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ABSTRACT
Agents that induce immunogenic cell death (ICD) alter the cellu-
lar localization of calreticulin (CRT), causing it to become cell
surface–exposed within the plasma membrane lipid raft micro-
domain [cell surface–exposed CRT (ectoCRT)] where it serves
as a damage associated-molecular pattern that elicits an antitu-
mor immune response. We have identified the sphingolipid
metabolic pathway as an integral component of the process of
ectoCRT exposure. Inhibition of the sphingosine kinases
(SphKs) enhances mitoxantrone-induced production of hall-
marks of ICD, including ectoCRT production, with an absolute
mean difference of 40 MFI (95% CI: 19–62; P 5 0.0014) and
1.3-fold increase of ATP secretion with an absolute mean differ-
ence of 87 RLU (95% CI: 55–120; P < 0.0001). Mechanistically,
sphingosine kinase inhibition increases mitoxantrone-induced
accumulation of ceramide species, including C16:0 ceramide
2.8-fold with an absolute mean difference of 1.390 pmol/nmol
Pi (95% CI: 0.798–1.983; P5 0.0023). We further examined the
localization of ectoCRT to the lipid raft microdomain and demon-
strate that ectoCRT forms disulfide-bridged dimers. Together,
our findings suggest that ceramide accumulation impinges on

the homeostatic function of the endoplasmic reticulum to induce
ectoCRT exposure and that structural alterations of ectoCRT may
underlie its immunogenicity. Our findings further suggest that inhibi-
tion of the SphKsmay represent ameans to enhance the therapeu-
tic immunogenic efficacy of ICD-inducing agents while reducing
overt toxicity/immunosuppressive effects by allowing for themodifi-
cation of dosing regimens or directly lowering the dosages of ICD-
inducing agents employed in therapeutic regimens.

SIGNIFICANCE STATEMENT
This study demonstrates that inhibition of sphingosine kinase
enhances the mitoxantrone-induced cell surface exposure of a
dimeric form of the normally endoplasmic reticulum resident
chaperone calreticulin as part of the process of a unique form of
regulated cell death termed immunogenic cell death. Impor-
tantly, inhibition of sphingosine kinase may represent a means
to enhance the therapeutic efficacy of immunogenic cell dea-
th–inducing agents, such as mitoxantrone, while reducing their
overt toxicity and immunosuppressive effects, leading to better
therapeutic outcomes for patients.

The recent discovery of immunogenic cell death (ICD) has
opened a new field of cancer therapeutics research at the fron-
tier of immunology and cancer biology (Galluzzi et al., 2018;
Marshall and Djamgoz, 2018). Through numerous studies,
investigators have demonstrated that certain chemotherapeu-
tic agents induce cancer cells to expose or release a cohort of
normally intracellular proteins collectively termed danger-
associated molecular patterns (DAMPs) to initiate an innate/

adaptive immune response (Kepp et al., 2014). In contrast,
chemotherapeutic agents that are unable induce ICD fail to
promote DAMP release. These DAMPs act as “find-me” and
“eat-me” signals to recruit/activate dendritic cells (DCs),
“professional” antigen-presenting cells, to phagocytose cancer
cells and drive the production of type I interferons (e.g., inter-
feron c) (Galluzzi et al., 2017). These DCs engulf the dying
cancer cells and initiate an immune response by presenting
captured antigens and priming the immune system to mount
an attack on the tumor.
Certain chemotherapeutic agents, such as the anthracycline

mitoxantrone (MTX), have been consistently shown to induce
ICD in multiple cell types in vitro and in vivo (Galluzzi et al.,
2015). Some of the events that lead to DAMP production have
been delineated. MTX has been shown to act independently of
its topoisomerase inhibitory activity to stimulate the protein
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kinase RNA-like endoplasmic reticulum kinase (PERK) arm of
the unfolded protein response pathway (Obeid et al., 2007b;
Panaretakis et al., 2009). PERK (eukaryotic initiating factor 2
kinase 3) subsequently phosphorylates eukaryotic initiating
factor 2a (eIF2a) at Ser51 to inhibit cap-dependent protein
translation. In fact, induction of eIF2a phosphorylation has
been reported to be absolutely required for production of
DAMPs, including cell surface exposure of the normally endo-
plasmic reticulum resident chaperone calreticulin (CRT) (Bezu
et al., 2018). To date, however, the mechanism by which MTX
induces cell surface expression of CRT remains unclear.
The sphingolipid metabolic pathway has previously been

implicated in the mechanism of cell death induced by anthra-
cyclines (Lucci et al., 1999a,b; Cuvillier et al., 2001). In partic-
ular, two predominant sphingolipids, ceramide (Cer) and
sphingosine-1-phosphate (S1P) have been demonstrated to
modulate the efficacy of the anthracycline doxorubicin in mul-
tiple cancer types. Cer, a proapoptotic sphingolipid, enhances
cell death induced by doxorubicin (Grammatikos et al., 2007).
Conversely, S1P functions as a prosurvival sphingolipid and
has been shown to protect against doxorubicin-induced cell
death and mediate intrinsic resistance to doxorubicin (Gucluler
et al., 2011; Hazar-Rethinam et al., 2015; Ren and Su, 2020).
Sphingolipids are produced through the de novo synthesis

pathway in the ER. As the penultimate product of de novo
synthesis, Cer induces cell growth arrest or cell death by mod-
ulating multiple signaling pathways, including the mitogen-
activated protein kinase and phosphoinositide 3-kinase/protein
kinase B signaling pathways (Ohta et al., 1995; Sweeney et
al., 1996; Sakakura et al., 1997; Shirahama et al., 1997; Qiu
et al., 2006; Kim et al., 2008; Nica et al., 2008). To attenuate
cell death, Cer can be further modified by the addition of gly-
cosyl or phosphocholine groups or hydrolyzed to produce
sphingosine (Sph). Sph and dihydroSph (dhSph) can be
recycled by the ceramide synthases (CerS1-6) back into Cer
and dhCer, respectively (recycling pathway).
Alternately, Sph/dhSph can be phosphorylated by sphingo-

sine kinases (SphKs) to produce antiapoptotic/prosurvival
S1P/dhS1P (dihydroS1P) (Truman et al., 2014). Importantly,
the SphKs control the fate of Sph within the cell (i.e., the
“Sphingolipid Rheostat”). When activated, such as under
stress conditions, the SphKs produce S1P at the expense of
Cer accumulation to favor cell survival (Cuvillier et al., 1996).
Conversely, SphK inhibitors (SKIs) block the production of
S1P/dhS1P and simultaneously increase the levels of Cer in
cells through the recycling pathway.
Multiple lines of evidence indicate that Cer is linked to the

intracellular processes that lead to ICD. For instance, doxoru-
bicin and MTX as well as photodynamic therapy have all been
shown to induce Cer accumulation (Nemoto et al., 2009; Rath
et al., 2009; Gong et al., 2014; Korbelik et al., 2014; Walling-
ton-Beddoe et al., 2017). Secondly, activation of the ceramide
synthases and Cer accumulation have been shown to induce
ER stress, which is involved in the cell surface exposure of
CRT (Park et al., 2008a,b; Walker et al., 2009; Wang et al.,
2017). Lastly, increasing the Cer content of lipid rafts causes
clustering of lipid raft components involved in ICD, including
PERK, CD95, and the proapoptotic Bcl-2 proteins Bak and
Bax (Park et al., 2008a,b, 2009; Panaretakis et al., 2009; Sis-
kind et al., 2010; Beverly et al., 2013). Importantly, we have
previously demonstrated that SphK1 localizes to the PM lipid
raft and mediates prosurvival signaling under stress conditions,

such as serum deprivation, by attenuating the production of
Cer (Hengst et al., 2009).
In this work, we set out to determine whether the sphingoli-

pid metabolic pathway had a role in the production of cell sur-
face–exposed CRT. We demonstrate that SphK inhibition
enhances MTX-induced cell death and MTX-induced Cer accu-
mulation. Importantly, we demonstrate for the first time that
SphK inhibition/Cer accumulation enhances cell surface expo-
sure of CRT. Furthermore, we also demonstrate that the form
of CRT generated by combined treatment with MTX and SKIs
is almost exclusively a disulfide-linked dimer that relocalizes
to Cer-enriched lipid rafts. Together these findings show that
the sphingolipid metabolic pathway modulates the effects of
ICD inducers. Blocking SphK activity and promoting Cer accu-
mulation alters CRT by promoting disulfide linkage dimer forma-
tion, a modification that could potentially underlie the difference
between immunogenic CRT and nonimmunogenic CRT.

Materials and Methods
Reagents and Antibodies. Cisplatin, mitoxantrone, PF-543, and

ABC294640 were all purchased from Selleckchem (Houston, TX).
SK1-I was purchased from Enzo Life Sciences (Farmingdale, NY). Cis-
platin and mitoxantrone were freshly prepared in culture media prior
to each experiment. PF-543 and ABC294640 were prepared in a
DMSO vehicle. Anti-calreticulin, anti–cleaved caspase 3, anti-cleaved
poly (ADP-ribose) polymerase (PARP), anti–caveolin-1, anti-vinculin,
anti-phospho eIF2a Ser51, and total anti-eIF2a antibodies were from
Cell Signaling Technologies (Beverly, MA); anti-GAPDH antibodies
were from Santa Cruz Biotechnologies (Dallas, TX).

Cell Lines and Culture Conditions. Human colorectal DLD-1
(CCL-221) and mouse colorectal CT-26 (CRL-2638) cells were obtained
from American Type Culture Collection (Manassas, VA). Mouse colo-
rectal MC-38 (ENH204-FP) cells were obtained from (Kerafast, Bos-
ton, MA). All cells were cultured at 37�C in a humidified atmosphere
of 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% FBS and penicillin/streptomycin.

Detection of Cell Surface CRT. For treatment, cells were
seeded at about 3 � 105 cells/well in six-well plates in complete
DMEM for 24 hours and then transferred to DMEM containing 5%
FBS and penicillin/streptomycin in the presence of treatments for 48
hours. Cells were collected by trypsinization followed by three washes
in PBS containing 2% FBS, stained with anti-calreticulin (D3E6) phy-
coerythrin (PE) conjugated antibody at 4�C for 1 hour, and washed as
above, and CRT was detected by Muse cell analyzer (SmartFlare
detection settings described in Results).

Sulforhodamine B Assay. Cells were treated with MTX and
SKIs at the concentrations indicated in the relevant figures for 48
hours. Cell viability was measured using by sulforhodamine B (SRB)
staining (Vichai and Kirtikara, 2006). Briefly, culture media were
aspirated, and cells were fixed in ice-cold 10% trichloroacetic acid at
4�C for 1 hour. Fixed cells were extensively washed in water, and
plates were allowed to dry. Cells were stained with 0.057% (wt./vol)
SRB in 1% acetic acid for 30 minutes, washed extensively with 1%
acetic acid, and allowed to dry thoroughly. Dye was solubilized by the
addition of 10 mM Tris base (pH 10.5), and absorbance was recorded
at 510 nm in a microplate reader.

Sphingolipid Analysis. DLD-1 cells were treated with MTX
(4 mM) and/or PF-543 (5 mM) for 48 hours. Individual cell samples
were collected by trypsinization, pelleted, and washed with PBS and
flash-frozen. Sphingolipidomic analysis was conducted by the Lipido-
mic Shared Resource Facility (Medical University of South Carolina,
Charleston, SC). Sphingolipid levels were expressed as pmol of sphin-
golipid per nmol of inorganic phosphate (pmol/nmol Pi).

Whole-Cell Lysate Preparation. Total cell lysate was obtained
by incubating treated and untreated DLD-1 cells in 1X RIPA (Cell
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Signaling Tech, Beverly, MA), with phosphatase inhibitor cocktail and
protease inhibitor tablets (Roche), for 30 minutes at 4�C and followed
by removal of cell debris by centrifugation at 20,000 � g at 4�C. Protein
concentrations were determined by BCA Assay (Pierce, Waltham, MA).

Subcellular Fractionation. Triton X-100 soluble and insoluble
total membrane fractions were isolated according to Hengst et al.
(2009) with minor modifications. DLD-1 cells seeded and treated in
10-cm dishes were collected by trypsinization, and media were sepa-
rated by centrifugation at 500 � g for 5 minutes at 4�C. Cells were
washed once in PBS and flash-frozen. After thawing, cells were resus-
pended in 1 ml of 1X MBS (25 mM MES, 150 mM NaCl, pH 6.5) con-
taining phosphatase inhibitor cocktail and a protease inhibitor tablet
(Roche) and sonicated (3- to 15-second pulses 50% output). Nuclear
debris and unlysed cells were removed from the postnuclear superna-
tant by centrifugation at 500 � g for 5 minutes at 4�C, and cytosolic
fraction was isolated by centrifugation at 100,000 � g for 30 minutes
at 4�C. The total membrane proteins were resuspended in 500 mL of
1X MBS 1 1% Triton X-100 containing phosphatase inhibitor cocktail
and a protease inhibitor tablet, sonicated, and left on ice for 30
minutes to solubilize. Triton X-100 soluble proteins were separated
from Triton X-100 insoluble membranes by centrifugation at 100,000 � g
for 30 minutes at 4�C. The Triton X-100 insoluble fraction was resus-
pended in 1X RIPA–containing phosphatase inhibitor cocktail and a
protease inhibitor tablet followed by brief sonication, incubation on ice
for 30 minutes, and centrifugation at 100,000 � g for 30 minutes at
4�C. Protein concentrations were determined by BCA Assay (Pierce,
Waltham, MA).

Immunoblot Analysis. Protein samples were separated on
4%–12% NuPAGE gradient gels and transferred to polyvinylidene
fluoride membranes. Membranes were blocked with 5% milk in Tris-
buffered saline/Tween 20 followed by incubation in primary antibodies
for 1 hour. After three 15-minute washes with Tris-buffered saline/
Tween 20, membranes were incubated in respective secondary anti-
bodies and visualized on X-ray film using Super-Signal West Dura
reagents (Pierce, Waltham, MA).

ATP Assay. Extracellular release of ATP to the culture media was
determined using the ENLITEN ATP Assay (Promega, Madison, WI)
according to the manufacturer’s directions.

Statistical Analysis. SRB assays are reported as mean ± S.D.
Flow cytometric data were either reported as raw mean fluorescent
intensity ± S.D. or normalized to vehicle-treated controls, and the
average fold change was reported ±S.D. ATP release assays were
reported as raw relative light units ± S.D. Statistical analysis of flow
cytometric, ATP release, and sphingolipidomic data were performed
using one-way ANOVA followed by Tukey’s multiple comparison test
using GraphPad PRISM. Results are reported with 95% CI ranges
determined by Tukey’s test with P values.

Results
Mitoxantrone Induces ER Stress and Calreticulin

Exposure on the Surface of Colorectal Cancer Cells.
To investigate whether MTX was able to induce cell surface
exposure of CRT in human and murine colorectal cancer cell
lines we developed a simple, single-antibody, flow cytometry–
based assay employing the MUSE bench-top flow cytometer
(Millipore, Burlington, MA). Unlike typical flow cytometry
assays that use targeted primary antibodies and fluorescently
labeled secondary antibodies, we employed a PE-conjugated
anti-CRT antibody (clone D3E6; Cell Signaling Tech, Beverly,
MA) for staining of cell-surface CRT. Using the SmartFlare
detection settings on the MUSE flow-cytometer, CRT-PE was
excited by green laser (532 nm), and PE excitation was
detected by the yellow filter at 582 nm. The primary advan-
tage of a single fluorescently labeled primary antibody detec-
tion system is that it decreases the likelihood of background

staining arising from the secondary antibody. The major limi-
tation of such a system is the reduced sensitivity due to the
lack of signal amplification found in a two-antibody system.
The human CRC cell line, DLD-1, was treated with the

known ICD inducer MTX and an agent known to be deficient
in ICD induction, cisplatin, and the levels of cell-surface CRT
exposure were determined by flow cytometry. When compared
with vehicle (DMSO)-treated cells (average MFI 17.67) MTX
treatment resulted in an approximately 2.5-fold increase in
levels of CRT displayed on the cell surface (average MFI
46.40; 95% CI: 16.64–40.82; P 5 0.0008). In contrast to MTX
treatment, CRT levels in cisplatin-treated cells did not differ
from those observed in vehicle-treated cells (Fig. 1A). These
results are consistent with published reports that cisplatin
does not cause CRT to translocate to cell surface (Obeid et al.,
2007b).
Multiple studies have implicated ER stress as a necessary

component of the surface CRT translocation process (Obeid et
al., 2007a; Panaretakis et al., 2009; Garg et al., 2012b; Wer-
nitznig et al., 2019). To determine whether MTX-induced CRT
exposure correlated with its ability to induce ER stress in
DLD-1 cells, we assessed phosphorylation levels of eIF2a at
serine 51 in whole-cell lysates by Western blot analysis. Our
results show that MTX caused dose-dependent induction of
ER stress, as indicated by phosphorylation at serine 51 of
eIF2a (Fig. 1B).
Inhibition of the SphKs Enhances MTX-Induced

Cell Death. MTX has been shown to induce production of
DAMPs (e.g., cell surface–expressed CRT and secretion of ATP
and high mobility group box 1) in enucleated cancer cells, indi-
cating that the DNA-damaging activity of MTX is not required
for ICD induction (Obeid et al., 2007b). To examine the effects
of altered sphingolipid metabolism, we first treated the mouse
CRC cell line CT-26 (routinely used for ICD experiments)
(Kepp et al., 2014) with multiple SphK inhibitors, including
PF-543 (Schnute et al., 2012), ABC294640 (ABC) (French et
al., 2010), and SK1-I (Paugh et al., 2008) for 48 hours and
examined cell viability by SRB assays. As shown in Fig. 2A, in
the absence of MTX, none of the SKIs reduced cell viability
relative to vehicle controls at the concentrations employed. In
contrast, MTX reduced cell viability as low as 1 mM when
employed alone. At 1 mM MTX, both doses of PF-543 and the

Fig. 1. MTX-induced ER stress mediates cell surface exposure of CRT
in DLD-1 cells. (A) Representative results of DLD-1 cells treated in
triplicate with MTX (2 mM) or cisplatin (40 mM) for 48 hours. Cell sur-
face–exposed CRT was quantified by flow cytometry (MFI) (n 5 3). Sta-
tistical analysis was performed using one-way ANOVA followed by
Tukey’s multiple comparison test. (*) Asterisks indicate significant
changes as reported in Results section. (B) Representative immunoblot
of eIF2a phosphorylated on serine 51 (p-eIF2a), total eIF2a, and the
loading control GAPDH using appropriate antibodies.
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highest dose of ABC and SK1-I (3.8 and 7.5 mM, respectively)
significantly decreased CT-26 cell viability relative to 1 mM
MTX alone (P < 0.0006 for 2.5 mM PF-543, all other P <
0.0001). At doses of 2 and 4 mMMTX, all three SKIs tested sig-
nificantly enhanced the reduction of cell viability relative to
MTX alone (P < 0.0001 at all concentrations).
We recently examined the isoform selectivity of multiple

SKIs using the Cellular Thermal Shift Assay, a whole-cell

assay of target engagement (Hengst et al., 2020). These stud-
ies revealed that at the concentrations commonly employed in
the literature the SKIs tested, including PF-543 (SphK1-selec-
tive), ABC (SphK2-selective), and SK1-I (SphK1-selective), tar-
get engaged both SphK1 and SphK2. The concentrations of
ABC and SK1-I employed in Fig. 2A are below the concentra-
tions we previously examined, and we therefore cannot say for
sure whether these agents target both SphK1 and SphK2.
However, for PF-543, we determined the IC50 for target
engagement of SphK2 to be approximately 2.5 mM. Thus, it is
possible that inhibition of both SphK1 and SphK2 is required
to enhance the cytotoxic effects of MTX.
To better define the relative contribution of SphK1 and

SphK2 inhibition to the enhancement of MTX cytotoxicity, we
next examined the effects of lower concentrations of PF-543
and ABC and their combinations in human DLD-1 cells. As
shown in Fig. 2B, PF-543 doses as low as 1.25 mM significantly
enhanced the effects of both 2 and 4 mM MTX relative to either
concentration of MTX alone. At 2 mM MTX, the average per-
cent difference between MTX alone and MTX 1 PF-543 was
21.05 for 1.25 mM PF-543 (95% CI: 3.790–38.31, P 5 0.0054),
17.5 for 2.5 mM PF-543 (95% CI: 0.2400–34.76, P 5 0.0438)
and 24.55 for 5 mM PF-543 (95% CI: 7.290–41.81, P 5 0.0006).
At 4 mM MTX, the average percent difference between MTX
alone and MTX 1 PF-543 was 23.5 for 1.25 mM PF-543 (95%
CI: 6.240–40.76, P 5 0.0012), 27.15 for 2.5 mM PF-543 (95%
CI: 9.890–44.41, P < 0.0001) and 28.2 for 5 mM PF-543 (95%
CI: 10.94–45.46, P < 0.0001). ABC significantly enhanced the
effects of 4 mM MTX only at doses of 1.25 and 2.5 mM. At 4 mM
MTX, the average percent difference between MTX alone and
MTX 1 ABC was 19.1 for 1.25 mM ABC (95% CI: 1.840–36.36,
P 5 0.0175) and 23.4 for 2.5 mM ABC (95% CI: 6.140–40.66, P
5 0.0012). The combination of lower doses of PF-543 and ABC
showed no additive effects on cell viability; however, the com-
bination of 2.5 mM PF-543 and 2.5 mM ABC significantly
enhanced the effects of 4 mM MTX, whereas the combination
of 5 mM PF-543 and 5 mM ABC significantly enhanced the
effects of both 2 and 4 mM MTX. At 4 mM MTX, the average
percent difference between MTX alone and MTX 1 2.5 mM
PF-543 1 2.5 mM ABC was 23.4 (95% CI: 6.140–40.66, P 5
0.0012), and at MTX 1 5 mM PF-543 1 5 mM ABC was 26.8
(95% CI: 9.540–44.06, P < 0.0001). At 2 mM MTX, the average
percent difference between MTX alone and MTX 1 5 mM PF-
543 1 5 mM ABC was 17.7 (95% CI: 0.4400–34.96, P 5
0.0392). Taken together, these data suggest that inhibition of
either SphK1 or SphK2 is sufficient to enhance the effects of
MTX. These results are consistent with previous studies that
demonstrated that targeting either SphK1 or SphK2 using
small interfering RNA or short hairpin RNA sensitized cancer
cells to another anthracycline doxorubicin (Sankala et al.,
2007; Wang et al., 2018).
The SRB assay as employed cannot distinguish between the

induction of cell death or induction of growth arrest. Thus, we
next examined the temporal expression of cell death markers
in response to the combination of MTX 1 PF-543 in DLD-1
cells by Western blot analysis. As shown in Fig. 2C, neither
MTX (4 mM) nor PF-543 (5 mM) alone induced PARP/caspase 3
cleavage to a detectable level at 48 hours, implying that MTX
alone in the range of 1–4 mM, induced cell growth arrest in the
SRB assays. Conversely, the combination of MTX1PF-543 at
the same concentrations induced cleavage of PARP and activa-
tion/cleavage of caspase 3 beginning at 16 hours. Together,

Fig. 2. Targeted inhibition of the SphKs enhances MTX-induced cell
death. (A and B) Representative results of cell viability SRB assays
performed in triplicate (n 5 2). (A) Mouse CRC CT-26 cells were
treated with the indicated SKIs and MTX at the indicated concentra-
tions for 48 hours. (*) Asterisks are color-coded to indicate significant
changes as reported in Results section. (B) Human DLD-1 CRC cells
were treated with the indicated SKIs and MTX at the indicated concen-
trations for 48 hours. (*) Asterisks indicate significant changes at 2 mM
MTX and (#) hashtags indicate significant changes at 4 mM MTX as
reported in results section. (C) Representative immunoblot analysis of
cleaved PARP and cleaved caspase 3. DLD-1 cells were treated with
vehicle (V), MTX (M; 4 mM), and PF-543 (P; 5 mM) for the times indi-
cated. GAPDH was employed as a loading control.
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these results indicate that targeting the SphKs enhances cell
death induced by MTX, as has been observed previously for
other anthracyclines, such as doxorubicin (Taha et al., 2004;
Huwiler et al., 2011; Yao et al., 2012; Leili et al., 2018).
Sphingosine Kinase Inhibition Enhances MTX-Induced

Cell Surface Expression of CRT and ATP Release. Having
identified concentrations of SKIs (e.g., PF-543 and ABC) that
enhanced cell death in response to MTX, we next determined
whether the combination of MTX 1 SKIs enhanced the cell
surface exposure of CRT. Both PF-543 and ABC were
employed at concentrations that would inhibit both SphK1

and SphK2, as we have previously determined by direct target
engagement assays in whole cells (Hengst et al., 2020). As
shown in Fig. 3A, PF-543 alone had no effect on the cell-sur-
face exposure of CRT in DLD-1 cells compared with vehicle
treated cells, as determined by flow cytometry employing the
above described assay. Minimally effective doses of MTX
induced minimal exposure of CRT, whereas these same doses
in combination with PF-543 in DLD-1 cells enhanced CRT
exposure determined by flow cytometry. Similar results were
observed for PF-543 in MC-38 mouse CRC cells (Fig. 3B).
Relative to MTX (4 mM) alone, the addition of PF-543 (5 mM)

Fig. 3. Targeted inhibition of the SphKs enhances the production of ICD-associated DAMPS. (A) Representative histograms of individual DLD-1,
cell samples treated with MTX and PF-543 at the indicated concentrations for 48 hours. (B) Representative results of MC-38 cells treated with
MTX (1 mM) ± PF-543 (5 mM) (n 5 3). (*) Asterisks indicate significant changes as reported in Results section. (C) Representative results of DLD-
1 cells treated with MTX (2 and 4 mM) ± SKIs (PF-543 1.25, 2.5, and 5 mM, ABC294640 1.25, 2.5, and 5 mM, or their combinations) (n 5 3). (*)
Asterisks indicate significant changes in combination with PF-543, and (#) hashtags indicate significant changes in combination with ABC as
reported in Results section. (D) Representative results of ATP release determined in triplicate by ENLITEN ATP assay in CT-26 cells (n 5 2). (*)
Asterisks indicate significant changes as reported in Results section. (A–C) Cell surface–exposed CRT production was determined by flow cytome-
try using PE-conjugated anti-CRT antibodies. (B–D) Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple com-
parison test.
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significantly increased CRT exposure from a mean fluores-
cence intensity of 47.03–87.37 (40.43 MFI, 95% CI:
18.91–61.95, P 5 0.0014).
To better define the relative contribution of SphK1 and

SphK2 inhibition to the enhancement of MTX-induced CRT
exposure, we again employed lower, more isoform selective
doses of PF-543 and ABC. As shown in Fig. 3C, even at the
lowest dose tested, PF-543 (1.25 mM) was able to significantly
enhance the exposure of CRT induced by 2 mM MTX. Indeed,
MTX alone at 2 mM induced a 6.0-fold increase in exposure of
CRT relative to vehicle treatment. The addition of 1.25 mM
PF-543 further enhanced the exposure of CRT (to 10.03-fold)
with an average mean fold difference of 4.033 (95% CI:
0.2845–7.782, P 5 0.0211). Similarly, ABC at 2.5 mM further
enhanced the exposure of CRT (to 10.1-fold) with an average
mean fold difference of 4.1 (95% CI: 0.3511–7.849, P 5 0.017).
Importantly, all three combinations of PF-543 and ABC

were able to significantly increase CRT exposure relative to
either agent alone at 2 mM MTX. We observed an average
mean fold increase of 8.2 from 10.03 for MTX (2 mM) 1 PF-
543 (1.25 mM) to 18.23 for MTX (2 mM) 1 PF-543 (1.25 mM) 1
ABC (1.25 mM) (95% CI: 4.451–11.95, P < 0.0001) and an aver-
age mean fold increase of 9.567 from 8.667 for MTX (2 mM) 1
ABC (1.25 mM) to 18.23 for MTX (2 mM) 1 PF-543 (1.25 mM) 1
ABC (1.25 mM) (95% CI: 5.818–13.31, P < 0.0001). Similar
results were obtained for the 2.5 mM combination relative to
2.5 mM PF-543 alone (P < 0.0001) and for 2.5 mM ABC alone
(P < 0.0001).
At 4 mM MTX, only the combination of 1.25 mM PF-543 and

1.25 mM ABC was significantly different than the 4 mM MTX
1 PF-543–alone treatments with an average mean fold change
of 10.17 from 14.47 for MTX (4 mM) 1 PF-543 (1.25 mM) to
24.63 for MTX (4 mM) 1 PF-543 (1.25 mM) 1 ABC (1.25 mM)
(95% CI: 6.418–13.92, P < 0.0001). Whereas, all three combi-
nations of 4 mM MTX 1 PF-543 1 ABC were significant rela-
tive to 4 mM MTX 1 ABC alone (P < 0.0001). Together, these
data indicate that unlike the effects on cell viability, there is a
contribution of both SphK1 and SphK2 inhibition to the
enhancement of cell-surface CRT exposure.
To extend these observations to the production of other

DAMPs, we examined effects of MTX ± SKIs on the release of
ATP into the cell-culture medium. As shown in Fig. 3D, we
also observed an enhancement of ATP release by the combina-
tion of MTX with the SKIs (PF-543 and ABC) as compared
with single-agent treatments in CT-26 cells (average increase
of 160 RLU for ABC 1 MTX; average RLU 377 versus ABC;
average RLU 218; 95% CI: 127.0–191.8, P < 0.0001, average
increase of 157 RLU for PF-5431 MTX; average RLU 370 ver-
sus PF-543; average RLU 213; 95% CI: 124.9–189.7, P <
0.0001) and an average increase of 87 and 94 RLU for either
combination (ABC; 377 and PF-543; 370 versus MTX alone;
average RLU 283: 95% CI: 62.3–127 and 154.7–119.6 for ABC
and PF-543 respectively, both P < 0.0001). Together, these
results indicate that inhibition of SphK activity enhances
MTX-induced production of DAMPs associated with ICD.
SphK Inhibition Enhances MTX-Induced Cer Accu-

mulation. We believe that SphK inhibition enhances MTX-
induced cell death by blocking the formation of S1P, leading to
the accumulation of its substrate Sph and the subsequent pro-
duction of Cer from the accumulated pool of Sph (Fig. 4A).
Thus, we first examined the effects of PF-543 and MTX on pro-
duction of S1P in DLD-1 cells by liquid chromatography tandem

mass spectrometry–based sphingolipid metabolite analysis. As
shown in Fig. 4B, PF-543 alone and MTX 1 PF-543 signifi-
cantly reduced production of S1P from an average of 0.00075
pmol/nmol Pi (vehicle treatment) to an average of 0.00023 pmol/
nmol Pi (PF-543, 95% CI; 0.000118–0.000982 pmol/nmol Pi,
P 5 0.0222) or an average of 0.00030 pmol/nmol Pi (MTX 1
PF-543, 95% CI; 0.0000182 to 0.000882 pmol/nmol Pi, P 5
0.0437) indicating inhibition of the SphKs. Similarly, MTX
alone, PF-543 alone, and their combination significantly reduced
levels of dhS1P from an average of 0.00085 pmol/nmol Pi (vehi-
cle treatment) to an average of 0.00025 pmol/nmol Pi (MTX,
95% CI; 0.000101–0.00110 pmol/nmol Pi, P 5 0.0270) and an
average of 0.00015 pmol/nmol Pi for both PF-543 and MTX 1
PF-543 (95% CI; 0.000201–0.00120 pmol/nmol Pi, P 5 0.0158
for both conditions). Interestingly, PF-543 alone reciprocally
induced accumulation of the substrates Sph/dhSph; however, in
combination with MTX, the levels of Sph/dhSph were
reduced. This suggests that SphK inhibition alone does not
induce Cer accumulation, but in combination with an agent
that induces ER stress, such as MTX, Sph/dhSph is con-
verted to ceramides. This is consistent with the reported
inability of PF-543 to induce apoptosis (Schnute et al.,
2012) and with our observation that PF-543 enhances cell
death induced by MTX (Fig. 2C).
We next examined whether MTX alone or MTX 1 PF-543

induced Cer accumulation. At a cytostatic dose (4 mM), MTX
induced a modest accumulation of C16:0 Cer but did not affect
other major sphingolipid species (C18:0 and C24:1). However,
in combination with PF-543, MTX induced a redistribution of
the accumulated sphingolipids with a reduction of PF-543
induced Sph/dhSph, the substrate of the CerS, and a concomi-
tant increase in major Cer species. As shown in Fig. 4C, the
combination of MTX 1 PF-543 induced accumulation of C16:0
Cer from an average of 0.754 pmol/nmol Pi for MTX alone to
an average of 2.144 pmol/nmol Pi for the combination (95%
CI; 0.798–1.983 pmol/nmol Pi, P 5 0.0023). Similarly, C18:0
Cer was increased from 0.073 pmol/nmol Pi for MTX alone to
0.329 pmol/nmol Pi for the combination (95% CI; 0.183–0.330
pmol/nmol Pi, P 5 0.0005), and C24:1 Cer was increased from
0.850 pmol/nmol Pi for MTX alone to 1.795 pmol/nmol Pi for
the combination (95% CI; 0.437–1.453 pmol/nmol Pi, P 5
0.0056). Taken together, these data indicate that under condi-
tions favoring the induction of ER stress, such as MTX treat-
ment, inhibition of the SphKs using PF-543 induces
significant increases in levels of Cer.
MTX Induces Formation of a Disulfide-Bridged

Dimeric Form of CRT. Studies aimed at characterizing
functional domains of human CRT have demonstrated that
the N domain contains three cysteine residues, of which
Cys146 is present in the reduced form (Hojrup et al., 2001).
Further in vitro studies have shown that purified human CRT
responds to physical stress, such as acidic conditions and high
temperatures or denaturing organic agents, by forming homo-
dimers through intersubunit disulfide bond formation of
Cys146 in vitro (Jorgensen et al., 2003). To our knowledge, the
oligomeric structure of CRT in response to ICD-inducing
agents has not been examined. To determine whether the ER
stressor MTX could induce oligomerization of CRT, we treated
DLD-1 cells and analyzed the oligomeric state of CRT under
reducing and nonreducing conditions by Western blot
analysis.
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As shown in Fig. 5A, MTX induced a dose-dependent forma-
tion of a higher molecular weight form of CRT that was consis-
tent with a dimeric complex. Importantly, PF-543 alone had
no effect on the oligomeric state of CRT; however, PF-543 (5
mM) enhanced formation of the apparent CRT dimer at a mini-
mally effective MTX dose (1 mM). The appearance of the higher
molecular weight form of CRT suggested the possibility that
MTX ± PF-543 induced the formation of a disulfide-linked
dimeric form of CRT. Thus, we next compared the oligomeric
structure of CRT under reducing and nonreducing conditions.
Addition of the reducing agent b-mercaptoethanol (b-ME)
resulted in collapse of the dimeric form into a monomeric form
of CRT (Fig. 5B). In contrast to MTX treatment, dimerization
did not occur in untreated cells consistent with previous
results. These results show that MTX induces disulfide-
bridged dimerization of CRT in cells.
MTX-Induced Dimerized CRT Localizes to Deter-

gent Insoluble Plasma Membranes. Fluorescence micros-
copy studies have shown that CRT displayed by apoptotic cells
localizes to cholesterol rich region in the GM-1 ganglioside

lipid rafts microdomain (Gardai et al., 2005). Further studies
demonstrated that MTX-induced CRT translocates to lipid
rafts region and is decreased by depletion of cholesterol (Garg
et al., 2012b). To determine the oligomeric structure of CRT
localized in lipid rafts, in response to MTX treatment, we iso-
lated the total membrane lipid raft fraction by taking advan-
tage of its insolubility in the nonionic detergent Triton X-100
at 4�C (Magee and Parmryd, 2003). Given that PF-543 enhan-
ces MTX-induced dimerization of CRT, we restricted our focus
to determining the effects of the combined MTX1PF-543
treatment on the lipid raft localization of CRT. MTX 1 PF-
543–treated DLD-1 cells were fractionated by differential cen-
trifugation as shown in Fig. 6A. Cytosolic, Triton X-100–solu-
ble and Triton X-100 detergent–insoluble membrane fractions
were subjected to Western blot analysis under nonreducing
conditions.
Consistent with the observations in whole-cell lysates above,

CRT in untreated cells remained monomeric, whereas MTX 1
PF-543 treatment induced dimerization of CRT in all three
subcellular fractions (Fig. 6B). Importantly, only dimerized

Fig. 4. Sphingosine kinase inhibition enhances MTX-induced Cer formation. (A) Schematic representation of the sphingolipid metabolic pathway.
CDase, acid, alkaline, and neutral ceramidase; SGPP, S1P phosphatases 1 and 2; S1PL, S1P lyase. (B and C) Sphingolipidomic analysis was con-
ducted on DLD-1 cell samples treated with MTX (4 mM) and PF-543 (5 mM) for 24 hours (n 5 3). Values are presented as pmol sphingolipid/nmol
inorganic phosphate (pmol/nmol Pi). Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple comparison test. (*)
Asterisks indicate significant changes as reported in Results section. (B) Levels of dhS1P and S1P. (C) Levels of C16:0, C18:0, and C24:1 Cer,
dhSph, and Sph.
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CRT was present in the Triton X-100 detergent–insoluble
membrane fraction. The monomeric form on the other hand
was undetectable in this region. These results corroborate the
reported findings of microscopic studies that CRT displayed by
dying or dead cells localizing to lipid raft microdomains (Gar-
dai et al., 2005, 2006). They further suggest that lipid raft–lo-
calized, MTX-induced CRT is a disulfide-linked dimer.
The plasma membrane lipid raft is highly enriched in sphin-

golipids, and our data indicate that SphK inhibition enhances
MTX-induced Cer accumulation, suggesting that cell surfa-
ce–exposed CRT preferentially associates with Cer-enriched
membrane microdomains. Thus, inhibition of Cer formation
should affect cell surface exposure of CRT. We therefore inhib-
ited Cer formation using the Cer synthase inhibitor fumonisin
B1 and examined the association of dimerized CRT with the
Triton X-100 detergent–insoluble membrane fraction of DLD-1
cells treated with MTX ± PF-543. Consistent with the results
obtained above, MTX alone modestly relocalized a dimerized
form of CRT to the Triton X-100–insoluble membrane fraction,
which was enhanced by SphK inhibition/Cer accumulation in
combination with PF-543 (Fig. 6C). Importantly, fumonisin B1
abrogated the effects of SphK inhibition on CRT relocalization
to the Triton X-100–insoluble membrane fraction, indicating
that enhanced Cer formation and not inhibition of S1P produc-
tion is responsible for the observed generation of dimerized
plasma membrane localized CRT.

Discussion
Herein, we report, for the first time, that inhibition of the

SphKs enhances the cytotoxicity, cell-surface expression of
CRT and secretion of ATP induced by low doses of the anthra-
cycline MTX in human and mouse CRC cell lines. This
enhanced production of DAMPs by SphK inhibition implies
that the sphingolipid metabolic pathway and Cer accumula-
tion in particular is an important, previously unrecognized fac-
tor that is critical to the processes of ICD. As mentioned
above, numerous examples in the literature suggest an inter-
section between the cellular effects of Cer accumulation and
the mechanism of cell death associated with ICD. Our current
results suggest that Cer accumulation through SphK inhibi-
tion might enhance the immunogenicity of known ICD-induc-
ing agents, including clinically relevant chemotherapeutic
agents, such as MTX, ionizing radiation, and photodynamic
therapy. Whether Cer accumulation is a common feature of all
ICD-inducing agents or is unique to certain subsets of agents/
therapies is unknown at this time.

The mechanisms associated with Cer-induced cell death
have been thoroughly dissected for decades. Cer accumulation
has canonically been thought to induce apoptosis, a form of
nonimmunogenic or tolerogenic cell death that does not
engage the innate/adaptive immune response (Obeid et al.,
1993). Our results imply that ICD may be a “noncanonical”
form of Cer-associated cell death. Previous studies have dem-
onstrated that exogenously delivered non-natural Cer analogs
(C2-Cer) were not able to induce the cell-surface exposure of
CRT on their own (Obeid et al., 2007b). A significant portion of
exogenously delivered Cer analogs are anabolically converted
to higher-order sphingolipids (e.g., C2-sphingomyelin and C2-
glucosylceramide) (Chapman et al., 2010). Another significant
portion of the C2-Cer can be deacylated to remove the C2 acyl
chain and form Sph through the actions of the ceramidases
(Gault et al., 2010). The resultant Sph can be rapidly con-
verted to S1P by the SphKs. This pool of Sph can also be
reacylated to form natural Cer species at the ER. Given the
many possible fates, it is possible to imagine a scenario in
which exogenously added Cer analogs could be cytotoxic to
cancer cells and yet the levels of natural Cer species do not
reach a critical threshold to influence the local environment in
the ER (i.e., ER stress) and induce cell-surface expression of
CRT.
In this study, we demonstrate that moderately effective

doses of MTX modestly induce the production of C16:0 Cer
and enhance the production of all Cer species when the con-
version of Sph to S1P is blocked by inhibition of the SphKs.
This is consistent with the idea that when S1P formation is
blocked, Sph is rerouted to the generation of natural Cer spe-
cies in the ER, the amplification of ER stress, and the subse-
quent cell-surface exposure of CRT. It is also possible that S1P
may have a protective “anti-ICD” effect; however, SphK inhibi-
tion alone induces Sph accumulation rather than Cer accumu-
lation, suggesting that ER stress induced by MTX, for
example, is a prerequisite for Cer production. Further study
will be required to firmly establish the role of Cer in ICD.
CRT normally resides in the lumen of the endoplasmic retic-

ulum, where its functions include calcium regulation and
assisting protein folding (Michalak et al., 1999, 2009; Lu et al.,
2015). In response to agents, such as photodynamic therapy
and the anthracyclines (e.g., MTX and doxorubicin), that
induce ICD, CRT relocalizes to the extracellular surface of
tumor cells eliciting an anticancer immunologic response by
cells of the innate/adaptive immune system (Obeid, 2008; Pan-
aretakis et al., 2009; Garg et al., 2012b). For example, in vitro
studies have shown that cancer cells undergoing cell death

Fig. 5. Induction of dimerization of calreticulin in MTX dose-dependent manner. (A) CRT disulfide-linked dimer formation was assessed in DLD-1
whole-cell lysates upon MTX dose-dependent treatment, 5 mM PF-543 alone and in the presence of 1 mM MTX 1 5 mM PF-543 by immunoblot
using anti-CRT antibodies. Vinculin was employed as a loading control (n 5 3). (B) CRT dimer formation was examined in the presence and
absence of MTX (4 mM) under nonreducing (�b-ME) or reducing (1b-ME) conditions by immunoblot using anti-CRT antibodies (n 5 3).

Sphingosine Kinase Inhibitors Enhance Dimeric Calreticulin 307

 at A
SPE

T
 Journals on M

arch 13, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


after exposure to MTX stimulate maturation and activation of
DCs (Garg et al., 2012b). Furthermore, when these cells are
injected into immunocompetent mice (i.e., vaccination assays)
they result in a protective anticancer immune response to a
subsequent live cell challenge (Obeid et al., 2007b; Zitvogel et
al., 2010). Analyses of the plasma membrane proteome
revealed that the immunogenically dying cells expose CRT on
their cell surface, whereas apoptotic (nonimmunogenic) cells
did not, indicating that the immunogenicity of MTX relies at
least in part on its ability to induce cell surface–exposed CRT

(Obeid et al., 2007b). This idea has been supported by studies
in which depletion of CRT by small interfering RNA or use of
neutralizing antibodies averted DC stimulation and abrogated
antitumor immunity.
Our results demonstrate that induction of ER stress by

MTX results in formation of disulfide-bridged dimers of CRT,
which localize to detergent-insoluble, sphingolipid-rich, lipid
raft membrane fraction of the plasma membrane. The forma-
tion of this dimeric form of CRT was also enhanced by inhibi-
tion of the sphingolipid metabolic pathway. Previous
investigations have reported that human CRT possesses three
cysteine residues, two of which are involved in intrasubunit
covalent bonds, whereas the third, Cys146, is present in the
reduced form. In vitro studies have demonstrated that subject-
ing CRT to denaturing conditions, such as low pH and high
heat or calcium-depleting agents, resulted in unmasking
Cys146 and CRT homodimer formation (Jorgensen et al.,
2003; Rizvi et al., 2004). MTX is known to increase production
of reactive oxygen species (ROS) in the ER (Garg et al.,
2012a,b). ROS may promote the unfolding of CRT and solvent
exposure of the free SH of Cys146, where it could disulfide
link with another CRT thiol group. Other studies have demon-
strated that ICD-induced cell surface expressed CRT associ-
ates with another normally ER resident chaperone ERp57
(Obeid, 2008; Panaretakis et al., 2009).
At this juncture, we cannot preclude the possibility that the

“dimeric” form of CRT represents a heterodimeric association
between CRT (55kDa) and ERp57 (57kDa). Alternatively, a
homodimer of CRT could interact with monomeric ERp57 as it
translocates to the cell surface. The possibility also exists that
homodimers of CRT could form higher order oligomeric struc-
tures through noncovalent dimer:dimer interactions. Such
oligomeric interactions could serve to increase the local con-
centration of cell surface–exposed CRT. Coupled with the
selective localization of cell surface–exposed CRT within the
lipid raft regions of plasma membrane, dimerization/oligomeri-
zation would serve to enhance the likelihood of recognition/
engulfment by DCs. Further study will be required to fully
elucidate the oligomeric structure and binding partners of
CRT at the cell surface and how these interactions affect
immunogenicity of cells undergoing ICD.
Taken together, our findings suggest that immunogenic CRT

is a disulfide-bridged dimer and indicate a role for Cer accumu-
lation in the mechanism by which ICD inducers render cancer
cells immunogenic. Detailed molecular studies should help to
clarify the role of Cer in ICD as well as distinguish when it
diverges from its classic role in apoptosis. Future studies will
also be directed to provide in vivo demonstration of the role of
SphK inhibition/Cer accumulation in induction of ICD by the
“gold-standard” vaccination assay method in immunocompe-
tent mouse syngeneic models of CRC (Humeau et al., 2019).
Anthracyclines, such as MTX, doxorubicin, daunorubicin,

etc., are routinely employed in combinatorial chemotherapeu-
tic regimens for a number of cancers. They induce CRT expo-
sure as an “off-target” effect separate from their
topoisomerase inhibitory activity. Given that they are typically
employed at concentrations approaching the maximum toler-
ated dosage, it is possible that they induce immunosuppres-
sion by depletion of the very immune cells needed to mount an
immunogenic attack on the cancer cells (Vanmeerbeek et al.,
2020). Thus, current strategies employing the anthracyclines
have the potential for overt toxicity and may be self-limiting

Fig. 6. Disulfide-linked CRT dimer localizes to lipid raft microdomains.
(A) Subcellular fractionation scheme using differential centrifugation.
(B) Cytosolic (C), Triton X-100 soluble (TS), and Triton X-100 insoluble
(TI) subcellular fractions of DLD-1 cells treated with either vehicle or
MTX (4 mM) 1 PF-543 (5 mM) were subjected to nonreducing conditions
and analyzed by immunoblot using anti-CRT antibodies (n 5 3). (C)
Subcellular fractionation was performed on DLD-1 cells treated with
vehicle, MTX (4 mM), PF-543 (5 mM), or their combination in the pres-
ence and absence of fumonisin B1 (70 mM). The TI fraction was ana-
lyzed for the presence of dimerized CRT by Western blot analysis.
Caveolin 1 represents a loading control and marker for the TI fraction
(n 5 3).
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in their ability to activate the innate/adaptive immune
response. The addition of a SphK inhibitor, such as PF-543 or
ABC294640 (currently under phase I/II clinical trials) could
allow for the use of less overtly toxic doses and amplify the
effects of ICD-inducing agents, such as MTX, in standard-of
care therapies or in new chemotherapeutic regimens specifi-
cally tailored to maximize the induction of ICD/activation of
the innate adaptive immune response.
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