was quantified. Data are expressed as the percentage of cells showing GFP-LC3 fluorescence in puncta (autophagosome formation) and are
means � S.D. of three independent experiments. At least 100 GFP-LC3-transfected cells were quantified. C–E, MCF7 cells transfected with siControl or siSPP1
were treated with doxorubicin for 6 h (C) or the indicated times (D and E). C, cells were examined by transmission electron microscopy. Typical autophagosomes
(arrows), autolysosomes (arrowheads), and multivesicular bodies (double arrows) are boxed and shown at higher magnification. Scale bar, 2 �m (panels a, c, and
e) and 0.5 �m (panels b, d, and f). D, SPP1 mRNA levels were determined by quantitative real-time PCR and normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA. E, cell lysates were analyzed by Western blotting using an anti-LC3 antibody. Blots were reprobed with tubulin to ensure equal
loading and transfer.
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(siControl) cells for the autophagymarker LC3 indicated a pro-
gressive conversion of the free LC3-I form over 48 h to its lipi-
dated, autophagosome-associated LC3-II form,with a concom-
itant induction in total LC3 (Fig. 1E). In contrast, conversion to
LC3-II in SPP1 down-regulated cells decreased after treatment
with doxorubicin (Fig. 1E). These data suggest that autophagy
induced by silencing SPP1 inMCF7 cells was not potentiated by
doxorubicin, but rather tended to disappear with time. On the
other hand, doxorubicin did not annihilate the autophagic
process as it was able to induce autophagy in control cells
within the same time frame.
Doxorubicin Also Induces ER stress-mediated Autophagy—It

has previously been demonstrated that autophagy induced by
doxorubicin involves the canonical pathway in which Beclin-1
(also known as Atg6) initiates the generation of autophago-
somes by forming a multiprotein complex with class III PI3K
and repression of the mammalian target of rapamycin (mTOR)
(16). In agreement, doxorubicin increased Beclin-1 expression

and suppressed mTOR activity as demonstrated by inhibition
of phosphorylation of its substrate p70s6 kinase (Fig. 2A). The
effect of 3MA, a class III PI3K inhibitor, on autophagy was next
examined. Interestingly, although 3MA did not inhibit
autophagy induced by silencing SPP1, in agreement with our
previous findings (11), it markedly reduced autophagy induced
by doxorubicin in the presence or absence of SPP1 expression
(Fig. 2B).
The UPR and ER stress-mediated autophagy induced by

SPP1 depletion involves the three canonical branches of the
UPR: PKR-like eIF2� kinase (PERK), activating transcription
factor-6 (ATF6), and IRE1� (11). As the role of these branches
in autophagy induced by doxorubicin is still not clear (17–19),
their contributions to autophagy induction by doxorubicin
were examined. Doxorubicin enhanced expression of CHOP, a
transcriptional regulator that is induced by all three arms of the
UPR (Fig. 2A). To examine the involvement of ER stress trans-
ducers in doxorubicin-mediated autophagy, cells were trans-

FIGURE 2. Doxorubicin and ER stress-mediated autophagy. A, MCF7 cells transfected with siControl or siSPP1 were treated with doxorubicin (1 �g/ml) for
the indicated times. Equal amounts of lysates were resolved by SDS-PAGE and immunoblotted with the indicated antibodies. Blots were reprobed for total
p70S6K to ensure equal loading and transfer. p-p70S6K, phospho-p70S6K. B, MCF7 cells were transfected with siControl or siSPP1 and GFP-LC3. Cells were
treated without (None) or with doxorubicin (Doxo) for 6 or 24 h in the absence or presence of 10 mM 3MA, and autophagy was quantified by confocal
microscopy. Data are means � S.D. of three independent experiments. *, p � 0.01 as compared with cells not treated with 3MA. C, MCF7 cells were co-
transfected with siControl, siSPP1, siIRE1�, siATF6, or dnPERK and GFP-LC3, as indicated. After treatment with doxorubicin for 6 or 48 h, autophagy was
quantified by confocal microscopy. Values are the means � S.D. of three independent experiments. *, p � 0.01 as compared with None. D, MCF7 cells were
co-transfected with siSPP1 and siIRE1�, siATF6, or dnPERK, as indicated, and treated with doxorubicin for 6 h. Cell lysates were analyzed by Western blotting
using an anti-LC3 antibody. Blots were reprobed with actin to ensure equal loading and transfer.
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fected with specific siRNAs targeting IRE1� and ATF6, which
reduced their expression by more than 90%, or dominant-neg-
ative PERK, which blocked phosphorylation of eIF2� (11). Both
markedly reduced autophagy induced by doxorubicin in the
presence or absence of SPP1 expression (Fig. 2C) and decreased
conversion of LC3 to LC3-II (Fig. 2D).
Doxorubicin Sensitizes SPP1-depleted cells to Cell Death—

Altogether, these data demonstrate that although either deple-
tion of SPP1 or treatment with doxorubicin induces ER stress-
mediated autophagy, when combined, autophagywasmarkedly
decreased rather than enhanced. Because ER stress-mediated
autophagy has been shown to protect against cell death in some
conditions (20, 21) and to promote cell killing in others (22), the
possibility that doxorubicin influences the susceptibility of
SPP1-depleted cells to undergo stress-mediated death was next
examined. In agreement with other studies (23, 24), treatment
with doxorubicin induced apoptosis in a time-dependent man-
ner (Fig. 3A). This was accompanied by increased cleavage of
PARP (Fig. 3B), a substrate for caspase-mediated proteolysis,
and increased activation of caspase 7 (Fig. 3B), themain effector
caspase in MCF7 cells (23), as shown by the appearance of
cleaved caspase 7. Although apoptosis was undetectable in
SPP1-silencedMCF7 cells (11), in the presence of doxorubicin,
there wasmarked enhancement of apoptosis (Fig. 3A) as well as
cleavage of PARP and caspase 7 (Fig. 3B). Thus, depletion of
SPP1 sensitized the cells to doxorubicin-induced apoptosis.We
previously showed that increased activation of the survival sig-
nal Akt in autophagy triggered by down-regulation of SPP1
protected cells from apoptosis (11). Indeed, the increased phos-
phorylation of Akt induced by SPP1 depletion was markedly
reduced by doxorubicin (Fig. 3B), consistent with our previous
observation that inactivation of Akt induced apoptosis of SPP1-
depleted cells (11).
Although down-regulation of S1P lyase, another ER-local-

ized enzyme that cleaves S1P irreversibly, also significantly
induced autophagy (10� 1.3% to 48� 10%), it did not sensitize
the cells to doxorubicin-induced apoptosis. However, similar to
SPP1 depletion, treatment with the ER stress inducer tunica-
mycin, an N-linked glycosylation inhibitor, which also by itself

did not induce apoptosis, significantly enhanced apoptosis (Fig.
4A) and PARP cleavage (Fig. 4B) when combined with doxoru-
bicin. It has been suggested that autophagy can become adeath-
promotingmechanismwhen the caspase 3-dependent pathway
is blocked (25). BecauseMCF7 cells are devoid of caspase 3 due
to functional deletion of the CASP3 gene (26), it was of interest
to examine whether SPP1 depletion-mediated autophagy can
be switched to cell death by doxorubicin in other types of can-
cer cells expressing caspase 3, such as HCT116 colon carci-
noma cells. Decreasing endogenous levels of SPP1 in these cells
also caused autophagy, which was also markedly reduced by
doxorubicin (Fig. 4C), as a result of the concomitant increase in
apoptotic cells (Fig. 4D). In this regard, the tumor suppressor
p53, which is up-regulated by doxorubicin, has been shown to
trigger apoptosis while inhibiting autophagy (27, 28). However,
p53 is not involved, as decreased autophagy and increased apo-
ptosis were also observed in SPP1-depleted p53 null HCT116
cells (Fig. 4, E and F). These results suggest that SPP1 plays a
general role in determining sensitivity to doxorubicin-induced
apoptosis.
Apoptosis and Autophagy Are Sequentially Linked—Several

approaches were next utilized to further examine the link
between autophagy and apoptosis. First, the effect on cell death
of 3MA, which suppressed autophagy (Fig. 2B), was evaluated.
3MA did not accelerate apoptosis induced by doxorubicin in
SPP1-depleted cells, but rather significantly reduced it (Fig.
5A). Moreover, down-regulation of the ER stress transducers
ATF6 and IRE1� or expression of dnPERK also significantly
suppressed doxorubicin-induced apoptosis in the absence or
presence of SPP1 expression to similar levels (Fig. 5B). Finally,
silencing Atg5, which is required in the early stages of autopha-
gosome formation, not only suppressed autophagy (Fig. 5C), it
also significantly decreased the robust apoptosis induced by
doxorubicin in SPP1-depleted cells (Fig. 5C) and reduced PARP
cleavage (Fig. 5D).
Autophagy and Apoptosis Are Linked through Atg5 Cleavage

by Calpain—It has previously been suggested that calpain-me-
diated cleavage of Atg5 switches autophagy to apoptosis,
whereby the N-terminal fragment of Atg5 with a molecular

FIGURE 3. SPP1 depletion sensitizes cells to doxorubicin-induced apoptosis. A and B, MCF7 cells transfected with siControl or siSPP1 were treated with
doxorubicin (1 �g/ml) for the indicated times. A, nuclei were stained with Hoechst 33342, and apoptosis was determined by scoring the percentage of cells
displaying fragmented, condensed nuclei. At least three fields were analyzed, scoring a minimum of 300 cells. Data are means � S.D. of three independent
experiments. *, p � 0.01 as compared with siControl. B, equal amounts of lysates from duplicate cultures were resolved by SDS-PAGE and immunoblotted with
antibodies that recognize cleaved PARP, cleaved caspase 7 (Casp 7), and phospho-Akt (p-Akt). Numbers indicate -fold changes determined by densitometry.
Blots were reprobed with anti-actin or anti-Akt to ensure equal loading and transfer.
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mass of 24 kDa is translocated to the mitochondria, inducing
mitochondrial damage leading to apoptosis (13). Therefore, we
first examined calpain activity by measuring cleavage of a suc-
cinyl proluminescent calpain substrate. Depletion of SPP1 itself

only slightly increased calpain activity (Fig. 6A). Doxorubicin
treatment increased calpain activity in a time-dependent man-
ner, reaching amaximumat 24 h, whichwas dramatically accel-
erated in SPP1-depleted cells, and maximum activity was
observed within 6 h (Fig. 6A). Similarly, treatment with the ER
stress inducer tunicamycin also significantly enhanced doxoru-
bicin-induced calpain activity (Fig. 6B). Inhibition of the three
sensors of theUPR and ER stress by silencingATF6 or IRE1� or
overexpression of dnPERK completely prevented the enhanced
calpain activation in SPP1-depleted cells treated with doxoru-
bicin (Fig. 6C).
Next we examined whether cleavage of Atg5 by calpain is a

determinant of conversion of autophagy to apoptosis. Doxoru-
bicin enhanced the appearance of a smaller Atg5 band with the
expected molecular mass of 24 kDa detected with an antibody
against the N terminus of Atg5 (Fig. 7A). Cleavage of Atg5 in
cells depleted of SPP1 was accelerated as the fragment was
detected within 6 h (Fig. 7A), in agreement with increased cal-
pain activity determined at the same time point (Fig. 6A). To
confirm the involvement of calpain-mediated Atg5 cleavage,
the papain-like cysteine protease inhibitor (E64d) was used.
E64d reversed the suppressive effect of doxorubicin on
autophagy mediated by SPP1 depletion (Fig. 7B) and decreased

FIGURE 4. Down-regulation of SPP1 enhances doxorubicin-induced apo-
ptosis independently of p53. A and B, MCF7 cells were treated without
(None) or with doxorubicin (Doxo, 1 �g/ml) in the absence or presence of
tunicamycin (Tun, 2.5 �M) for 48 h. A, apoptosis was quantified. *, p � 0.01 as
compared with cells treated only with doxorubicin. B, PARP cleavage was
determined by Western blotting. C–F, wild-type HCT116 cells (C and D) or
p53�/� HCT116 (E and F) were transfected with siControl or siSPP1 without or
with GFP-LC3 and treated with doxorubicin (1 �g/ml) for 24 and 48 h, respec-
tively, and autophagy (C and E) and apoptosis (D and F) were determined.
*, p � 0.01 as compared with siControl treated with doxorubicin. Error bars in
panels A and C–F indicate means � S.D.

FIGURE 5. Autophagy and apoptosis are sequentially linked. A, MCF7 cells
transfected with siControl or siSPP1 were treated with doxorubicin (1 �g/ml)
in the absence (None) or presence of 10 mM 3MA for 48 h, and apoptosis was
determined. B, MCF7 cells were co-transfected with siControl, siSPP1, siIRE1�,
siATF6, or dnPERK, as indicated. Apoptosis was quantified after 48 h of treat-
ment with doxorubicin. C, MCF7 cells co-transfected with siControl or siSPP1
and siAtg5 were treated with doxorubicin (1 �g/ml) for the indicated times,
and autophagy and apoptosis were determined. *, p � 0.01 as compared with
None. †, p � 0.01 as compared with siControl. Error bars in panels A–C indicate
means � S.D. D, MCF7 cells co-transfected with siControl or siSPP1 and
siATG5 were treated with doxorubicin for 48 h. Cell lysates were analyzed by
Western blotting using antibodies for Atg5 and cleaved PARP. Blots were
stripped and reprobed with anti-tubulin to ensure equal loading and transfer.
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doxorubicin-induced apoptosis in SPP1-depleted cells (Fig.
7C). Treatment with E64d, in agreement with its inhibitory
effect on calpain activity, decreased cleavage of Atg5 (Fig. 7D).
To further substantiate the involvement of calpain, its expres-
sion was down-regulated by more than 85% with a specific
siRNA (Fig. 7E). Depletion of calpain also attenuated doxoru-
bicin-induced switching of autophagy (Fig. 7F) to apoptosis
(Fig. 7G). Doxorubicin treatment did not induce cleavage of
Atg5 in these calpain-deficient MCF7 cells (Fig. 7H), further
supporting the notion that calpain is the major protease
responsible for this cleavage. Altogether, these results indicate

that calpain-mediated Atg5 cleavage switches autophagy to
apoptosis in SPP1-depleted cells treated with doxorubicin.
Involvement of Ceramide Formation in Atg5 Cleavage and

Apoptosis—Numerous studies have indicated that increased de
novo synthesis of ceramide, the precursor of sphingosine and
S1P, is one factor that determines sensitivity to chemothera-
peutics such as doxorubicin (5, 29–31). Because depletion of
SPP1markedly sensitizes cells to doxorubicin-induced apopto-
sis, we examined the effect of treatment with doxorubicin on
sphingolipid metabolite levels in SPP1-depleted cells. In agree-
ment with previous studies (11, 32, 33), we found that down-

FIGURE 6. Doxorubicin-induced calpain activity is enhanced in SPP1-depleted cells. A, MCF7 cells transfected with siControl or siSPP1 were treated without
or with doxorubicin (Doxo, 1 �g/ml), and calpain activity was measured at the indicated times with a luminescence assay. *, p � 0.01 as compared with siControl
treated with doxorubicin. B, MCF7 cells were treated for 6 h with vehicle, doxorubicin (1 �g/ml), tunicamycin (Tun, 2.5 �M), or both, and calpain activity
measured. *, p � 0.01 as compared with vehicle. C, MCF7 cells were co-transfected with siControl, siSPP1, siIRE1�, siATF6, or dnPERK, as indicated, and treated
with doxorubicin (1 �g/ml) for 6 h, and calpain activity was measured. Activities were normalized to untreated siControl cells (None) at time 0. *, p � 0.01 as
compared with None. Error bars in all panels indicate means � S.D.

FIGURE 7. Atg5 cleavage by calpain is involved in switching ER stress-mediated autophagy to apoptosis in SPP1-depleted cells. A, MCF7 cells trans-
fected with siControl or siSPP1 were treated with doxorubicin (1 �g/ml) for the indicated times. Equal amounts of cell lysates were analyzed by Western
blotting with an anti-Atg5 antibody. Blots were reprobed with tubulin to ensure equal loading and transfer. B and C, MCF7 cells transfected with siControl or
siSPP1 without or with GFP-LC3 were treated with doxorubicin in the absence (None) or presence of E64d (10 �g/ml) for 48 h, and autophagy (B) and apoptosis
(C) were determined. D, MCF7 cells transfected with siSPP1 were treated with doxorubicin (1 �g/ml) for 48 h in the absence or presence of E64d (10 �g/ml), and
cleavage of Atg5 was determined by Western blotting. E, MCF7 cells were transfected with siControl or siCalpain, and calpain expression was quantified by
quantitative PCR and normalized to GAPDH expression. F–G, MCF7 cells transfected with siControl or siSPP1 without or with siCalpain were treated with
doxorubicin for 48 h, and autophagy (F) and apoptosis (G) were determined. H, MCF7 cells transfected with siSPP1 without or with siCalpain were treated with
doxorubicin for 48 h, and cleavage of Atg5 was determined by Western blotting. *, p � 0.01, **, p � 0.05. Error bars in panels B–G indicate means � S.D.
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regulation of SPP1 increased intracellular levels of S1P and
dihydro-S1P (Fig. 8A). Treatment with doxorubicin enhanced
these increases in phosphorylated sphingoid bases. Although
the changes in cellular S1P levels appear small, it should be
noted that it is still not possible with current technology to
determine S1P levels in the ER where SPP1 is located and that
local increases in S1P could be much larger. In agreement with
previous studies (5, 29, 31, 34), doxorubicinmarkedly increased
ceramide levels in the presence or absence of SPP1 (Fig. 8B).
Almost all ceramide specieswere increasedwith a predominant
increase in the C16:0 species (Fig. 8B). Increases in C18:0,
C22:0, andC24:1 were alsomore pronounced in SPP1-depleted
cells (Fig. 8B).
Next, we asked whether ceramide elevation leads to calpain

activation. To this end, cells were treated with C6-ceramide, a
short-chain analog that is readily taken up by cells and con-
verted to endogenous long-chain ceramides (35). Mass spec-
trometry analysis revealed that levels of endogenous long-chain
ceramide species were significantly increased, particularly
C16:0, C18:0, C22:0, and C24:1, within 3 h after C6:0-ceramide
treatment (Fig. 9A). Calpain activity was increased up to 5-fold
concomitantly with ceramide elevation (Fig. 9B).
Pretreatment with fumonisin B1, an inhibitor of ceramide

synthase, or myriocin, an inhibitor of serine palmitoyltrans-
ferase, the first committed step in de novo synthesis of cer-
amide, as expected reduced ceramide elevation in response to
doxorubicin (data not shown). Importantly, fumonisinB1 (FB1)
or myriocin suppressed autophagy in SPP1-depleted cells (Fig.
10, A and C). Moreover, these inhibitors drastically inhibited

the robust apoptosis observed in SPP1-depleted cells treated
with doxorubicin (Fig. 10, B andD). Furthermore, inhibition of
ceramide generation by FB1 or myriocin suppressed Atg5
cleavage in SPP1-depleted cells treated with doxorubicin (Fig.
10E). These results suggest that ceramide elevation in response
to doxorubicin contributes to Atg5 cleavage.

DISCUSSION

We previously demonstrated that increasing intracellular
S1P at the ER by suppressing expression of SPP1 induces ER
stress and triggers p53-independent autophagy that does not
lead to autophagic cell death (11). Moreover, SPP1 levels
change in response to some stimuli that alter the UPR. Analysis
ofMCF7 breast cancer cells overexpressing XBP-1, a transcrip-
tion factor that participates in the UPR and confers both estro-
gen independence and anti-estrogen resistance, revealed that
SPP1was among the genes that were significantly up-regulated
(36). In agreement, we found that doxorubicin, similar to other
stimuli that alter the UPR, up-regulates SPP1. Interestingly, a
systematic analysis using an RNA interference screen across a
broad range of cancers to define critical pathways of drug resis-
tance and sensitivity identified the ceramide transport protein
(CERT) and SPP1. Out of more than 50 siRNAs targeted to
ceramide metabolism-related genes (the “ceramidome”), only
expression of CERT and SPP1 was found to be important for
sensitivity of breast cancer cells to doxorubicin (34). In the pres-
ent study, we examined howdepletion of SPP1 sensitizesMCF7
cells to doxorubicin-induced apoptosis.

FIGURE 8. Effect of doxorubicin on levels of sphingolipid metabolites in SPP1-depleted cells. A and B, MCF7 cells transfected with siControl or siSPP1 were
treated without (None) or with doxorubicin (Doxo, 1 �g/ml) for 24 h. Lipids were extracted, and S1P, dihydro-S1P (DH-S1P), sphingosine (A), and ceramide
species (B) were determined by LC-ESI-MS/MS. Numbers indicate chain length followed by the number of double bonds in the fatty acid. Data are averages of
triplicates and expressed as pmol of lipid/mg of protein. *, p � 0.01 as compared with untreated cells. †, p � 0.01 as compared with siControl. Similar results
were found in three additional experiments. Error bars in both panels indicate means � S.D.
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We have now shown that treatment of SPP1-depleted cells
with doxorubicin decreases the number of autophagic cells and
switches them to apoptosis. As both ER stress and autophagy
are self-limited processes that usually protect cells from cell
death by diverse mechanisms, it is reasonable that induction of
apoptosis would be coupled to inactivation of autophagy. In
agreement, inhibition of ER stress by inactivation of the three
sensors of the UPR to ER stress, IRE1�, ATF6, and PERK, or by
attenuating autophagy with 3-methyladenine also markedly
suppressed apoptosis in SPP1-depleted cells treated with doxo-
rubicin. Moreover, in agreement with other studies, we found
that doxorubicin significantly enhanced de novo biosynthesis of
ceramide (5, 31, 34), and inhibition of ceramide formation also
reduced apoptosis. It was initially thought that ceramide
induced autophagic cell death by up-regulating Beclin 1 expres-
sion in a JNK-dependent manner (8, 37), by the cell death-
inducing mitochondrial BH3-only protein, BNIP3 (38), or by
down-regulation of nutrient transporters (39). Ceramide also
suppresses Akt and thus interferes with mTOR signaling and
other survival pathways (8, 40). However, other studies indicate
that ceramide elevation may be linked to protective autophagy.
Down-regulation of ceramide synthase 2 (Cers2), although
decreasing very long-chain ceramides and increasing long-
chain C14 and C16 ceramides, did not induce apoptotic cell
death but rather induced autophagy and UPR (41). However,

decreasing C16:0-ceramide by down-regulation of CerS6
induces ER stress via the ATF6/CHOP arm, which leads to cell
death, whereas C18:0 ceramide generated by CerS1 has pro-
apoptotic effects (42). This is reminiscent of studies in worms
where ceramides with different chain lengths have opposing
effects on survival; although very long-chain C24-C26 cera-
mides increase sensitivity to anoxia-mediated death, shorter-
chain C20-C22 ceramides decrease it (43). These results sug-
gest that ceramides with different fatty acid chain lengths in
specific subcellular locations might have distinct functions in
regulation of UPR, ER stress, autophagy, and apoptosis. More-
over, it has also become increasingly evident that the location of
S1P formation dictates its function (44). In agreement with this
notion, although decreasing degradation of S1P by depletion of
S1P lyase also induced autophagy, it did not sensitize cells to
doxorubicin. It should be noted that the lyase and SPP1 have
distinct actions. Although dephosphorylation of S1P by SPP1 is
important for the salvage pathway and formation of sphingo-
sine and ceramide, the lyase degrades S1P irreversibly to phos-
phoethanolamine (precursor of phosphatidylethanolamine)
and hexadecenal, a bioactive product that also induces apopto-
sis (45).
We have now examined the molecular events induced by

doxorubicin that switch protective autophagy in SPP1-depleted
cells to apoptosis and shown that calpain-mediated cleavage of

FIGURE 9. C6:0-ceramide is rapidly converted to endogenous long-chain ceramides and activates calpain. A and B, MCF7 cells were treated with the
indicated concentrations of C6-ceramide (C6-Cer) for 3 h. A, generation of endogenous ceramide species was analyzed by LC-ESI-MS/MS. Data are averages of
triplicates and expressed as pmol of lipid per million cells. B, calpain activity was measured in duplicate cultures with a luminescence assay. *, p � 0.01 as
compared with vehicle-treated cells. Error bars in both panels indicate means � S.D.

FIGURE 10. Fumonisin B1 and myriocin suppress doxorubicin-mediated autophagic cell death. MCF7 cells transfected with siControl or siSPP1 were
treated with doxorubicin (1 �g/ml) in the absence or presence of FB1 (25 �M) (A and B) or myriocin (10 �M) (C and D) for the indicated times, and autophagy (A
and C) and apoptosis (B and D) were determined. *, p � 0.01 as compared with vehicle-treated cells. Error bars in panels A–D indicate means � S.D. E, equal
amounts of MCF7 cell lysates transfected with siSPP1 and treated with doxorubicin (Doxo) in the absence or presence of FB1 or myriocin as indicated were
analyzed by Western blotting with an anti-Atg5 antibody. Blots were reprobed with tubulin.
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Atg5, which is indispensable for autophagosome formation, is
the key that connects autophagy and apoptosis. It has previ-
ously been demonstrated that proteolysis of Atg5 by the calci-
um-dependent cysteine protease calpain destroys its pro-au-
tophagic function (12), while generating a pro-apoptotic
mitochondrion-permeabilizing fragment (13). Several lines of
evidence indicate that this truncated fragment of Atg5 is the
major contributor to the switch between protective autophagy
and apoptosis that we observed. First, depletion of SPP1
enhanced doxorubicin-induced calpain activity and cleavage of
Atg5. Second, inhibition or down-regulation of calpain sup-
pressed Atg5 cleavage and apoptosis induced by doxorubicin in
SPP1-depleted cells. Third, down-regulation of Atg5 also sup-
pressed doxorubicin-induced apoptosis in these cells. Fourth,
ceramide, whose synthesis is enhanced by doxorubicin, also
stimulated calpain, and inhibition of ceramide biosynthesis
with FB1 or myriocin not only suppressed Atg5 cleavage but
also the robust apoptosis induced by doxorubicin in SPP1-de-
ficient cells. Hence, ceramide formation in response to doxoru-
bicin activates calpain-mediated Atg5 cleavage that in turn
switches autophagy in SPP1-depleted cells to apoptosis. Simi-
larly, in prostate cancer cells, melanoma differentiation-associ-
ated gene 7 (mda-7)/interleukin-24 (IL-24) enhanced cleavage
of Atg5 by calpain and facilitated a switch from autophagy to
apoptosis that was also dependent on ceramide generation (46).
Furthermore, it was recently reported that cis-4-methylsphin-
gosine phosphate, a semisynthetic analog of S1P formed at the
ER, induces ER stress and calcium release, leading to activation
of calpain and caspases and neuronal apoptosis (47). In this
regard, S1P generated in the ER membrane was shown many
years ago to activate release of calcium from inositol 1,4,5-tris-
phosphate-sensitive calcium pools (48). It is therefore possible
that S1P accumulation in the ER could also contribute to
enhancement of calpain activity and Atg5 cleavage in SPP1-
depleted cells. Because depletion of SPP1 activates Akt in a
PERK-dependent manner that counteracts ER stress-induced
apoptotic signaling (11), our finding that doxorubicin inhibits
Akt activation in these cells suggests an additional mechanism
for enhancement of apoptosis. As mentioned above, these
effects could be attributed to ceramide elevation as ceramide
has been long known to potently inhibit activation of Akt (49).
This notion is in agreement with the observation that a specific
Akt inhibitor also induced apoptosis in SPP1-depleted cells
(11).
Taken together, our results solidify the notion that sphingo-

lipid metabolic pathways are involved in governing the cross-
talk between autophagy and apoptosis.
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