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ABSTRACT
The macroautophagy/autophagy and inflammasome pathways are linked through their roles in innate
immunity and chronic inflammatory disease. Ceramide-1-phosphate (C1P) is a bioactive sphingolipid
that regulates pro-inflammatory eicosanoid production. Whether C1P also regulates autophagy and
inflammasome assembly/activation is not known. Here we show that CPTP (a protein that traffics C1P
from its site of phosphorylation in the trans-Golgi to target membranes) regulates both autophagy
and inflammasome activation. In human epithelial cells, knockdown of CPTP (but not GLTP [glycolipid
transfer protein]) or expression of C1P binding-site point mutants, stimulated an 8- to 10-fold increase
in autophagosomes and altered endogenous LC3-II and SQSTM1/p62 protein expression levels. CPTP
depletion-induced autophagy elevated early markers of autophagosome formation (Golgi-derived
ATG9A-vesicles, WIPI1), required key phagophore assembly and elongation factors (ATG5, ATG7,
ULK1), and suppressed MTOR phosphorylation and that of its downstream target, RPS6KB1/p70S6K.
Wild-type CPTP overexpression exerted a protective effect against starvation-induced autophagy. In
THP-1 macrophage-like surveillance cells, CPTP knockdown induced not only autophagy but also
elevated CASP1/caspase-1 levels, and strongly increased IL1B/interleukin-1b and IL18 release via a
NLRP3 (but not NLRC4) inflammasome-based mechanism, while only moderately increasing
inflammatory (pyroptotic) cell death. Inflammasome assembly and activation stimulated by CPTP
depletion were autophagy dependent. Elevation of intracellular C1P by exogenous C1P treatment
(instead of CPTP inhibition) also induced autophagy and IL1B release. Our findings identify human
CPTP as an endogenous regulator of early-stage autophagosome assembly and inflammasome-driven,
pro-inflammatory cytokine generation and release.

Abbreviations: 7AAD: 7-aminoactinomycin-D; ACTB: actin beta; C1P: ceramide-1-phosphate;
CPTP: ceramide-1-phosphate transfer protein; CPTPi: CPTP inhibition; EBSS: Earle’s balanced salt solution;
FLICA: fluorescent labeled inhibitors of caspase; GLTP: glycolipid transfer protein; IL1B: interleukin 1 beta;
IL18: interleukin 18, LAMP1: lysosomal associated membrane protein 1LPS: lipopolysaccharide;
MAN2A1: mannosidase alpha class 2A member 1; MAP1LC3B/LC3B: microtubule associated protein 1 light
chain 3 beta; MTOR: mechanistic target of rapamycin; NLR: Nod-like receptor; NLRC4: NLR family CARD
containing 4; NLRP3: NLR family pyrin domain containing 3; PA: phosphatidic acid; PMA: phorbol
myristate; proCASP3: procaspase-3; PtdIns: phosphatidylinositol; PYCARD: PYD and CARD domain
containing; RPS6KB1: ribosomal protein S6 kinase B1; S1P: sphingosine-1-phosphate; TGN: trans-Golgi
network; ULK1: unc-51-like autophagy activating kinase 1
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In eukaryotic cells, sphingolipids serve not only as structural
elements helping to form membrane lipid rafts1–5 but also can
act as reservoirs for production of bioactive signaling metabo-
lites such as sphingosine, sphingosine-1-phosphate (S1P), cer-
amide, and ceramide-1-phosphate (C1P).6–11 These simple
sphingolipids regulate various physiological events including
cell stress response and programmed cell death (autophagy and
apoptosis) in ways that can either promote cell survival and
growth, or tip the balance to cell death, depending on the

specific cellular context.10–21 Stressed eukaryotic cells can fore-
stall death by controlled degradation of select nonessential or
dysfunctional cellular components via the process of autoph-
agy.22 Stress inducers such as starvation or infection trigger this
prosurvival process. During autophagy, targeted cytoplasmic
constituents are sequestered from the rest of the cell within
intracellular, double-membrane autophagosomes and eventu-
ally degraded after fusion with lysosomes.22–26 Autophagy not
only rids the cell of compromised organelles, but can ensure
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cell survival by maintaining cellular energy levels while salvag-
ing and recycling essential cellular components. By contrast,
apoptosis is cellular suicide orchestrated to eliminate unneces-
sary, defective and/or unhealthy cells via an orderly sequence
of events involving generation of membrane blebs to contain
the release of harmful or inflammatory substances.27,28 Apopto-
sis is crucial for tissue development and maintenance.

The opposing roles of certain sphingolipid metabolites in the
regulation of autophagy and apoptosis are exemplified by cer-
amide and S1P.10,11,17–20 Whereas increases in intracellular cer-
amide driven by chemotherapy can stimulate cell death, S1P
increase stimulated by nutrient deprivation induces autophagy
that prolongs cell viability. The balance between ceramide and
S1P levels, known as the ‘sphingolipid rheostat,’ is linked to cell
fate.10,11,17–20 Of emerging importance with respect to prosur-
vival cell processes is C1P, the naturally-occurring acylated ana-
log of S1P. C1P can stimulate cell proliferation, promote cell
migration, and regulate phagocytosis and inflammation.7,29–31

Currently unclear is whether altered intracellular levels and/or
distributions of C1P exert regulatory effects on apoptosis,
autophagy, or pyroptosis. The latter is an inflammatory form of
programmed cell death associated with the surveillance and
defense processes of innate immunity.32–35 In pyroptotic cells,
inflammasome assembly/activation leads to the production and
release of pro-inflammatory cytokines, e.g. IL1B/interleukin-1b
and IL18/interleukin-18, as well as other cytoplasmic signals that
induce adhesion molecule expression by mesenchymal and
endothelial cells. The ensuing infiltration of inflammatory and
immune cells triggers fever, vasodilation, and hypotension.

A recently discovered human protein that transfers C1P
between membranes and regulates C1P levels/distribution
within cells is human CPTP (ceramide-1-phosphate transfer
protein).36 CPTP represents a new member in the GLTP (gly-
colipid transfer protein) family, characterized by a modified
GLTP fold that selectively binds C1P rather than glycosphingo-
lipids, ceramide, or other lipids with phosphate head groups,
e.g. S1P or phosphatidic acid.36,37 C1P is synthesized in the
trans-Golgi network (TGN) by CERK (ceramide kinase), the
only established anabolic producer of C1P in mammalian
cells.38 When CPTP is transcriptionally downregulated by
RNAi, C1P accumulates in the TGN, promoting arachidonic
acid release and downstream generation of pro-inflammatory
eicosanoids, presumably by enhanced translocation of
PLA2G4A/cytosolic phospholipase A2a to the TGN.36 Our
investigation reveals that C1P-specific CPTP, but not glyco-
lipid-specific GLTP, endogenously regulates autophagy, inflam-
masome-mediated IL1B and IL18 processing, and pyroptosis,
but not apoptosis.

Results

No apoptosis induction by CPTP up- or downregulation

C1P exerts ‘anti-apoptotic’ effects on cells,7,29–31 and CPTP
downregulation alters C1P intracellular levels and distribu-
tion.36 So we first assessed whether CPTP up- or downregula-
tion induces apoptosis. Fig. 1A shows flow cytometry analyses
of cells overexpressing CPTP or depleted of CPTP by CPTP-
shRNA after incubation with ANXA5/annexin-5 tagged APC/

allophycocyanin to label cell surface-exposed phosphatidylser-
ine and with 7AAD/7-aminoactinomycin-D to label DNA in
permeabilized nuclei (dead cells).27 The labeling patterns of
treated and control cells showed no significant differences in
early apoptotic cell death (Fig. 1A). Scatterplots are provided in
Fig. S1. The levels of CPTP up- or downregulation at the tran-
script and protein levels are shown in Fig. S2. We also analyzed
proCASP3/procaspase-3 and nuclear PARP (poly[ADP-ribose]
polymerase) status by western immunoblotting (Fig. 1B). Pro-
CASP3 processing into active CASP3 involves cleavage by
upstream caspases and assembly of the p17 and p12 fragments
into heterotetramers. Apoptosis is then initiated by CASP3
cleavage of PARP into an active 89-kDa fragment and a 24-
kDa DNA-binding fragment that facilitate cell disassembly.
CASP3 serves as a hallmark indicator for cell apoptosis because
of its critical executioner role in both the extrinsic (death
ligand) and intrinsic (mitochondrial) apoptotic pathways.27,28

Western immunoblots (Fig. 1B) confirmed the lack of cleavage
of proCASP3 and PARP in cells with up- or downregulated
CPTP expression. Also, no significant decrease in cell viability
was detected (Fig. 1C). It is noteworthy that depletion or over-
expression of GLTP, which binds and transfers glycosphingoli-
pids but not C1P, also failed to induce apoptosis (data not
shown), in agreement with earlier GLTP overexpression data.39

CPTP downregulation induces autophagy

CPTP depletion promotes Golgi fragmentation/dispersion,36 a
phenotype also associated with starvation-induced autoph-
agy.40 We thus determined autophagosome status in CPTP
inhibition (CPTPi)-treated cells. During autophagy, double-
membrane phagophores (precursors to autophagosomes) form
in the cytoplasm, increase in number, and engulf cytoplasmic
contents; after maturation into autophagosomes, they fuse with
lysosomes to generate metabolites that help prolong eukaryotic
cell survival during stressful situations.41,42 MAP1LC3B/LC3B
(microtubule associated protein 1 light chain 3 beta), which is
ubiquitously distributed in nonautophagic cells, undergoes
processing and integration into phagophores during autophagy.
The autophagosome-associated form of LC3, known as LC3-II,
is conjugated to phosphatidylethanolamine causing membrane
embedding.40–43 Fig. 1D illustrates the significant elevations (6-
to 8-fold) in GFP-LC3-II puncta in CPTP-depleted cells com-
pared to controls for HeLa and HEK-293 cells transfected with
GFP-LC3 vector and treated with siCPTP or scrambled control
for 24 h. The upregulation of LC3 mRNA by siCPTP treatment
in the HeLa and HEK-293 cells was confirmed by qPCR analy-
ses (Fig. S3). Western immunoblotting (Fig. 1E) also showed
elevated LC3-II as well as reduced SQSTM1/p62 levels. The lat-
ter marker is selectively incorporated into phagophores via
direct binding to LC3 and efficiently degraded during autoph-
agy.41,42,44,45 SQSTM1 expression inversely correlates with
autophagy upregulation, and thus is a good marker for
enhanced autophagic flux.41,42 Flow cytometry analysis
(Fig. S4) confirmed autophagy induction. Despite permeabiliza-
tion of the siCPTP-treated cells by saponin, the GFP-LC3 signal
remained trapped due to conversion to GFP-LC3-II embedded
in autophagosomal puncta.
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Figure 1. CPTP depletion induces autophagy but not apoptosis. (A) Flow cytometry analyses of HeLa cells stained with ANXA5-APC and 7AAD-PE-Cy5 after transfection for
24 h using control vector (EGFPN1), EGFPN1-CPTP, or shCPTP. Representative raw data are shown in Fig. S1. (B) Western immunoblot analysis for PARP (116 kD), cleaved
PARP (89 kD), proCASP3 (32 kD) and cleaved CASP3 (17 kD) at 24 h post transfection, confirming that CPTP expression changes do not induce apoptosis. (C) Cell death/
viability at 48 h post transfection analyzed using trypan blue dye exclusion assay. (D) Fluorescence microscopy images of HeLa and HEK-293 cells cotransfected with GFP-
LC3 plasmid with either scrambled-siCPTP (control) or siCPTP. Adjacent bar graphs show quantification of LC3-II puncta per cell based on analyses of 20 cells per group in
3 independent experiments carried out in triplicate. Values are means § s.e.m. �P < 0.05, ��P < 0.01, ���P < 0.001 Student t test compared to controls. (E) Western
immunoblot analyses of HeLa and HEK-293 cells treated as in (D) but showing CPTP depletion along with SQSTM1 and processed LC3 levels. ACTB (loading control) serves
as baseline for ratiometric comparisons of band intensities. (F) Fluorescence microscopy images of HEK-293 cells cotransfected with plasmid encoding mCherry-LC3 and
either GFP-GLTP, shGLTP and GFP-vector or GFP-GLTPW96A. (G) Immunoblot analysis of HEK-293 cells cotransfected with plasmid encoding GFP-LC3 and either GFP-GLTP,
shGLTP and GFP-vector or GFP-GLTPW96A. Bars: 10 mm.

864 S. K. MISHRA ET AL.



We tested if up- or downregulation of human GLTP induces
autophagy. Previously, GLTP overexpression in HeLa and
HEK-293 cells was found to promote cell rounding,39 a pheno-
type sometimes associated with autophagy.46 GLTP forms a
GLTP-fold containing a lipid binding site that is specific for
glycosylated sphingolipids.37,47–49 Fluorescence micrographs
(Fig. 1F) showed no autophagosome elevations in HEK-293
cells after cotransfection with a plasmid encoding mCherry-
LC3 along with either GFP-wild-type (WT-)GLTP, shGLTP, or
GFP-GLTPW96A (ablated glycosphingolipid binding site). A
similar outcome was obtained in HeLa cells (Fig. S5). Western
immunoblot analyses of LC3-I, LC3-II, and SQSTM1 levels in

the HEK-293 cells (Fig. 1G) supported the lack of autophagy
induction by GLTP up- or downregulation.

To determine whether the CPTPi-induced increase of
autophagosomes reflected blocked downstream processing or
elevated production of autophagosomes (increased flux), we
transfected BSC-1 and HEK-293 cells with dual-label
pBABE-puro-mCherry-EGFP-LC3 plasmid containing
shCPTP. Downstream autophagosome processing involves
fusion with lysosomes. The resulting acidification quenches
the green EGFP signal resulting in yellow-orange and red
puncta from mCherry.50 Fig. 2A and 2B show the resulting
5- to 10-fold elevations in autophagosomes (yellow puncta)

Figure 2. CPTP depletion induces autophagic flux. (A) BSC-1 and (B) HEK-293 cells were either transfected with dual-label pBABE-puro-mCherry-EGFP-LC3 plasmid
containing either scrambled-shCPTP (control) or shCPTP. Quantification of autophagic puncta is depicted in adjacent graphs representing 3 independent experiments.
(C) HEK-293 cells cotransfected with plasmid encoding GFP-LC3, RFP-LAMP1 and either scrambled-siCPTP (control) or siCPTP. Bottom row shows positive control for
autophagy produced by starving cells for 2 h in EBSS medium before cotransfecting with a plasmid encoding GFP-LC3 and RFP-LAMP1. Bars: 10 mm. The merged imaging
suggests colocalization of LC3 and LAMP1 with quantification shown in the adjacent panel. For quantification, 20 cells per group were analyzed in 3 independent experi-
ments carried out in triplicate. Values are means § s.e.m. �P < 0.05, ��P < 0.01, ���P < 0.001 Student t test compared with controls.
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and autolysosomes (red puncta) over control cells transfected
with vector containing scrambled, nontargeting shCPTP, a
result consistent with elevated autophagic flux. This finding
was further supported by examining autolysosome and lyso-
some status. Tracking of LAMP1 (lysosomal associated mem-
brane protein 1) provided more evidence for increased
autophagic flux.51,52 Fig. 2C shows the colocalization of GFP-
LC3-labeled puncta with RFP-LAMP1 resulting from CPTP
knockdown. The dramatic increase in acidic compartments
within the cytoplasm of CPTPi-treated cells also was
observed by acridine orange staining (Fig. S6). Altogether,
our data indicate that WT-CPTP depletion significantly
increases autophagic flux.

Ablation of CPTP activity by mutation of the C1P binding
site induces autophagy

To evaluate whether a viable C1P binding site is required
for CPTP to regulate autophagy, GFP-CPTPK60A and

GFP-CPTPR106L point mutants with ablated C1P binding sites36

were overexpressed in HEK-293 and HeLa cells. Fig. 3A
(merged channel) shows that co-expression of mCherry-LC3
with either GFP-CPTP mutant resulted in elevated autophago-
some levels (yellow or yellow-orange puncta). By contrast,
GFP-WT-CPTP overexpression produced no increase of
puncta. The autophagy induced by CPTP mutant expression
was also evident by western immunoblot analyses (Fig. 3B)
showing reduced SQSTM1/p62 levels along with increased lev-
els of LC3-II in HEK-293 cells. Together the data indicate a
dominant-negative, pro-autophagic effect is exerted by overex-
pression of CPTP with a defective C1P binding site. This domi-
nant-negative effect was not duplicated by overexpression of
GFP-GLTPW96A, which contains a defective glycolipid binding
site (Fig. 1F and 1G).

In Fig. 3A, most puncta are yellowish-orange in cells co-
expressing mCherry-LC3 and either GFP-CPTPK60A or GFP-
CPTPR106L, consistent with colocalization of mutant CPTP
with the mCherry-LC3-labelled autophagosomes. Yet, intensely

Figure 3. Ablation of C1P intermembrane transfer by CPTP mutation induces autophagy. (A) Fluorescence microscopy of HEK-293 cells cotransfected with plasmid encod-
ing mCherry-LC3 and GFP-WT-CPTP, GFP-vector control, GFP-CPTPK60A or GFP-CPTPR106L. The adjacent panel provides quantification of LC3 puncta averaged for 20 cells
per group. Bars: 10 mm. (B) Western immunoblot analysis of HEK-293 cells treated as in (A) and showing LC3-II:ACTB and SQSTM1:ACTB quantified ratios. (C) Fluorescence
microscopy of HEK-293 cells cotransfected with GFP-WIPI and either scrambled siCPTP (control) or siCPTP. In the adjacent bar graph, WIPI1 puncta are quantified using 20
cells per group in 3 independent experiments. Values are means§ s.e.m of 3 independent experiments. �P < 0.05, ��P < 0.01, ���P < 0.001 Student t test.

866 S. K. MISHRA ET AL.



green puncta also occurred in the same cells indicating initial
localization of GFP-CPTPK60A or GFP-CPTPR106L to either
pre- or nonautophagosomal cytoplasmic puncta that are not
yet acidic. To determine if CPTP mutant expression regulates
early upstream events involved with autophagosome formation,
we assessed for generation of phagophores. These nascent
membranes elongate and fold into meniscus shapes that close
to form double-membrane autophagosomes via a process
requiring activation of initiation complexes (class III phospha-
tidylinositol [PtdIns] 3-kinase complexes). PtdIns-3-phosphate
serves as nucleation sites to help recruit PtdIns-3-phosphate-
binding proteins (e.g., WIPI1/Atg18 [WD repeat domain,
phosphoinositide interacting 1]) along with other ubiquitin-
like proteins needed to form the phagophore40,53,54; WIPI1 pro-
motes phagophore maturation.54 Fig. 3C shows the striking
increase in GFP-WIPI1 puncta in HEK-293 cells expressing
CPTPK60A or CPTPK106L versus control cells, consistent with
siCPTP treatment affecting phagophore maturation.

We also analyzed whether siCPTP treatment could still
induce autophagy when ‘upstream’ autophagy-related proteins
involved in early phagophore formation events, such as ATG5,
ATG7 and ULK1 (unc-51-like autophagy activating kinase 1)
were depleted. ULK1/Atg1 is essential for initiation of phago-
phore generation55–57, whereas, ATG5 and ATG7 are involved
in formation of the ATG12–ATG5-ATG16L1 complex that is
essential for phagophore elongation.40 This complex consists of
ATG12, a ubiquitin-like protein that conjugates to ATG5,
which interacts with ATG16L1 (a WD-repeat-containing mole-
cule). The ATG12–ATG5-ATG16L1 complex is needed for
LC3-I conjugation to PE to form LC3-II. When cells were
depleted of autophagy-essential ATG5, ATG7 or ULK1, siCPTP
failed to induce autophagy as shown by the lack of increased
mCherry-LC3-II puncta (Fig. S7). Fig. S8 confirms low LC3-II
levels by western immunoblotting.

Golgi fragmentation/dispersion induced by CPTP depletion
involves ATG9A vesicles

As mentioned earlier, CPTPi induces TGN membrane frag-
mentation and disintegration of Golgi cisternal stacks as
revealed by various fluorescent antibody markers for cis- and
trans-Golgi in BSC-1 cells (Fig. S11 in ref. 36). To assess the sit-
uation in siCPTP-treated HEK-293 cells, we tracked Golgi
integrity using Cherry-MAN2A1 (mannosidase alpha class 2A
member 1), a Golgi cis/medial marker, and confirmed the strik-
ing Golgi fragmentation/dispersion (Fig. 4A). A similar pheno-
type was exhibited in cells subjected to nutrient deprivation
(positive control), as originally reported by Takahashi et al.58

Because CPTP is cytoplasmically dispersed but also associ-
ates with the trans-Golgi as well as RAB5- and RAB9-contain-
ing endosomes,36 we examined whether CPTP depletion affects
localization of ATG9A vesicles that originate from the trans-
Golgi. ATG9A vesicles deliver lipids and proteins just after
assembly of the phagophore scaffold proteins, but before arrival
of other ATG proteins, and contribute to membrane expansion
of the phagophore.59–63 ATG9A association with the elongating
phagophore is dynamic with removal occurring before closure/
completion of the autophagosomal membrane.62,63 In shCPTP-
treated cells (Fig. 4B), ATG9A vesicles were dramatically

dispersed compared to control cells where intensely staining
ATG9A remained in the perinuclear Golgi stacks.

MTOR-dependence of CPTPi-mediated autophagy

We further investigated the impact of CPTP depletion on the
early events in autophagosome formation by determining
whether MTOR (mechanistic target of rapamycin) plays a
mechanistic role in CPTPi-induced autophagy. MTOR is an
evolutionarily conserved kinase that coordinately regulates the
balance between eukaryotic cell growth and autophagy in
response to nutritional status, growth factor and stress sig-
nals.64–68 MTOR is phosphorylated at Ser2448 via the phos-
phoinositide 3-kinase-AKT signaling pathway, and RPS6KB1/
p70S6 kinase (ribosomal protein S6 kinase B1) phosphorylation
at Thr389 is an activation hallmark by MTOR. Our western
immunoblotting analyses (Fig. 5A) indicated that CPTP deple-
tion suppressed phosphorylation of MTOR and RPS6KB1, a
downstream target of MTOR. By contrast, WT-CPTP overex-
pression exerted a protective effect against autophagy by par-
tially mitigating the suppressed MTOR and RPS6KB1
phosphorylation induced by nutrient deprivation. This effect is
illustrated in Fig. 5B which shows that overexpression of WT-
CPTP (GFP-CPTP) significantly suppressed autophagy
induced by 2 h of nutrient deprivation in Earle’s balanced salt
solution (EBSS) medium. Additional evidence for the mitigat-
ing effect of CPTP overexpression on autophagy is provided in
Fig. 6A where decreased autophagosome levels (mCherry-LC3
puncta) were observed by fluorescence microscopy, while
increased SQSTM1 levels and decreased LC3-II levels were
indicated by western immunoblot analyses (Fig. 6B).

CPTP depletion induces inflammasome assembly/
activation

Previously, we observed that CPTP downregulation in human
A549 lung adenocarcinoma basal epithelial cells upregulates
pro-inflammatory eicosanoid production.36 Because of emerg-
ing links between inflammation and autophagy,69–71 we tested
whether changes in CPTP expression regulate inflammasome
assembly driven by CASP1/caspase-1.72–74 CASP1 activation
was analyzed after depletion or overexpression of CPTP in
THP-1 cells because myeloid lineage cells are potent inflamma-
some expressers.75 Resting, differentiated THP-1 cells (phorbol
myristate [PMA]-treated) require priming by agents such as
lipopolysaccharide (LPS) to increase transcription of the gene
encoding CASP1.76 A second stimulus (nigericin, ATP, or
alum) that promotes K+ efflux can then induce inflammasome
assembly and CASP1 activation to generate active IL1B.77,78

Fig. 7A and 7B show that CPTP depletion stimulates release
of IL1B and IL18 cytokines into the supernatants of differenti-
ated, LPS-primed THP-1 cells to comparable levels as elicited
by alum treatment (positive control). The stimulation of IL
cytokine release can be traced to elevated CASP1 activity as
indicated by the high percentage of fluorescent labeled inhibi-
tors of caspase (FLICA; 660-YVAD-FMK)-positive cells in
response to siCPTP (Fig. 7C). FLICA reagent diffuses into cells
and irreversibly binds to activated CASP1 enzymes. CASP1-
positive cells retain the far-red signal after washing.79,80 To
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biochemically verify the inflammasome activation, the protein
levels of mature IL1B, IL18, and CASP1-p20 in cell superna-
tants along with proCASP1, proIL1B, and proIL18 levels in cell
lysates were measured in THP-1 cells (Fig 7D). The western
immunoblots verified elevated levels of p20 fragments derived
from proCASP1 and significant increases in the mature forms
of IL1B-p17 (17 kDa) and IL18-p18 (18 kDa) in both LPS-
primed siCPTP- and alum-treated cells. Notably, we also found
that CPTP overexpression mitigated inflammasome assembly
and CASP1 activation in LPS-primed, alum-treated cells
(Fig. 7A-7D).

We next determined whether exogenously-added C1P stim-
ulates IL1B production because our earlier findings showed
that CPTP depletion increases not only pro-inflammatory eico-
sanoids but also C1P levels.36 Fig. 7E shows that addition of
exogenous C1P, but not phosphatidic acid (PA), to THP-1 cells

increased IL1B release to similar levels as induced by CPTP
depletion. Moreover, in A549 cells (Fig. 7F), IL1B production/
release also was stimulated by addition of exogenous C1P (but
not PA) and to comparable levels as by CPTP depletion, albeit
at much lower total amounts relative to the macrophage-like
THP-1 cells.

To elucidate the nature of the inflammasome induction by
CPTP depletion, we measured the levels of proCASP1, CASP1-
p20, proIL1B, IL1B-p17, proIL18, and IL18-p18 in the lysates
and supernatants of THP-1 cells depleted of NLRP3 (NLR fam-
ily pyrin domain containing 3), PYCARD (PYD and CARD
domain containing), NLRC4 (NLR family CARD domain con-
taining 4), or CASP1 by shRNA (Fig 8A and 8B). Fig. S9 shows
the effectiveness of the shRNA-induced knockdown of these
inflammasome components. Cell supernatant levels of IL1B
(Fig. 8C and 8D) and IL18 (Fig. 8E and 8F) were measured by

Figure 4. Golgi fragments induced by CPTP depletion partially localize with LC3. (A) HEK-293 cells grown in complete medium, were cotransfected with a plasmid encod-
ing GFP-LC3 and mCherry-MAN2A1 (medial Golgi marker) and then treated with scrambled-siCPTP (control), siCPTP, or subjected to serum starvation (EBSS, 2 h). The
green channel shows LC3-II puncta, the red channel shows the medial-Golgi stacks visualized with mCherry-MAN2A1, and the merged yellow channel shows colocalized
LC3-II and Golgi fragments. In the adjacent bar graph, the colocalization percentage for LC3 and MAN2A1 in the siCPTP- or EBSS-treated cells is normalized to siCtrl-
treated cells. Bars: 10 mm. (B) HEK-293 cells, treated with either scrambled-shCPTP and GFP-vector (shCtrl.) or shCPTP and GFP-vector, were immunolabeled with primary
antibody (ab) to ATG9A followed by Alexa Fluor 595 secondary antibody. In CPTP-depleted cells, the red channel shows cytoplasmically dispersed ATG9A, which otherwise
localizes mostly to the perinuclear space in shCtrl-treated cells. Quantification in the adjacent bar graph involved image analyses of 20 cells per group from 3 independent
experiments. Values are means § s.e.m of 3 independent experiments carried out in triplicate. �P < 0.05, ��P < 0.01, ���P < 0.001 Student t test compared to controls.
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ELISA in similarly treated THP-1 cells. We found that the pres-
ence of CASP1, NLRP3, and PYCARD, but not NLRC4, was
required for siCPTP-induced stimulation of IL1B and IL18 pro-
duction and release.

IL1B release is known to involve the autophagosomal path-
way.81–83 To assess the autophagic status of THP-1 cells
depleted of CPTP, fluorescence microscopy (Fig. 9A) and west-
ern immunoblot (Fig. 9B) analyses were performed. Marked
increases in GFP-LC3-II-positive puncta (Fig. 9A) as well as
elevated LC3-II protein levels (Fig. 9B) were observed in THP-
1 cells that were either CPTP-depleted or alum-treated. Nota-
bly, however, GFP-WT-CPTP overexpression mitigated the
autophagy induction observed in the LPS-primed, alum-acti-
vated cells. We also determined whether exogenous C1P addi-
tion to THP-1 and A549 cells elevated LC3-II protein to levels
comparable to those induced by CPTP depletion. Fig. 9C and
9D (western immunoblots) show that exogenously-added C1P,
but not PA, was nearly as effective as siCPTP at increasing
autophagosome levels in both cell types.

To further assess the interrelationships of CPTP-mediated
autophagy, inflammasome activation, and pyroptosis, the effect
of CASP1 ablation on autophagy induction was studied in
CPTP-depleted cells. Fig. 10A shows the autophagosome levels
in murine macrophages lacking CASP1 after siCPTP treatment.
GFP-LC3-II puncta levels were similarly elevated in both the
CASP1-ablated and wild-type cells following CPTP depletion.
The lack proCASP1 in mouse casp1¡/¡ macrophages rendered

CPTP-depletion ineffective for producing the active CASP1
(inflammasome activation) that is needed to process proIL1B
to active IL1B-p17 (Fig. 10B). THP-1 cells depleted of CASP1
by shCASP1 also showed similarly elevated LC3-II levels as
control-treated cells upon cotransfection with shCPTP
(Fig. 10C). However, depletion of ATG5, an essential initiator
of autophagosome formation, strongly mitigated CPTP-deple-
tion induced CASP1 activation and increased IL1B production
(Fig. 10D).

To assess for cell death via pyroptosis, THP-1 cell viability
was measured by flow cytometry after 7AAD-staining for dead
cells (Fig. 10E). Whereas alum treatment of LPS-primed cells
increased cell death by »90–95%, CPTP depletion increased
cell death by only »45%. By contrast, CPTP overexpression
decreased cell death of alum-treated cells by »48% after correc-
tion for LPS priming.

Figure 5. Autophagy induced by CPTP depletion is MTOR-dependent. (A) Western
immunoblot analyses of CPTP, p-MTOR (phosphorylated Ser2448), MTOR, p-
RPS6KB1 (phosphorylated Thr389), and RPS6KB1 levels in HeLa and HEK-293 cells
transfected with siCPTP or scrambled-siCPTP (Ctrl) for 24 h. (B) Western immuno-
blot analyses of p-MTOR, MTOR, p-RPS6KB1, and RPS6KB1 levels in HEK-293 cells
overexpressing GFP-CPTP for 24 h (right lane) versus mock controls (left lane) prior
to starving the cells in EBSS media for 2 h. In (A) and (B), quantitative insights are
provided by ratiometric comparisons of band intensities to ACTB (loading control).

Figure 6. CPTP overexpression mitigates starvation-induced autophagy. (A) Auto-
phagic puncta (mCherry-LC3) levels in HEK-293 cells transfected with plasmid
encoding GFP-CPTP or mock GFP-vector control and grown in complete DMEM
medium (Control) or starved by incubating for 2 or 6 h in nutrient-depleted EBSS
medium. Bar graphs represent 20 cells per group in 3 independent experiments.
Values are means § s.e.m of 3 independent experiments carried out in triplicate.
�P < 0.05, ��P < 0.01, ���P < 0.001 2-way ANOVA. (B) Western immunoblot analy-
sis of HEK-293 cells expressing either mock GFP-vector control or GFP-WT-CPTP for
24 h prior to subjecting to complete medium (controls) or nutrient-starvation for
6 h in EBSS medium. Quantitative insights are provided by ratiometric comparisons
of band intensities to ACTB (loading control).
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Figure 7. CPTP depletion or exogenous C1P treatment increases release of pro-inflammatory cytokines by inducing inflammasome activation. Human THP-1 cells were
differentiated, primed, and treated as described in Materials and methods. (A) IL1B and (B) IL18 levels were detected using fluorescent antibody-based ELISA and flow
cytometry. (C) Activated CASP1 levels were detected by labeling with FLICA 660-YVAD-FMK followed by flow cytometry. (D) Inflammasome assembly in differentiated,
LPS-primed THP-1 cells treated with siCPTP, activated with alum, or overexpressing CPTP, assessed by western immunoblotting for supernatant (Sup) levels of CASP1-
p20, IL1B-p17, and cleaved IL18 and cell lysate (Lys) levels of proCASP1, proIL1B, proIL18 and LC3. In the surrounding bar graphs, quantification is provided by ratiometric
comparisons of CASP1-p20, IL1B-p17, and cleaved IL18 levels to ACTB (loading control). (E) and (F) IL1B release from THP-1 cells (E) or A549 lung epithelial cells (F) treated
with exogenous C1P or PA (1 mM) as described in the Methods and/or transfected with siCPTP or siCtrl. THP-1 cells were differentiated with PMA and primed with LPS
prior to treatments. �P < 0.05, ��P < 0.01, ���P < 0.001 Student t test.
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Figure 8. Inflammasome assembly is induced by CPTP depletion. THP-1 cells (differentiated and primed) subjected to (A) shNLRP3, (B) shPYCARD, or shNLRC4 and then
analyzed by western blot following treatment with scrambled-siCPTP (control), siCPTP, or alum. ELISA measurements (C-F) showing IL1B levels (C-D) and IL18 levels (E-F)
in THP-1 cells treated as in (A) and (B). Values are means§ s.e.m of 3 independent experiments carried out in triplicate. �P< 0.05, ��P< 0.01, ���P< 0.001 2-way ANOVA
compared to THP-1 control cells (PMA-differentiated and LPS-primed); qPCR analyses of NLRP3, PYCARD, NLRC4 and CASP1 expression (Fig. S9) indicated 6- to 8-fold
reduction of mRNA target gene expression by shNLRP3, shPYCARD, shNLRC4 and shCASP1.
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Discussion

The present study shows that human CPTP functions as an
endogenous regulator of autophagy and inflammasome assem-
bly/activation, but not of apoptosis. The elevated autophago-
some levels induced by CPTP downregulation clearly reflect
increased autophagic flux. Overexpressed CPTP point mutants
(with C1P ablated binding sites) exert a strong dominant-nega-
tive pro-autophagic effect and WT-CPTP overexpression par-
tially mitigates starvation-induced autophagy. HeLa, HEK-293,
and BSC-1 epithelial cells as well as THP-1 monocyte-derived
macrophages all exhibit CPTPi-induced autophagy. In the

latter cells, inflammasome assembly and strong CASP1 activa-
tion are accompanied by substantially elevated release of 2 pro-
inflammatory cytokines, IL1B and IL18.

CPTP is a human lipid transfer protein that stimulates the
intermembrane transfer of C1P but not S1P, ceramide, other
sphingolipids or phosphoglycerides and functions as a homeo-
static regulator of C1P intracellular synthesis and distribu-
tion.36 CPTPi substantially increases intracellular C1P levels
while also altering C1P steady-state distributions by increasing
trans-Golgi levels and decreasing plasma membrane levels.36

The elevated trans-Golgi C1P levels are consistent with failure
of newly synthesized C1P to be transported to other

Figure 9. CPTP depletion or exogenous C1P treatment induces autophagy in THP1 and A549 cells. (A) Fluorescence microscopy showing LC3 puncta in THP-1 cells (differ-
entiated and primed) expressing GFP-LC3. Sample lysates activated with alum (300 mg/ml for 3 h) or cotransfected with siCPTP show significantly increased LC3-II puncta
compared to cells transfected with scrambled-siCPTP (control). GFP-WT-CPTP overexpression mitigates the alum-induced autophagy in THP-1 cells. Bars: 10 mm. For quan-
tification (adjacent bar graphs), 15 cells were analyzed per group in 3 independent experiments. Values are means § s.e.m of 3 independent experiments. (B) Western
immunoblot analyses of LC3-II levels in THP-1 cells (differentiated and primed) treated with siCPTP, activated with alum, or overexpressing CPTP. Levels of LC3-II quanti-
fied relative to ACTB (loading control) are shown in the adjacent bar graph. �P < 0.05, ��P < 0.01, ���P < 0.001 Student t test. (C) and (D) Western immunoblot analyses
of LC3-II levels in THP-1 cells (C) or A549 cells (D) treated with exogenous C1P or PA (1 mM) as described in Materials and methods and transfected with siCPTP or siCtrl.
THP-1 cells were PMA-differentiated and LPS-primed prior to treatments.
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Figure 10. Autophagy induced by CPTP depletion is CASP1 independent, but inflammasome-driven IL1B processing that leads to pyroptotic cell death is autophagy
dependent. (A) Fluorescence microscopy showing LC3 puncta in murine macrophages (WT, wild type; CASP1¡/¡, casp1 knockout cells) primed with LPS and cotransfected
with plasmid encoding GFP-LC3, siCPTP or scrambled siControl. Bars: 10 mm). For quantification (bar graph below micrograph), 15 cells were analyzed per group in 3 inde-
pendent experiments. Values are means + s.e.m of 3 independent experiments. (B) Western immunoblot showing levels of proCASP1, CASP1-p20, proIL1B and IL1B-p17 in
murine macrophages (WT or CASP1¡/¡). Cells were LPS primed and transfected with either siCPTP or non-targeting siCtrl. (C) Western immunoblot analysis of LC3-II in
THP-1 cells (differentiated and primed) treated with shCASP1, shCPTP or scrambled shCtrl. ACTB (loading control) provides baseline for ratiometric comparisons of band
intensities. (D) Western immunoblot analyses of CASP1-p20, and IL1B-p17 levels in cell supernatants and proCASP1 and proIL1B in cell lysates in THP-1 cells cotransfected
with shATG5 and either siCPTP or scrambled siCtrl vectors. (E) Flow cytometry analyses of THP-1 cells stained with 7AAD-PE-Cy5 (670/14 nm bandpass) to detect permea-
bilized nuclei (DNA labeling) after indicated treatments without transfections or at 24 h post-transfection. All comparisons are relative to controls for each treatment con-
dition, �P < 0.05, ��P < 0.01, ���P < 0.001 Student t test.
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intracellular destinations after synthesis by CERK. Two striking
consequences of the CPTPi-induced C1P accumulation at the
trans-Golgi are: i) arachidonic acid increase, presumably due to
enhanced translocation of cytosolic PLA2G4A/phospholipase
A2a to the TGN, and downstream pro-inflammatory eicosanoid
production; ii) Golgi fission that manifests as the disruption
and dispersion of the Golgi cisternal stacks.36

CPTP depletion also reduced S1P and sphingosine by 25%
but only slightly diminished sphingomyelin and monoglycosy-
lated ceramides and left ceramide levels largely unaffected.36

Whether any of the preceding sphingolipid changes are local-
ized to ‘autophagic’ membrane machinery remains unclear but
will become addressable once the technical challenges associ-
ated with in vitro isolation of phagophores and autophago-
somes are overcome. Recently, sphingomyelin overload in
Niemann-Pick disease type A patient fibroblasts and SMPD1
(sphingomyelin phosphodiesterase 1)-depleted cancer cells was
found to disturb the maturation and closure of autophagic
membranes.84

Earlier studies have linked sphingolipid metabolites, such as
S1P and ceramide, to the regulation of programmed cell death
processes (autophagy and apoptosis).10–20 Ceramide has long
been known as a death-promoting lipid via apoptosis or
autophagy, whereas S1P exerts pro-mitogenic growth and is a
survival stimulator, prompting the conceptual development of
the “ceramide-S1P rheostat” as contributing to the life-or-death
fate of cells stressed by environmental factors (e.g., chemical,
bacterial, or viral agents).10,11 Notably, depletion of Arabidopsis
AT2G34690/ACD11, a plant CPTP ortholog that specifically
binds/transfers C1P and phyto-C1P,85 increases susceptibility
for stress-induced cell death.86 In acd11 mutant plants, levels of
C1P and phosphorylated sphingoid bases are moderately ele-
vated but certain phytoceramides are acutely elevated.85 The
findings support the idea of plant autophagic cell death promo-
tion by ceramide species with specific acyl chain composi-
tions16,18 and regulation by the homeostatic ceramide:(C1P
+S1P) ratio.

In human cells, CPTP depletion clearly induces autophagy,
but progression to cell death appears to be cell-type specific.
Epithelial cells (HEK-293 or HeLa) maintain full viability 48 h
after CPTPi treatment despite autophagy induction. Consistent
with this observation are the relatively unchanged ceramide
levels but elevated C1P levels (»7 fold) and only slightly
decreased S1P levels (»25%) in CPTP-depleted human A549
lung epithelial cells.36 Interestingly, endogenous C1P elevation,
induced by CPTPi or by exogenous treatment with C1P (but
not PA), increases autophagosome levels and IL1B release in
both A549 and THP-1 cells. Not surprisingly, IL1B levels
released from macrophage-like THP-1 cells are tremendously
higher than those of A549 lung epithelial cells in agreement
with recent observations.87 The strong CASP1 activation and
high level IL1B and IL18 release by THP-1 cells, eventually
results in cell death by pyroptosis.

Altered CPTP expression regulates the upstream events of
autophagy

CPTP depletion affects early upstream events linked to PAS
regulation and generation as well as early phosphorylation

signaling events associated with MTOR and downstream
RPS6KB1. MTOR is a key kinase that homeostatically regulates
eukaryotic cell growth and autophagy in response to nutritional
status, growth factor and stress signals.64–68 MTOR phosphory-
lation at Ser2448 by upstream AKT, and MTOR phosphoryla-
tion of downstream RPS6KB1 at Thr389 block autophagy.
MTOR activation prevents ULK-mediated ULK1-ATG13-
RB1CC1/FIP200 phosphorylation that is needed to trigger
autophagy by initiating formation of autophagosomes. CPTP
depletion suppresses the phosphorylation of MTOR and
RPS6KB1 to help induce autophagy, whereas, WT-CPTP over-
expression exerts a protective effect against starvation-induced
autophagy by partially mitigating the suppressed MTOR and
RPS6KB1 phosphorylation.

CPTP downregulation also affects autophagy by increasing
ATG9 vesicles that contribute to phagophore assembly. Nota-
bly, the time frame associated with CPTPi-induced Golgi dis-
persion/fragmentation and ATG9 vesicle increase generally
coincides with autophagic flux elevation. ATG9 vesicle
increases also occur during starvation-induced autophagy.58

ATG9 vesicles supply Golgi-derived lipids and proteins to the
forming phagophore membranes.59–63 Given the C1P elevation
induced by CPTP depletion in the trans-Golgi,36 it appears that
C1P could play a role in ATG9 vesicle formation and/or fusion
with other nascent membranes (e.g., omegasomes) during
phagophore initiation and maturation. Indeed, low levels of
C1P increase the rate of Ca++-mediated membrane fusion and
C1P generated by Ca++-dependent CERK promotes phagolyso-
some formation in neutrophils.88 Autophagy is stimulated by
Ca++ mobilization from the ER by treatment with vitamin D,
ionomycin, or thapsigargin. Chelation of Ca++ by BAPTA-AM
inhibits GFP-LC3 puncta formation suggesting that autophago-
some formation is Ca++-dependent.89 Alternatively, C1P
buildup in omegasomes or related nascent membranes might
regulate autophagosome formation by altering the functionality
of specific autophagy-related proteins such as UVRAG/UV-
resistance associated-gene which contains a putative C1P bind-
ing site. Taken together, the preceding scenario provides a
model for how elevated C1P levels at the right cellular location
(e.g., ATG9 vesicles) could fuel increased autophagic flux and
how safeguarding of localized C1P levels by CPTP could help
maintain normal Golgi organization.

CPTP expression regulates inflammasome assembly
and interleukin generation/release

High-molecular-weight complexes formed by a NLR/Nod-like
receptor family subgroup (inflammasomes) activate CASP1 to
mediate the maturation of the pro-inflammatory IL1B and
IL18 cytokines. Several NLR molecules exist including NLRP3
and NLRC4, along with auxiliary proteins such as PYCARD
and proCASP1. NLRs share a central NACHT domain that
triggers self-oligomerization and can be activated by pathogen-
associated molecules and host-derived alarmins that indicate
cell injury or stress.32–34,74 The pro-inflammatory response
induced by IL1B and IL18 secretion includes phagocyte recruit-
ment and activation, whereas the pyroptotic cell death of mac-
rophages releases intracellular pathogens thereby increasing
their susceptibility to neutrophil-mediated destruction.69–74
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Several lines of evidence indicate that CPTP depletion indu-
ces CASP1 activation and inflammasome assembly in primed
THP-1 macrophage-like cells. The data include: i) increased
p20 fragments derived from proCASP1; ii) elevated active
CASP1 levels detected by 660-YVAD-FMK fluorogenic inhibi-
tor; iii) increased IL1B and IL18 release; and iv) elevated pyrop-
totic cell death. The CPTPi-induced release of IL1B and IL18
relies on NLRP3- and not NLRC4-mediated inflammasome
assembly. Notably, the levels of IL1B and IL18 release stimu-
lated by CPTP depletion are comparable with those achieved
by alum treatment. Yet, the pyroptotic cell death is significantly
less than that observed with alum treatment.

Growing evidence indicates involvement of the autophagic
intracellular machinery in the release of the mature inflamma-
tory IL1B and IL18 cytokines.81–83 Our data clearly show
autophagy induction by CPTP depletion in THP-1 monocyte-
derived macrophages, as well as mitigation of CPTPi induced
IL1B release when autophagy is downregulated by ATG5 deple-
tion. CPTP overexpression, a condition that partially mitigates
starvation-induced autophagy, also partially mitigated LPS- or
alum-induced CASP1 activation (53%) and diminished release
of IL1B and IL18 by 62% and 35%, respectively. Altogether, the
findings suggest that the autophagy induced by CPTP depletion
upregulates NLRP3 inflammasome-driven production and
release of IL1B and IL18, while tempering cell death (compared
to alum). The enhanced and prolonged production of cytokines
and eicosanoids by CPTPi-induced autophagy could serve to
sustain the arrival of additional macrophages and neutrophils.
Future studies will be needed to test the preceding ideas.

Materials and methods

Cell lines and treatments

HeLa and HEK-293 cells from the American Type Culture Col-
lection (ATCC, CCL-2 and CRL-1573) were grown in DMEM
medium (HyClone GE Healthcare, SH30022.01) supplemented
with 10% fetal bovine serum (FBS; Thermo Scientific,
10082147) and penicillin/streptomycin (Thermo Scientific,
15140122) at 5% CO2 and 37�C. Prior to transfection using
Lipofectamine 2000 (Invitrogen, 11668-019), cells were grown
for 24 h to »50% confluence. THP-1 cells (ATCC, TIB-202)
were maintained at 5% CO2 in RPMI-1640 culture medium
(HyClone GE Healthcare, SH30027.01) with high glucose and
supplemented with 10% FBS and antibiotics (Thermo Scien-
tific, 15140122). THP-1 cells were differentiated to a macro-
phage-like state by incubating with 20 nM PMA (Sigma-
Aldrich, P1585) overnight,75 washing with phosphate-buffered
saline (PBS; Thermo Scientific, 10010023) and allowing to
adhere to tissue culture plates (Falcon, 3–353003). PMA-differ-
entiated THP-1 cells were then transfected with CPTP con-
structs using Lipofectamine-LTX (Invitrogen, 15338030) or by
nucleoporation using Amaxa Cell Line Nucleofector Kit V
(Lonza, VCA-1003) and program V001 and then primed with
LPS (100 ng/ml; Sigma-Aldrich, L2630) for 3–4 h. NLRP3
inflammasome assembly/activation was stimulated in controls
by treatment with alum (Sigma-Aldrich, A6435; 300 mg/ml for
3 h).77 TurboGFP-GIPZ lentiviral shRNAmir constructs for
ATG5, ATG7, ULK1, ATG9a, NLRPP3, NLRC4, PYCARD,

CASP1 and non-targeting (scrambled) control shRNAs were
supplied by the University of Minnesota Genomics Center
(http://genomics.umn.edu/rna-interference.php). CPTP over-
expression and depletion were confirmed by western immuno-
blotting and quantitative RT-PCR (Fig. S2). Addgene plasmids
used in the study were pEGFP-LC3 (24920, deposited by Toren
Finkel), pBABE-puro mCherry-EGFP-LC3B (22418, deposited
by Jayanta Debnath), mCherry-hLC3B-pcDNA3.1 (40827,
deposited by David Rubinsztein), RFP-LAMP1 (1817, depos-
ited by Walther Mothes), pMXs-IP GFP-WIPI1 (38272, depos-
ited by Noboru Mizushima) and mCherry-MAN2A1-N-10
(55074, deposited by Michael Davidson). siRNAs used for
CPTP and GLTP were from Santa Cruz Biotechnology, sc78839
and sc95836. Saponin (A9231) was from Sigma Aldrich.

RNA isolation, RT–PCR and qPCR

To evaluate mRNA transcript levels, quantitative PCR was per-
formed.36,39 Briefly, total RNA was isolated using Trizol kits
(Invitrogen, 15596026). RNA (1mg) was reverse transcribed
using Superscript III reverse transcriptase (Invitrogen,
18080093). Table S1 shows the forward and reverse primers.
Transcript levels were quantified using qPCR SYBR® green
assay (Applied Biosystems, 4367659) and primer sequences
specific to CPTP.

Western immunoblot analysis and reagents

Semiconfluent cells were collected by manual scraping, lysed in
RIPA buffer (Thermo Scientific, 89900), pelleted at 4�C by cen-
trifugation at 16,000 x g, for 15 min, and boiled in Laemmli
sample buffer (Bio-Rad, 1610737). Proteins were separated on
12% discontinuous SDS-PAGE gels (Bio-Rad, 4561043EDU),
transferred to PVDF membranes (Bio-Rad, 1620177), and
immunolabeled using commercial antibodies. Antibodies used
were: LC3 (MBL International, PM036), SQSTM1 (Novus Bio-
logicals, NBP1-48320), CASP-p20 (Adipogen, AG-20B-0042-
C100), ATG9A (Abcam, ab108338), IL1B (GeneTex,
GTX74034), IL18 (Thermo Scientific, PA5-19131), ACTB (BD
Biosciences, 612656) MTOR (Cell Signaling Technology,2983),
RPS6KB1-Thr389 (Cell Signaling Technology, 9234),
RPS6KB1-Ser371 Cell Signaling Technology, 9208), p-MTOR-
Ser2448 (Cell Signaling Technology, 5536), CASP3 (Cell Signal-
ing Technology, 9662), cleaved CASP3-Asp175 (Cell Signaling
Technology, 9661), PARP (Cell Signaling Technology, 9542),
cleaved PARP-Asp214 (Cell Signaling Technology, 9541),
CPTP (Santa Cruz Biotechnology, sc247014). Immunoreactive
bands were detected by chemiluminescence (ImageQuant
LAS4000 system, GE Healthcare, MA, USA).

Apoptosis flow cytometric analysis

Cells were evaluated at 48 h post-transfection using a
FACSCalibur flow cytometer (BD Biosciences, CA, USA) with
the ANXA5/Annexin V-allophycocyanin/APC Apoptosis
Detection kit (BD Biosciences, 561012) according to the manu-
facturer’s recommendations. Briefly, cells were trypsinized,
washed with 2.5% FBS in PBS, and incubated with ANXA5-
allophycocyanin plus 7-AAD/7-amino actinomycin D-PE/
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phycoerythrin-Cy5/cyanine 5 in binding buffer at room tem-
perature for 5 min in the dark. Stained cells were analyzed for
phosphatidylserine exposure via ANXA5-APC signal in the
FL1 detector (660/20 bandpass filter) and for dead cell DNA
binding via 7-AAD PE-Cy5 signal in the FL2 detector (670/14
bandpass filter). Early apoptotic cells stained positive for
ANXA5 and negative for 7AAD27 and were located in the lower
right quadrant.

Autophagosome detection by epifluorescence microscopy

Cells were grown on polylysine (Sigma-Aldrich, P4707)-coated
glass coverslips. Briefly, after transfection with plasmids encod-
ing GFP-LC3, mCherry-LC3, or tandem GFP-mCherry-LC3
and labeling with various antibodies followed by secondary
antibodies coupled to Alexa Fluor 594 (Thermo Scientific, A-
11037) as described in the figure legends, cells were washed
with PBS and fixed for 20 min at room temperature with 4%
paraformaldehyde (Sigma-Aldrich, P6148). Cells sometimes
were counter-stained with DAPI (Sigma-Aldrich,
10236276001) and mounted in 10% PBS, 90% glycerol (Sigma-
Aldrich, G5516). After washing, coverslips were mounted on
glass slides, and the fixed cells were imaged with a 63 £ 1.4 NA
apochromatic CS oil-immersion objective on a Leica DM
RXA2 microscope using a Hamamatsu ORCA-ER CCD cam-
era. Fluorescence images were acquired through a Leica Plan
Apo 63_/1.3 NA glycerol-immersion objective and a Hama-
matsu 9100 back-thinned ORCA-AG Digital CCD camera.90

Autophagy was assessed in a minimum of 20 cells per prepara-
tion in 3 independent experiments. Cells with 5 or more intense
GFP-LC3 puncta were considered autophagic; whereas diffuse
cytoplasmic GFP-LC3 staining without puncta was considered
nonautophagic. Percent autophagy was determined in a dou-
ble-blind manner.

Pyroptosis (CASP1) analysis

IL1B and IL18 levels were measured in THP-1 cell supernatents
using bead-based sandwich ELISA as per the manufacturer rec-
ommendations (LEGENDplex kit, BioLegend, 740102). Briefly,
cell supernatant was mixed with specific antibody-coated beads
that promote formation of an analyte-antibody complex. After
washing, biotinylated detection antibodies were added to bind
to the specific analyte adsorbed to the capture beads, thus form-
ing capture bead-analyte-detection antibody sandwiches. Addi-
tion of streptavidin-phycoerythrin, which binds to the
biotinylated detection antibodies, provides fluorescent signal
intensities in proportion to the bound analyte amount. Fluores-
cent signals were measured by dual-laser flow cytometry and
analyzed using LEGENDPLEX data analysis software. Acti-
vated CASP1 levels were also assessed by western immuno-
blotting of cell supernatant against CASP1-p20-specific anti-
body as well as with FLICA 660-YVAD-FMK detection reagent
(ImmunoChemistry Technology, 9122) which consists of active
CASP1 affinity peptide (YVAD), a far-red fluorescent 660 dye
label, and a fluoromethyl ketone (FMK) reactive moiety. FLICA
analogs are cell permeant enabling whole cell analysis via com-
mon fluorescence detection methods.79,91 The far-red FLICA
660-YVAD-FMK inhibitor probe efficiently forms an

irreversible, covalent bond with the active CASP1. Cells were
stained for 30 min at 37�C with FLICA 660-YVAD-FMK with
occasional shaking. FLICA emission of washed cells was then
quantified in the FL4 channel of a FACSCalibur flow cytometer.
Unstained cells were used to set the gate for flow cytometry
analysis.

Exogenous C1P treatment of cells

D-e-palmitoyl (C16) C1P or POPA/PA with palmitoyl sn-1 and
oleoyl sn-2 acyl chains were introduced into THP-1 or A549
cells (ATCC, TIB-202 or CCL-185) using the dodecane/ethanol
system.92–94 Cells (1 £ 105) were treated for 3 h with 1 mM
C1P (Avanti Polar Lipids, 860533) or POPA (Avanti Polar Lip-
ids, 840857P) solubilized in 2% dodecane, 98% EtOH (cell
media final concentration was 0.002% dodecane, 0.098%
EtOH). Previous studies have shown that C1P metabolism to
other sphingolipid metabolites (e.g. ceramide) in A549 cells is
very slow.92–94

Statistical analysis

Data are expressed as the mean § SE of at least 3 separate
experiments performed in triplicate. The Student t test
and 2-way ANOVA (analysis of variance) were performed
using GraphPad Prism 5 (GraphPad Software, Inc. La
Jolla, CA, USA) to compare the differences between groups.
P values < 0.05 were considered statistically significant.
Statistically significant differences in the figures are indicated
by asterisks (�P < 0.05, ��P < 0.01, ���P < 0.001).
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