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ABSTRACT
The bioactive sphingolipid metabolite sphingosine-1-phosphate (S1P) and the enzyme that produces it,
SPHK1 (sphingosine kinase 1), regulate many processes important for the etiology of cancer. It has been
suggested that SPHK1 levels are regulated by the tumor suppressor protein TP53, a key regulator of cell
cycle arrest, apoptosis, and macroautophagy/autophagy. However, little is still known of the relationship
between TP53 and SPHK1 activity in the regulation of these processes. To explore this link, we examined
the effects of inhibiting SPHK1 in wild-type and TP53 null cancer cell lines. SK1-I, an analog of sphingosine
and isozyme-specific SPHK1 inhibitor, suppressed cancer cell growth and clonogenic survival in a TP53-
dependent manner. It also more strongly enhanced intrinsic apoptosis in wild-type TP53 cells than in
isogenic TP53 null cells. Intriguingly, SK1-I induced phosphorylation of TP53 on Ser15, which increases its
transcriptional activity. Consequently, levels of TP53 downstream targets such as pro-apoptotic members
of the BCL2 family, including BAX, BAK1, and BID were increased in wild-type but not in TP53 null cells.
Inhibition of SPHK1 also increased the formation of autophagic and multivesicular bodies, and increased
processing of LC3 and its localization within acidic compartments in a TP53-dependent manner. SK1-I also
induced massive accumulation of vacuoles, enhanced autophagy, and increased cell death in an SPHK1-
dependent manner that also required TP53 expression. Importantly, downregulation of the key regulators
of autophagic flux, BECN1 and ATG5, dramatically decreased the cytotoxicity of SK1-I only in cells with
TP53 expression. Hence, our results reveal that TP53 plays an important role in vacuole-associated cell
death induced by SPHK1 inhibition in cancer cells.

Abbreviations: ER: endoplasmic reticulum; GFP: green fluorescent protein; LC3: microtubule associated
protein 1 light chain 3; PBS: phosphate-buffered saline; RFP: red fluorescent protein; SPHK1: sphingosine
kinase 1; S1P: sphingosine-1-phosphate; AMPK: AMP-activated protein kinase
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Introduction

Sphingosine-1-phosphate (S1P) is a bioactive sphingolipid
metabolite produced from sphingosine by 2 sphingosine kinase
isoforms, SPHK1 and SPHK2, that regulate many processes
important for the etiology of cancer, such as cell growth, resis-
tance to apoptosis, angiogenesis, invasion, and inflammation,
to name a few.1-3 SPHK1 levels are elevated in many types
of cancers including lung,4,5 kidney,6 colon,7,8 breast,9,10 pros-
tate,11 stomach,12 non-Hodgkin lymphoma,13 chronic myeloid
leukemia,14 astrocytoma,15 glioblastoma,16 and hepatocellular
carcinoma,17 and are associated with higher tumor grade and
worse prognosis.18 Therefore, targeting SPHK1 to reduce S1P
levels has been suggested to be an attractive chemotherapeutic
approach, and several SPHK1 inhibitors show significant
potential in preclinical cancer models.18-20

The tumor suppressor TP53, often referred to as the “guard-
ian of the genome,” is a critical transcription factor that can
induce cell cycle arrest, promote cell death, regulate autoph-
agy,21 and contribute to the ability of cells to adapt to and sur-
vive metabolic stresses.22 The importance of TP53 to
tumorigenesis is clear as mutations of this gene occur in well
over 50% of all human cancers.23 Previous studies suggest an
association between SPHK1 and TP53, as genotoxic stresses
that activate TP53 reduce SPHK1 protein levels in cultured
cells.24 Accumulation of TP53 in response to genotoxic insults
leads to activation of the lysosomal protease CTSB (cathepsin
B), which in turn degrades SPHK1.24 An important role for
SPHK1 in TP53 actions has been suggested based on the obser-
vation that deletion of Sphk1 in trp53 null mice reduces thymic
lymphomas and prolongs life span.25 TP53 tumor suppression
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by loss of SPHK1 is due to increased levels of sphingosine that
are accompanied by increased expression of cell cycle inhibitors
and tumor cell senescence.25 However, whether SPHK1 activity
affects TP53 or its targets has not been investigated.

TP53 has a complex role in regulation of autophagy.21,26 On
the one hand, TP53 stabilization and activation stimulate
autophagy through transcription-independent mechanisms
involving AMPK activation, MTOR inhibition, or transcrip-
tion-dependent mechanisms by upregulation of PTEN27,28 or
DRAM.29 On the other hand, cytosolic TP53 inhibits autoph-
agy.26 Yet, much less is known of the functions of SPHK1 and
S1P in autophagy. Previous studies suggested that SPHK1 and
S1P induce autophagy to protect cells from apoptosis during
nutrient starvation.30 Similarly, in primary neurons cytosolic
S1P was reported to regulate neuronal autophagy. SPHK1-S1P
enhances flux through autophagy and, conversely, the S1P-
metabolizing enzyme SGPL1 (sphingosine-1-phosphate lyase
1), decreases this flux.31 Depletion of SGPP1 (sphingosine-1-
phosphate phosphatase 1), which specifically dephosphorylates
S1P and increases intracellular pools of S1P, also induces
autophagy and ER stress.32 However, more recently it was
shown that knocking out SPHKs in macrophages increases
sphingosine and results in the accumulation of autophago-
somes,33 yet inhibition of SPHK1 dynamically upregulates
autophagic flux in primary mouse embryonic fibroblasts.34

Autophagy plays an important physiological role in main-
taining cell homeostasis in the face of various types of stress.
However, high levels of autophagy can lead to a special type of
cells death known as autophagic cell death.35-38 Little is still

known about the relationship between TP53 and SPHK1 activ-
ity in the regulation of autophagy, and particularly of the mech-
anisms that govern the switch between survival and autophagic
cell death. Therefore, in this study we used a SPHK1 isotype-
specific inhibitor to explore this link. Our results revealed that
inhibiting SPHK1 in human colon cancer cells leads to activa-
tion of TP53 and subsequent regulation of pro-apoptotic medi-
ators of the BCL2 family. In addition, we observed that
inhibition of SPHK1 greatly increased autophagic flux and cell
death that was dependent on the autophagic regulators BECN1
and ATG5 in a TP53-dependent manner. Therefore, our results
suggest that TP53 is an important determinant of autophagic
cell death induced by SPHK1 inhibition in cancer cells.

Results

The SPHK1 inhibitor SK1-I suppresses cancer cell growth
and survival in a TP53-dependent manner

TP53 is a key tumor suppressor that is mutated in a majority of
human cancers.23 Previous studies suggest a link between TP53
and the bioactive sphingolipid metabolites ceramide and
S1P.39-41 Because TP53 is required for degradation of SPHK1
in response to chemotherapy,24 and deletion of Sphk1 attenu-
ates cancer in trp53 null mice,25 it was of interest to examine
the involvement of TP53 in cancer cell killing induced by
SK1-I, a SPHK1-specific inhibitor.42 In agreement with numer-
ous studies showing that inhibition of SPHK1 reduces growth
and survival,18 SK1-I treatment resulted in death of HCT116

Figure 1. SK1-I decreases cancer cell growth and survival in a TP53-dependent manner. (A-C) Wild-type and TP53¡/¡ HCT116 cells were treated with vehicle or with the
indicated SK1-I concentrations for 24 h and the percentage of dead cells determined by live-dead assays. n = 4. (B) Immunoblots with the indicated antibodies for cells in
panel (A). (C) Representative images of cells treated with 10 mM SK1-I for 24 h: live, green; dead, red. White arrowheads point to dead cells. (D-F) Wild-type and TP53¡/¡

HCT116 cells were treated without or with 10 mM SK1-I for the indicated times (D) or with the indicated concentrations of SK1-I for 72 h (E) and cell proliferation deter-
mined. n = 3. (F) Wild-type, TP53¡/¡ and P21¡/¡ HCT116, DLD (mutant TP53), HT29 (mutant TP53), MCF7 (wild-type TP53), and BT474 (mutant TP53) cells were plated as
single cell suspensions in 60-mm dishes and cultured 10 d for clonogenic assays. Colonies were fixed, stained, and colonies of >50 cells were counted. Survival data are
expressed as percentage of colonies formed for each cell type treated with vehicle. n = 3. In (A,D,E,F) data are mean § SEM; ns, not significant; �p � 0.05; ��p � 0.005;
#p� 0.0005. Scale bars: 10 mm.
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colon carcinoma cells as demonstrated by live-dead staining
with calcein-AM to visualize live cells, and with red-fluorescent
ethidium homodimer-1 for dead cells (Figure 1A-C). SK1-I
also greatly inhibited growth of HCT116 cells in time-
(Figure 1D) and dose-dependent manners (Figure 1E). Surpris-
ingly, however, isogenic HCT116 cells in which TP53 was
inactivated by targeted homologous recombination were signif-
icantly more resistant to SK1-I than wild-type TP53 HCT116
cells (Figure 1A-E). Next, we used a clonogenic assay to deter-
mine cell reproductive death induced by SK1-I. Wild-type
TP53 HCT116 cells were more effectively killed by low concen-
trations of SK1-I than their TP53-deleted counterparts
(Figure 1F). However, HCT116 cells deleted for the TP53-regu-
lated protein P21 were as sensitive to SK1-I as wild-type
HCT116 cells (Figure 1F). Likewise, colon cancer cells with
known TP53 mutations, such as DLD1 and HT29,43 had
increased survival over a broad range of SK1-I concentrations
(Figure 1F). Similar results were observed with breast cancer
cell lines: MCF7 cells that express wild-type TP53 were also
more sensitive to SK1-I killing than BT474 breast ductal carci-
noma cells with mutant TP53 (Figure 1F).

Inhibition of SPHK1 with SK1-I activates TP53 and intrinsic
apoptotic pathways

In agreement with previous studies,42 SK1-I induced the cleav-
age of CASP3 (Figure 2A), a hallmark of apoptosis.44 However,
cells lacking TP53 had significantly less CASP3 cleavage com-
pared to their wild-type TP53 isogenic counterparts following
SK1-I treatments (Figure 2A,B). SK1-I also induced cleavage of
the initiator CASP9 to its catalytically active form in both colon
(Figure 2C) and H460 lung cancer cells (Figure 2D) expressing
wild-type TP53. There was significantly less CASP9 cleavage in
HCT116 TP53¡/¡ cells (Figure 2C) and H1299 lung cancer cells
that lack TP53 expression45 (Figure 2D,E). H1299 TP53-null
cells were also significantly less sensitive to SK1-I in clonogenic
assays (Figure 2F).

Because targeting the SPHK1-S1P axis reduces cancer cell
survival in vitro and in pre-clinical cancer models,18 we exam-
ined whether different reductions in S1P levels might account
for the observed resistance to SK1-I-induced cell death in cells
lacking TP53. However, mass spectrometry analysis revealed
no differences in basal levels of S1P and dihydro-S1P between
wild-type and TP53 null cells (Figure 2G-I), and SK1-I reduced
their levels to a similar extent (Figure 2G-I). In vitro activity
assays also revealed no differences in basal SPHK1 activity
between cells with or without TP53 (Figure 2J). Therefore, we
focused on investigating the effects of SK1-I on TP53-depen-
dent pathways of programmed cell death. Although activation
of TP53 by genotoxic stress induces proteolysis of SPHK1,24,25

and some SPHK1 inhibitors also induce SPHK1 degradation,46

no reduction in SPHK1 levels after SK1-I treatment was
detected (Figure 3A). However, SK1-I treatment induced rapid
phosphorylation of TP53 on Ser15 (Figure 3A), which stabilizes
and promotes its activity.47 Phosphorylation of TP53 on Ser15
was increased nearly 6-fold by SK1-I and remained elevated for
at least 6 h (Figure 3B). SK1-I did not affect the total levels of
TP53 (Figure 3A). Consistent with the notion that activation of
AMPK in response to energetic stress induces phosphorylation

of TP53 at Ser15,48 SK1-I also enhanced phosphorylation
of AMPK (Figure 3C), as did sphingosine, and sphingosine
in combination with PF543, a potent SPHK1 inhibitor
(Figure 3C). Moreover, similar to other water-soluble synthetic
sphingolipids,49,50 SK1-I triggered internalization of the glucose
transporter SLC2A1/GLUT1 (Figure 3E).

In addition to increased phosphorylation of TP53 on Ser15,
which regulates its transcriptional activity,47 SK1-I treatments
also increased the levels of TP53 apoptotic target genes, includ-
ing BAX (BCL2 associated X, apoptosis regulator),51 BAK1
(BCL2 antagonist/killer 1),52 and BID (BH3 interacting domain
death agonist),53 in time- and concentration-dependent man-
ners (Figure 3F,G). In contrast, expression of these pro-apopto-
tic proteins was not increased by SK1-I in TP53 null cells
(Figure 3F,G). Treatment with SK1-I also increased the alterna-
tively spliced highly apoptotic short form of BCL2L11/BIM
(BCL2 like 11) in colon cancer cells expressing wild-type TP53,
but not in TP53¡/¡ cells (Figure 3F), in agreement with studies
suggesting that BCL2L11/BIM can be indirectly upregulated by
TP53.54 SK1-I treatment did not increase levels of the extra-
long form of BCL2L11/BIM (Figure 3F).

Activation of pro-apoptotic members of the BCL2 family
and BAX-BAK1 oligomerization in the mitochondrial outer
membrane results in loss of mitochondrial transmembrane
potential and cell death.55 The cationic fluorochrome tracer
JC-1 (5,5 0,6,6 0-tetrachloro-1,1 0,3,3 0-tetraethylbenzimidazolcar-
bocyanine iodide) incorporates into the mitochondrial mem-
brane and emits green light (indicates normal potential) in the
monomeric state or red (indicates loss of membrane potential)
in the aggregated state, and can reliably provide a measure of
the inner mitochondrial transmembrane potential.55 In cells
with wild-type TP53, SK1-I treatment resulted in a significant
loss of mitochondrial membrane potential as shown by a red
shift in JC-1 dye staining (Figure 3H-J). However, the JC-1 red:
green ratio in cells lacking TP53 expression was unchanged
after SK1-I treatment (Figure 3 H-J). Thus, inhibition of
SPHK1 activates TP53 and its targets, leading to loss of mito-
chondrial membrane potential, and suggests that it can induce
intrinsic apoptotic cell death.

Involvement of TP53 in autophagy induced by SK1-I

TP53 also plays a critical, albeit complex role in the regulation
of autophagy, and can act as a positive or negative regulator,
depending on its cellular location26 and the nature of the
stimulus.56 Because SPHK1 has also been implicated in autoph-
agy,31,33,34,57 it was of interest to investigate the effects of inhib-
iting SPHK1 on autophagic processes in cells with or without
wild-type TP53. In cells with TP53, and in agreement with pre-
vious results,34 SK1-I increased processing of the cytosolic solu-
ble MAP1LC3/LC3 (microtubule associated protein 1 light
chain 3) form (LC3-I) to its lipidated membrane-bound form
(LC3-II)58 (Figure 4A). In addition, SK1-I treated cells devel-
oped dilated vesicles that were positively stained with the cat-
ionic amphiphilic tracer Cyto-ID (Figure 4B) that selectively
labels autophagic bodies.59 Redistribution of GFP-LC3 fusion
protein from a diffuse cytoplasmic pattern to a punctate pat-
tern, indicative of the formation of autophagic vesicles, was
also observed (Figure 4C,D). Electron micrograph images of
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cells 4 h after SK1-I treatment confirmed formation of dilated
amphisomes, and 24-h post-treated cells had membrane-bound
electron dense autophagic and multivesicular body structures
(Figure 4E, zoom box). Intriguingly, based on the redistribution
of GFP-LC3, almost 50% of the TP53 wild-type HCT116 cells
treated with 10 mM SK1-I for 6 h showed an accumulation of
autophagosomes compared with <15% of the untreated con-
trols (Figure 4D), whereas in TP53 null HCT116 cells SK1-I-
induced autophagy was greatly reduced, with only 25% of the
cells showing increased autophagosomes (Figure 4D). Similar
differences in GFP-LC3 redistribution between HCT116 with
wild-type TP53 and HCT116 TP53 null cells were observed at
lower SK1-I concentrations (Figure 4D).

SK1-I-induced autophagic flux and accumulation of
enlarged vacuoles requires TP53

We further examined differences in autophagic activity using
immunoblotting to determine processing of LC3-I to LC3-II in
cells with and without wild-type TP53. Consistent with the mas-
sive formation of autophagic vesicles observed with SK1-I, LC3-
II was increased in these cells in concentration- (Figure 5A) and
time-dependent manners (Figure 5B). However, in TP53 null

HCT116 cells, LC3-II levels were significantly lower compared
to their isogenic counterparts following SK1-I treatment
(Figure 5A-C). In HCT116 cells, SK1-I increased LC3-II in the
presence of the lysosomal protease inhibitors E64d, leupep-
tin, and pepstatin A (E/L/P) at 5 h and more significantly
at 20 h (Figure 5D,E), compared to E/L/P treatment alone
(Figure 5D,E), suggesting that the enhanced LC3 lipidation
was due to induced autophagosome biogenesis and
increased autophagic flux at later time points. However, this
enhancement of LC3-II accumulation in the presence of
lysosomal inhibitors was greatly reduced in TP53 null
HCT116 cells (Figure 5D,E). As an additional approach to
monitor autophagic flux, cells were transfected with tan-
dem-fluorescent LC3 (RFP-GFP-LC3) and the RFP:GFP
fluorescence ratio was used to monitor its association with
autophagosomes (less acidic) or amphisomes and autolyso-
somes (more acidic), which attenuates GFP but not RFP
fluorescence. In cells with wild-type TP53, intermediate
(7 h) and long exposures (18 h) to SK1-I led to a red-shift
(Figure 5F,I), and significant increases in RFP:GFP ratios
(Figure 5H,K). However, consistent with reduced levels of
LC3-II over a similar period, cells lacking TP53 had much
less intensely red vesicles (Figure 5G,J), and had

Figure 2. Inhibition of SPHK1 with SK1-I induces cleavage of CASP3 and CASP9 in a TP53-dependent manner. (A-C) Wild-type and TP53¡/¡ HCT116 cells were treated
with vehicle or with increasing concentrations of SK1-I for 12 h (A,C) and analyzed by immunoblotting with the indicated antibodies, and cleaved CASP3 quantified by
densitometry (B). n = 3. (D,E) H460 lung cancer cells with wild-type TP53, and H1299 TP53 null lung cancer cells were treated with vehicle or with SK1-I for 24 h, analyzed
by immunoblotting with the indicated antibodies (D), and cleaved CASP9 quantified (E). n = 3. (F) Survival of H460 and H1299 cells was evaluated in clonogenic assays
with 10 mM SK1-I. Cells were plated as single cell suspensions in 6-well dishes and cultured 10 d. Colonies were fixed, stained, and colonies of >50 cells were counted.
Survival data are expressed as percentage of colonies formed for each cell type treated with vehicle (NT, not treated). n = 3. (G-I) LC-ESI-MS/MS analysis of S1P and dihy-
dro-S1P in the indicated cell lines treated with 10 mM SK1-I for the indicated times (G,H) or for 2 h (I). Units are lipid per mg protein. (J) SPHK1 activity in wild-type and
TP53¡/¡ HCT116 cell extracts was measured with NBD-sphingosine as substrate.60 Data are mean § SEM. n = 3. �p � 0.05; ns, not significant.
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significantly lower RFP:GFP ratios (Figure 5H,K). These
results suggest that SK1-I-induced accumulation of RFP-
GFP-LC3 within the acidic environment of autolysosomes is
lower in cells lacking TP53 expression.

We have previously shown that the SPHK1-selective inhibi-
tor and sphingosine mimetic SK1-I induces the formation and
accumulation of intracellular dilated vacuoles that require the
sphingosine backbone and that further vacuole enlargement
depends on the inhibition of SPHK1 and accumulation of
sphingosine in these vesicles.34,60 In agreement, SK1-I induced
the formation of dilated vacuoles in HCT116 and H460 cells

expressing wild-type TP53. However, significantly fewer
vacuoles were present in HCT116 TP53¡/¡ cells or in H1299
cells lacking TP53 (Figure 6A,B). We also generated CRISPR-
Cas9-induced TP53 gene deletion in H460 cells (H460crTP53;
Figure 6C), in which SK1-I induced fewer vacuoles (Figure 6D,
E). Re-expression of wild-type TP53 in H460crTP53 restored
vacuole formation (Figure 6D,E). Furthermore, transfection of
wild-type TP53 into HCT116 TP53¡/¡ cells also significantly
enhanced LC3 lipidation induced by SK1-I, whereas transfec-
tion with S15A mutant TP53 did not (Figure 6F,G).

Figure 3. SK1-I increases TP53 phosphorylation and activation of BCL2-related pro-apoptotic proteins. Wild-type TP53 HCT116 cells (A,C,F,G) and TP53¡/¡ HCT116 cells (F,
G) were treated with 10 mM SK1-I for the indicated times (A,G), or with the indicated concentrations of SK1-I for 12 h (F), or for 5 h with 10 mM SK1-I (C), 10 mM sphingo-
sine (C), or pre-treated with 1 mM PF543 for 30 min followed by10 mM SK1-I (C). Cell lysates were analyzed by immunoblotting with the indicated antibodies. (B,D) Densi-
tometric quantification of phospho-TP53 (Ser15) shown in panel A (n = 4), or phospho-AMPK in panel C (n = 3). (E) Confocal images of H460 cells treated with vehicle or
with 10 mM SK1-I for 4 h and immunostained with anti-SLC2A1/GLUT1. Nuclei were labeled with Hoechst. (H-I) Confocal live cell images (H,I) and accompanying red:
green fluorescence quantification (J) of TP53 wild-type H460 (H) and TP53 null H1299 (I) cells labeled with JC-1 dye following treatment for 8 h without or with 7.5 mM
SK1-I. n = 6. Data are mean § SEM. ns, not significant. �p � 0.05; #p � 0.0005.
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SK1-I enhanced autophagic flux and increased
vacuolization-associated cell death in an SPHK1-
dependent manner

Consistent with our observations that sphingosine-like inhibi-
tors generate small vacuoles in sphk1¡/¡ MEFs that do not fuse

upon prolonged treatment,34,60 SK1-I induced fewer and much
smaller vacuoles in H460 cells in which SPHK1 was deleted
using CRISPR-Cas9 (H460crSPHK1) as compared to the
parental cell line (Figure 7A-D), suggesting that vacuole
enlargement is SPHK1 dependent. These SPHK1 null cells were

Figure 4. SK1-I induces autophagy in HCT116 cells. (A) Wild-type HCT116 cells were treated for 12 h with the indicated SK1-I concentrations and extracts immunoblotted
for LC3 and GAPDH. (B) Live cell confocal images of HCT116 cells with wild-type TP53 treated with vehicle or 10 mM SK1-I for 7 h and labeled with Cyto-ID. Red arrow-
heads indicate autophagic vacuoles. (C, D) Wild-type HCT116 (C, D) or TP53¡/¡ HCT116 cells (D) transfected with GFP-LC3 were treated with vehicle or 10 mM SK1-I for
3 h (C), or with the indicated concentrations of SK1-I for 3 h (D). Cells were examined by confocal fluorescence microscopy, and representative images are shown (C). Per-
centage of cells showing 5 or more intense GFP-LC3 fluorescent puncta was quantified (D). At least 100 cells were analyzed for each. Data are means § S.D. n = 3. ns, not
significant. �p � 0.05; ��p � 0.005. (E) Transmission electron micrographs of HCT116 cells treated with 10 mM SK1-I for the indicated times. Representative micrographs
are shown. Black arrowheads point to dilated vesicles; asterisks (�) indicate multivesicular bodies; and zoom box demarcates a morphologically multilamellar vesicle. Scale
bars: (B) 10 mm; (E) as indicated.
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also resistant to SK1-I killing, as demonstrated by clonogenic
assays (36.4% vs 99.2% cell survival of H460 cells versus
H460crSPHK1 cells following treatment with 10 mM SK1-I).
Moreover, as revealed by examining LC3 lipidation by immu-
noblotting, SK1-I-induced autophagosome formation and

enhanced autophagic flux at 20 h were significantly decreased
in Sphk1¡/¡ cells, and LC3-II did not further accumulate in the
presence of lysosomal inhibitors in contrast to their effects in
Sphk1+/+ cells (Figure 7E, F). These results further confirm the
specificity of SK1-I as a SPHK1 inhibitor42 and suggest that

Figure 5. SK1-I increases LC3 processing in a TP53-dependent manner. (A-E) Wild-type HCT116 cells and TP53¡/¡ HCT116 cells were treated with the indicated SK1-I con-
centrations for 12 h (A), with 10 mM SK1-I for the indicated times (B), or with the indicated treatments and times (D); E/L/P was 10 mM E64d, 1 mg/ml leupeptin, 10 mg/
ml pepstatin A, and 10 mM SK1-I. For combo, cells were pretreated with E/L/P for 30 min followed by SK1-I. Cell lysates were immunoblotted with the indicated antibod-
ies. (C,E) Densitometric analysis of LC3-I and LC3-II shown in panels (B) and (D), respectively. n = 3. Note: no time-dependent changes in LC3-II were observed after treat-
ment with vehicle in (D). (F-K) Confocal images of wild-type HCT116 (F), TP53¡/- HCT116 (G), H460 cells with wild-type TP53 (I), or H1299 TP53 null cells (J) expressing
RFP-GFP-LC3 treated with a vehicle or 7.5 mM SK1-I for 7 h (F,G) or 18 h (I, J), and RFP:GFP fluorescence ratio determined (H, K). n = 4. Data are means § S.E.M. ns, not
significant. �p � 0.05; ���P�0.001. Scale bars: 10 mm. In panels (D, E), zoom boxes outline LC3 puncta that were distinctly red, yellow, and/or green.
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accumulation of vacuoles is a determinant in SK1-I-induced
cell death.

Because vacuoles do not accumulate in SPHK1 null cells
under basal conditions, it was suggested that SPHK2 compen-
sates for the loss of SPHK1 in specific cell types to prevent the
accumulation of sphingosine in vacuoles.34,60 Indeed, only
sphk1 and sphk2 double-knockout mice and not single knock-
out mice are embryonic lethal with defective vascularization.61

We have previously shown that vacuoles are not observed upon
SPHK1 inhibition by the more potent inhibitor PF543. How-
ever, inhibition of SPHK1 by PF543 significantly prolongs

sphingosine-induced vacuole accumulation.34,60 Therefore, to
more closely mimic the effects of SK1-I, we treated cells with
PF543 together with sphingosine. Consistent with its effect on
vacuoles, PF543 also increased LC3 lipidation induced by
sphingosine as well as phosphorylation of TP53 on Ser15
(Figure 7G). Because both sphingosine and ceramide have been
implicated in autophagy,34 it was also important to examine
whether conversion of sphingosine to ceramide was involved.
To this end, cells were treated with fumonisin B1 (FB1), which
inhibits all ceramide synthases.62,63 Consistent with a previous
report,34 FB1 significantly increased LC3-II in response to

Figure 6. TP53 is required for SK1-I-induced accumulation of enlarged vacuoles and autophagy. (A, B) Phase contrast images and quantification of TP53WT and TP53¡/¡

HCT116 cells (A), or H460 cells with wild-type TP53 and H1299 TP53-null cells (B), treated with 10 mM SK1-I for 1 h. (C) Immunoblot of H460 and CRISPR-Cas9-deleted TP53
H460 cells (H460crTP53). (D) Phase contrast images of H460, H460crTP53 cells transfected with an empty plasmid, or H460crTP53 cells transected with a plasmid expressing
wild-type TP53, treated with vehicle or 10 mM SK1-I for 2 h. (E) Quantification of vesicle-positive cells in panel (D). (F,G) HCT116 wild-type cells transfected with empty vector,
and HCT116 TP53¡/¡ cells transfected with empty vector, or plasmids encoding wild-type TP53, or the TP53S15A mutant treated with 10 mM SK1-I for 12 h. Cell lysates were
immunoblotted with anti-LC3 or the indicated antibodies. (K) Densitometric analysis of LC3-I and LC3-II shown in panel (J) n = 3. Scale bars (A, B, D): 10 mm.
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sphingosine (Figure 7H,I), as well as phosphorylation of TP53
(Figure 7J,K).

SK1-I mediates ATG5- and BECN1-dependent cell death in
a TP53-dependent manner

As SK1-I triggers both autophagic and apoptotic pathways in a
TP53-dependent manner, it was important to examine in more

detail the predominant cytotoxic mechanism of SK1-I action.
To this end, following SK1-I treatments, flow cytometry was
used to analyze cell populations stained with ANXA5, a marker
of early apoptotic cell death, and 7-AAD, a fluorescent DNA
intercalator that is excluded from live cells. SK1-I caused an
increase in the population of cells stained by ANXA5 and 7-
AAD (Figure 8A-C). However, because necroptotic cells can
also be stained with ANXA5 prior to the loss of plasma

Figure 7. SK1-I induces accumulation of vacuoles, autophagy, and cell death in an SPHK1-dependent manner. (A, B) Immunoblots with the indicated antibodies (A) and
SPHK1 isotype-specific activity assay (B) of H460 and CRISPR-Cas9-deleted SPHK1 H460 (H460crSPHK1) cells. (C, D) Phase contrast images (C) of H460 and H460crSPHK1
treated with 10 mM SK1-I for 1 h, and quantification of vacuole-positive cells and vacuole size (D) in panel C. n = 6. (E) Wild-type and sphk1¡/¡ MEFs treated with vehicle,
10 mM SK1-I alone, or E64d (10 mM), leupeptin (1 mg/ml), and pepstatin A (10 mg/ml) (E/L/P), or a combination of SK1-I and E/L/P for the indicated times. Cell lysates
were immunoblotted with the indicated antibodies. n = 3. (F) Densitometric analysis of LC3-II shown in panel (D). Note: no time-dependent changes in LC3-II were
observed after treatment with vehicle. (G) HCT116 cells were treated with SK1-I (10 mM), or sphingosine (10 mM) in the absence or presence of PF543 (1 mM) for 5 h. Cell
lysates were immunoblotted with the indicated antibodies. (H,I) H460 cells were treated with SK1-I (10 mM), or sphingosine (10 mM) in the absence or presence of fumo-
nisin B1 (FB1, 50 mM) for 12 h. Cell lysates were immunoblotted with the indicated antibodies and blots quantified by densitometric analysis (I). n = 3. (J, K) HCT116 cells
were treated with SK1-I (10 mM), or sphingosine (10 mM) in the absence or presence of FB1 (1 mM). NT, not treated. Cell lysates were analyzed by immunoblotting with
anti-phospho-TP53 (Ser15) and blots quantified by densitometric analysis (K). n = 3. Data are means§ S.E.M. ns, not significant. �p � 0.05.
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membrane integrity, suggesting that phospholipid scrambling
occurs during several mechanisms of cell death,64 it was impor-
tant to determine whether apoptosis was the primary mecha-
nism of cell death in SK1-I-treated cells. To this end, cells not
stained with 7-AAD but positively stained with ANXA5 were
also assessed for CASP3-CASP7 activation using CellEvent TM
CASP3-CASP7 Green, a cell-permeable fluorogenic probe that
is intrinsically nonfluorescent; CASP3-CASP7-dependent
cleavage results in unquenching that makes the probe detect-
able by fluorescence. In contrast to the apoptosis-inducing
agent TNFSF10/TRAIL in which nearly all of the ANXA5+ 7-
AAD¡ cells contained activated CASP3-CASP7 (indicating
early apoptosis), CASP3-CASP7 was only activated in a small

population of the SK1-I-treated ANXA5+ 7-AAD¡ population
(Figure 8C, D), indicating that apoptosis is not a major compo-
nent of cell death induced by SK1-I.

Autophagy is a critical process that recycles cellular compo-
nents to provide energy and metabolites during nutrient stress
conditions, and plays housekeeping roles that remove damaged
organelles or misfolded proteins from the cell. However, exces-
sive autophagy can also lead to a type of cell death distinct
from apoptosis,35 and is defined as being dependent on auto-
phagic regulator proteins and increased autophagic flux.21

BECN1 and ATG5 are autophagy-related proteins that play
integral roles in the regulation of autophagy.65 Because SK1-I
induced formation of autophagic vesicles and increased

Figure 8. Depleting BECN1 or ATG5 reduces SK1-I cytotoxicity. (A, B) Representative flow cytometry analysis of wild-type HCT116 cells treated with the vehicle (A) or
12.5 mM SK1-I (B) for 24 h followed by ANXA5 and 7-AAD staining. (C) Flow cytometric analysis of cells treated with the indicated concentrations of SK1-I for 24 h and
labeled with CellEvent TM CASP3/7 Green for the final 6 h of SK1-I treatment followed by ANXA5 and 7-AAD staining. (D) Percentage of ANXA5+ 7-AAD- cells containing
activated CASP3 and CASP7 in panel (C). TNFSF10/TRAIL-treated (100 ng/mL for 6 h) HCT116 wild-type cells were included as a positive control. (E) Wild-type HCT116 cells
transfected with scrambled siRNA (siControl), siRNA targeting ATG5 (siATG5), or siRNA targeting BECN1 (siBECN1) were treated with 10 mM SK1-I for 20 h and cell lysates
immunoblotted with the indicated antibodies. (F-H) HCT116 wild-type (F-H) and TP53-/- null (F, H) cells transfected with the indicated siRNAs were treated with 10 mM
SK1-I (F, G) or with the indicated SK1-I concentrations for 12 h (H). n = 3. (G,H) Representative live or dead images (G) and live or dead quantification (H). White arrow-
heads in (G) point to dead cells. (I) Clonogenic assay of wild-type HCT116 cells transfected with siControl, siATG5, or siBECN1 treated with vehicle or the indicated SK1-I
concentrations, cultured for 10 d, and colonies of >50 cells counted. n = 3. (J) Cell lysates of duplicate cultures in panel (I) were immunoblotted with the indicated anti-
bodies (F-I). n = 3, mean § S.D. ns, not significant; �p�0.05; ��p�0.005; ���P�0.001;����P�0.0005.
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processing of LC3 and its localization within acidic compart-
ments, suggesting increased autophagic flux, we next examined
the role of autophagy in the cytotoxic effects of SK1-I. To this
end, expression of ATG5 or BECN1 was downregulated
(Figure 8E,F), which severely impaired SK1-I-induced LC3 lipi-
dation levels (Figure 8E). Importantly, in cells transfected with
a nontargeting control siRNA (siControl), SK1-I increased cell
death (Figure 8G,H) in a concentration-dependent manner
(Figure 8H), and reduced survival in clonogenic assays
(Figure 8I). In stark contrast, cells transfected with siRNAs tar-
geting BECN1 or ATG5 were significantly protected from the
cytotoxic effects of SK1-I (Figure 8G,H), and had an increased
number of surviving colonies (Figure 8I). In cells lacking TP53
expression, depletion of either BECN1 or ATG5 (Figure 8F)
had no significant effects on SK1-I killing efficacy (Figure 8H).
Therefore, these results indicate that SK1-I can trigger autopha-
gic cell death in a TP53-dependent manner.

Discussion

The autophagic and apoptotic pathways intersect under stress
conditions that significantly deprive cells of nutrients or upon
exposure to chemotoxic agents. Autophagy is activated as a cel-
lular survival and adaptation program. However, in severe cel-
lular stress conditions, it can proceed as an alternative cell
death pathway.21,66 The bioactive sphingolipid metabolites cer-
amide, sphingosine, and S1P have been implicated in regulation
of both autophagy and apoptosis.18,67,68 Cells tightly regulate
levels of these interconvertible sphingolipid metabolites as their
opposing signaling pathways are determinants of cell fate, often
referred to as the “sphingolipid rheostat”.69 SPHK1 is a key reg-
ulator of the sphingolipid rheostat and the balance between
pro-death sphingosine and ceramide and prosurvival S1P.
Indeed, and in agreement with previous studies,42 inhibition of
SPHK1 with SK1-I induced apoptosis, autophagic flux, and
accumulation of enlarged vacuoles, and decreased reproductive
viability. Remarkably, however, these were dependent on the
presence of TP53. Interestingly, we observed that inhibition of
SPHK1 led to increased phosphorylation of TP53 on Ser15 and
subsequent upregulation of pro-apoptotic BCL2 family mem-
bers including BAD, BAK1, and BID, This is consistent with
previous observations that overexpression of SGPL1, which
reduces S1P levels, promotes apoptosis in response to DNA
damage through a pathway involving TP53.41

Similar to other sphingosine analogs that reduce the cell sur-
face availability of nutrient transporters,49,50 SK1-I also induced
translocation of the glucose transporter SLC2A1/GLUT1 from
the cell surface to dilated intracellular vacuoles. The vacuoliza-
tion triggered by these compounds has been suggested to limit
nutrient acquisition pathways and lead to nutrient stress, thus
limiting tumor growth.49,50 Accompanying the accumulation of
dilated intracellular vacuoles, SK1-I, or sphingosine alone and
in combination with the SPHK1 inhibitor PF543, induced
phosphorylation of AMPK. AMPK is one of the central regula-
tors of cellular metabolism70 and autophagy,71 which under
low glucose conditions induces phosphorylation of TP53 on
Ser15.48 Hence, consistent with previous work,72 our data sug-
gest that following SK1-I treatment, reduction of cell surface
bioavailability of SLC2A1/GLUT1, and the resulting metabolic

stress, can activate AMPK to phosphorylate TP53 leading to
subsequent activation of the intrinsic mitochondrial apoptotic
machinery. In the intrinsic apoptotic pathway, induction of
BH3-only proteins, such as the membrane permeabilizing pro-
teins BAX and BAK1, is usually accompanied by mitochondrial
outer membrane permeabilization.21 SK1-I treatment resulted
in the induction of these TP53-dependent targets and signifi-
cant depolarization of the membrane potential only in cells
expressing wild-type TP53. Consequently, the active form of
the apoptotic cell death regulators CASP3 and CASP9 were
markedly decreased in cells lacking TP53, consistent with a pre-
vious report demonstrating that the cytotoxic effects of SK1-I
are mediated in part by a caspase-dependent mechanism.73

Although the role of SPHK1 and S1P in cell growth and sup-
pression of apoptosis is well accepted, their role in the regula-
tion of autophagy is still a matter of debate. Initially, it was
shown that SPHK1 activity increases during nutrient starva-
tion, and its downregulation suppresses autophagy and exacer-
bates cell death.30 Similarly, overexpressed SPHK1 increases
autophagic flux in primary cortical neurons and expression of a
dominant-negative form of SPHK1 inhibits autophagosome
formation.31 Moreover, pharmacological stimulation of
autophagy in primary neurons leads to formation of SPHK1-
GFP-positive puncta that colocalize with autophagosomal
markers, supporting the notion that SPHK1 plays a role in the
biogenesis of autophagosomes.34,57 In contrast, however, in
macrophages with deletion of both Sphk1 and Sphk2 there is an
increase in sphingosine and enhanced autophagy.33 Further-
more, inhibition of SPHK1 or treatment with sphingosine leads
to accumulation of enlarged, dysfunctional late endosomes and
amphisomes in multiple cell lines.34,60 In agreement, we found
that SK1-I increased autophagic flux and enhanced accumula-
tion of dilated vacuoles and autophagosomes. Importantly,
however, accumulation of dilated vacuoles and the accompa-
nying increase in LC3 lipidation were attenuated in the absence
of SPHK1 or TP53.

TP53 functions at the junction of autophagy and apoptosis
and can activate or repress autophagy.74,75 In its cytosolic form,
TP53 suppresses autophagy76 by interacting with RB1CC1/
FIP200, the putative human ortholog of yeast Atg17, and there-
fore blocking autophagosome formation.77 However, upon
phosphorylation, TP53 translocates to the nucleus, where it
activates transcription of multiple pro-autophagic and pro-apo-
ptotic genes.22 In addition to their involvement in apoptosis,
the BH3-only proteins BAD and BID can also promote autoph-
agy by disrupting the inhibitory interactions between BECN1, a
central scaffold protein that assembles components important
for autophagy, and anti-apoptotic BCL2 family proteins.75

Consistent with these regulatory mechanisms, in our study,
treating cells with the SPHK1 inhibitor SK1-I led to the phos-
phorylation of TP53, induction of BID and BAD, and concomi-
tant activation of the intrinsic mitochondrial apoptotic
pathway. However, our results indicate that in SK1-I-treated
cells caspase-dependent apoptosis is only a minor contributor.
Furthermore, neither the pan-caspase inhibitor Q-VD-Oph,
the RIPK1 inhibitor necrostatin-1, nor antagonists of Na+/K+-
ATPase (cardiac glycosides) that inhibit autosis, rescue SK1-I-
induced cell death (data not shown). In parallel, SK1-I also
caused massive accumulation of autophagic bodies, dilated
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intracellular vacuoles, and a dramatic increase in autophagic
flux in a TP53-dependent manner. Importantly, however, in
TP53-positive cells, depleting BECN1 and ATG5 markedly
suppressed SK1-I-induced lethality, whereas in TP53-null cells
downregulation of these proteins had no effect. Taken together,
our data indicate that cell death induced by SK1-I requires the
functional basic machinery of autophagy and active autophagic
flux, classified as autophagic cell death.78 Therefore, our work
highlights a critical role for SPHK1 and its substrate sphingo-
sine in the crosstalk between TP53 and autophagic cell death.
Although the concept that cells can die by autophagy was pro-
posed several decades ago,79 the detailed molecular mecha-
nisms are still not clear. Recently, it has been suggested that
this type of cell death results from excessive degradation of
cytosolic components.36 While further work is needed to
understand what converts autophagy from a protective to a
lethal mechanism, activating such an alternative cell death
pathway, with SK1-I for example, may be a promising avenue
to overcome apoptosis resistance found in many cancers.

Materials and methods

Cell culture

HCT116 TP53+/+, HCT116 TP53¡/¡ and HCT116 CDKN1A/
p21¡/¡ cells were generous gifts from B. Vogelstein, John Hop-
kins University. All other established cell lines, including DLD1
(CCL-221), HT29 (HTB-38), MCF7 (HTB-22), H460 (HTB-
177) and BT474 (HTB-20) cells were from ATCC. All cells
were cultured in Dulbecco’s modified Eagle medium (DMEM)
containing 4,500 mg/l D-glucose, 4 mM L-glutamine, and
110 mg/l sodium pyruvate (Life Technologies, 11995065), sup-
plemented with 10% fetal bovine serum (FBS; Serum Source
International, FB22-500). SK1-I was from Enzo Life Sciences
(BML-EI411) and was dissolved in water. H1299 control and
H1299 cells in which TP53 was inducible by doxycycline were
obtained from S. Torti (University of Connecticut Health Sci-
ences) and cultured in DMEM supplemented with 10% FBS
and doxycycline (10 mg/ml; Fisher Scientific, AAJ67043AD) as
previously described.80

Cell death and proliferation assays

Live-dead assays were performed in 96-well plates with a Her-
mes Wiscan instrument (IDEA Bio-medical, Israel) as previ-
ously described.81 Briefly, after treatment, floating cells were
collected by centrifuging plates at 500 £ g or 5min. Cells were
simultaneously stained with green-fluorescent calcein-AM as a
measure of intracellular esterase activity of live cells and red-
fluorescent ethidium homodimer-1 to determine dead cells by
loss of plasma membrane integrity (LIVE/DEAD Viability/
Cytotoxicity Kit; Life Technologies, L3224). Cells were visual-
ized at 10X magnification and viable and dead cells in 5 fields
per well were counted manually to determine percent dead cells
as described previously.81

Cell-proliferation assays were conducted in 96-well plates
with 5000 cells seeded per well in full serum medium. Cells
were allowed to attach for 18 h and following SK1-I treatments,
cell viability was determined with WST-8 [2-(2-methoxy-4-

nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tet-
razolium, monosodium salt] using the Cell Counting Kit-8
(Dojindo Molecular Technologies, CK04).

2D-colony formation assay

Single cells were plated in 6-well dishes at a density of 1,500
cells per well; 24 h later, cells were treated with SK1-I as indi-
cated in the figure legends. Cells were washed after 24 h and
cultured in DMEM containing 10% FBS for 10 d in drug-free
medium. Cells were then fixed with methanol, stained with
crystal violet (5%, w:v; Fisher Scientific, C581-25), and colonies
with >50 cells per colony counted as described previously.82

Assessment of autophagy

Cells were transfected with a plasmid encoding GFP-LC3 and
treated with vehicle or SK1-I, washed with PBS (Life Technolo-
gies, 10010023) and fixed with 4% paraformaldehyde. Cover-
slips were examined with a Zeiss LSM 510 laser confocal
microscope (Zeiss, Germany). Cells with 5 or more intense
GFP-LC3 puncta were considered autophagic, whereas those
with diffuse cytoplasmic GFP-LC3 staining were considered
non-autophagic. Autophagy was quantified in at least 100 cells
in 3 independent experiments and percent autophagy was
determined in a double-blind manner.32 In other experiments,
cells were infected with 20 ml of viral particles (RFP-GFP-LC3;
Life Technologies, P36239) per 50,000 cells for 48 h to express
LC3 fused to green fluorescent and red fluorescent proteins.
GFP fluorescence is decreased in acidic pH environments
whereas RFP fluorescence is not. For analysis of cells expressing
the RFP-GFP-LC3 construct, GFP- and RFP-positive cells were
visualized at 63X in a Zeiss Cell Observer Spinning Disc (Zeiss,
Germany) confocal microscope equipped with a growth cham-
ber that was maintained at 37�C and 5% CO2 saturation. RFP
and GFP fluorescence were collected with identical settings
across all wells and RFP:GFP ratios were quantified using
ImageJ.83

siRNA

Cells were transfected with control and specific Smartpool siR-
NAs (Thermo Scientific Dharmacon) using Lipofectamine
2000 (Thermo Fisher Scientific, 11668027) following the sup-
plier’s guidelines. Twenty-four h later, cells were cultured in
DMEM containing 10% FBS and treated with SK1-I as indi-
cated in the figure legends.

Imaging

Fluorescence confocal microscopy with live cells plated on 24-
well glass bottom plates (Cellvis, CELLVIS P241.5HN) was per-
formed with a Zeiss Cell Observer Spinning Disc confocal
microscope with a 63X objective and equipped with an Axio-
cam MRm camera and 2 Photometrics Evolve 512 cooled
emCCD cameras, and a growth chamber that was maintained
at 37�C with 5% CO2 saturation.
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JC-1 and Cyto-ID labeling

Cells cultured in 24-well glass bottom plates were incubated
with JC-1 dye (10 mg/ml; Life Technologies, M34152) in
medium containing 10% serum for 10 min followed by a wash,
and then were immediately imaged by fluorescence microscopy
as described above using 488/509 nm excitation/emission for
JC-1 monomer form (green), and 545/572 nm excitation/emis-
sion for JC-1-aggregate form (red). Confocal fluorescence
images were collected as described above using identical set-
tings across all wells. JC-1 red:green ratios were quantified
using ImageJ.

For Cyto-ID (Enzo Life Sciences, ENZ-51031-0050) labeling,
cells were seeded as described above and were stained in
medium containing 10% serum with Cyto-ID (1 ml per ml
medium), and were imaged on a confocal microscope with
463/534nm excitation/emission.

Electron microscopy

Cells were seeded on Thermanox coverslips (Thermo Fisher
Scientific, 12–565), treated, and fixed with a solution containing
2% paraformaldehyde and 2% glutaraldehyde in 0.1 M phos-
phate buffer (pH 7.3) for 30 min at room temperature. After
1 h at 4�C, cells were washed with PBS and post-fixed with 1%
osmium tetroxide in 0.1 M phosphate buffer for 30 min at 4�C.
Fixed cells were rinsed with water and incubated with 1% ura-
nyl acetate at room temperature for 1.5 h, followed by dehydra-
tion in graded solutions of ethanol and propylene oxide
(70–100%). Coverslips were embedded in Embed 812 resin
(Electron Microscopy Sciences, 14120) and sections prepared.
Images were collected on a Jeol JEM-1230 transmission elec-
tron microscope equipped with a Gatan UltraScan 4000SP
4K £ 4K CCD camera and a Gatan Orius SC1000 side mount
CCD camera.

Immunoblotting

Following treatments, cells were harvested by washing twice
with ice-cold PBS, and then scraped in 200 ml buffer containing
20 mM HEPES, pH 7.4, 250 mM NaCl, 1% Triton X-100
(Sigma-Aldrich, T8787), 1 mM DTT, 1 mM EDTA, 20% glyc-
erol, and Halt protease plus phosphatase inhibitors (Thermo
Fisher Scientific, 78440). Cell suspensions were sonicated, cen-
trifuged (15,000 £ g, 10 min), and equal amounts of superna-
tant proteins analyzed by SDS-PAGE. Protein concentrations
were estimated using the Bio-Rad Protein Assay kit (Bio-Rad,
5000006). Immunoblotting was performed using the SNAP i.d.
2.0 Protein Detection System (Millipore) with the following
antibodies diluted 1:500 in TBS (50 mM Tris-Cl, pH 7.5,
150 mM NaCl) containing 0.1% Tween-20 (Sigma-Aldrich,
P9416) and 0.05% blotting grade milk (Bio-Rad, 1706404): LC3
(12741), GAPDH (2118), p-TP53 Ser15 (9284), BIM (2933),
BAX1 (5023), BAD (9239), BIM (2933), BAK1 (12105), cleaved
CASP9 (9505), cleaved CASP3 (9664), BECN1 (3495), TUBB
(2146), p-AMPK (2535), and ATG5 (12994) all obtained from
Cell Signaling Technology; SPHK1 antibody (1:250) was from
Sigma-Aldrich (HPA022829); TP53 (1:500) was from Millipore
(OP43). Immunopositive bands were visualized by enhanced

chemiluminescence using secondary antibodies conjugated
with horseradish peroxidase (anti-rabbit: Jackson Immuno
Research Labs, 111035045; anti-mouse: Jackson Immuno
Research Labs, 115035166) and Super-Signal West Pico (Pierce,
PI-34078) or Dura (Pierce, PI-34076) chemiluminescent sub-
strates. For imaging, exposure times were adjusted to avoid sat-
uration and produce images that were within the linear range
of the ChemiDoc MP Imaging System (Bio-Rad).

Mass spectroscopy

Cells were seeded in 6-well plates at 350,000 cells per well and
allowed to attach for 18 h. Prior to harvesting, cells were
washed 3 times with ice-cold PBS, and then scraped in ice-cold
PBS plus Halt protease and phosphatase inhibitors. An equal
aliquot from each well was mixed with 1 ml of ice-cold metha-
nol, internal standards were added (Avanti, d17:1 S1P,
860641P; d17:0 dihydro-S1P, 860655P), and sphingolipids
extracted for mass spectrometry analysis.84 Sphingolipids were
quantified by liquid chromatography, electrospray ionization-
tandem mass spectrometry (LC-ESI-MS/MS, 5500 QTRAP,
ABI) as described previously.84

SPHK1 activity

Enzymatic activity was determined with NBD-sphingosine
(Avanti Polar Lipids, 810205P-250 mg) as previously
described.60

CRISPR-Cas9 deletion of TP53 and SPHK1

H460 cells were from ATCC (NCI-H460). TP53 and SPHK1
knockout H460 cells were generated by co-transfection (3 £
106 cells in a 10-cm dish) with 1 mg CRISPR-Cas9 plasmid tar-
geting the TP53 loci (Santa Cruz Biotechnologies, sc-416469)
and 1 mg of a homology-directed repair plasmid for TP53
(Santa Cruz Biotechnologies, sc-416469-HDR), or a plasmid
encoding a double nickase targeting the SPHK1 loci and a puro-
mycin resistance cassette (Santa Cruz Biotechnologies, sc-
401274). Cells were transfected using PolyJet reagent (Signagen,
SL100688) following the manufacturers guidelines. After 72 h,
cells were exposed to 2.5 mg/ml puromycin (Corning, 62111–
170) with daily media exchanges to replenish selection agent.
After all cells transfected with 1 mg of a control CRISPR/Cas9
plasmid (Santa Cruz Biotechnologies, sc-418922) were killed
(»96 h), puromycin was removed and the cells allowed to
recover and grow as individual colonies, which were then
selected and examined for expression of TP53 or SPHK1 using
western blotting.

Cell death and CASP3-CASP7 flow cytometric assay

Wild-type HCT116 cells (1.5 £ 105) were seeded in a 12-well
plate. The following day, cells were treated in triplicate with
DMSO vehicle control or SK1-I (12.5 or 20 mM) for 24 h. Six h
prior to harvesting, cells were labeled with CellEvent TM
CASP3/7 Green ReadyProbes TM Reagent (Invitrogen,
R37111) according to the manufacturer’s instructions. Cells
were detached and harvested using non-enzymatic CellStripper
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solution (Corning, 25-056-CI), washed once in ice-cold PBS
and stained with APC-Annexin V (1:80) (BioLegend, 640919)
and 7-AAD (1:40) (BD Biosciences, 559925) for 15 min prior
to flow cytometric analyses using a BD FACSCanto (10-Color)
(BD Biosciences, USA) instrument in the Penn State College of
Medicine Flow Cytometry Core Facility. Data were analyzed
using FlowJo V10 software (FlowJo).

Statistical analyses

Results are expressed as means § standard error of the mean,
and statistical analyses performed using unpaired 2-tailed Stu-
dent t test for comparison of 2 groups (GraphPad Prism) or
ANOVA with post hoc analyses for multiple groups. All experi-
ments were repeated independently at least times and represen-
tative data are shown. For all analyses, p � 0.05 was considered
statistically significant.
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