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Abstract

Background: Ceramides are a class of sphingolipids that form the structural component of the cell membrane and
also act as second messengers in cell signaling pathways. Emerging results suggest that ceramide induces growth
arrest and apoptosis in various human cancer cells. However, the mechanisms underlying its antitumor activity are
yet to be identified. Endoplasmic reticulum stress (ER stress), a cellular adaptive response, is believed to initially
compensate for damage but can eventually trigger cell death if the stimulus is severe or prolonged. In this study,
we investigated whether ceramide induces cell death in human salivary adenoid cystic carcinoma (ACCs) through
activation of the apoptotic ER stress.

Results: RT-PCR, real-time PCR and western blot demonstrated that exogenous ceramide treatment up-regulated
GRP78 and p-eIF2α expression and XBP1 splicing. Moreover, the ceramide synthase inhibitor FB1 abolished
ceramide-induced ER stress. Up-regulation of the ER stress-associated apoptosis promoting transcription factor
CHOP and p-JNK suggested that the antitumor activity of ceramide is owing to activation of apoptotic ER stress.
Mechanistically, [Ca2+]ER depletion and SERCA inhibition by ceramide treatment suggested that it induces ER stress
by disrupting [Ca2+]ER homeostasis. The chemical chaperone TUDCA inhibited ceramide-induced ER stress and cell
death. In addition, the downstream metabolite of ceramide, S1P, cannot activate ER stress.

Conclusions: These results demonstrated that exogenous ceramide induces cancer cell death through a
mechanism involving severe ER stress triggered by the disruption of ER Ca2+ homeostasis.
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Introduction
Rapid proliferation of cancerous cells during cancer pro-
gression places a high demand on protein synthesis. The
endoplasmic reticulum (ER) is a critical organelle in the
synthesis, proper folding and assembly of secretory and
membrane proteins [1]. It is also the site of lipid synthe-
sis and a major intracellular Ca2+ reservoir. Cellular
stimuli that perturb ER homeostasis, including hypoxia,
failure of protein synthesis, folding, transport or degrad-
ation, ER Ca2+ depletion and oxidative stress, may lead
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to ER stress. ER stress triggers the surveillance mechan-
ism known as the unfolded protein response (UPR). The
UPR involves the activation of inositol-requiring protein
1α (IRE1α), PKR-like ER kinase (PERK) and activating
transcription factor 6 (ATF6). Activation of the UPR
minimizes ER stress by improving the protein folding
capacity of the ER, halting the rate of secretory protein
synthesis and increasing the chaperone capacity in cells.
However, persistent or severe ER stress activates a

UPR that results in apoptosis. Activated PERK, IRE1α
and ATF6 under chronic ER stress regulate downstream
targets, mainly the CCAAT/enhancer-binding protein
(C/EBP) homologous protein (CHOP) and JNK, which
play important roles in the commitment phase of ER
stress-mediated apoptosis. CHOP inhibits expression of
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the anti-apoptotic protein Bcl-2 and induces the ex-
pression of the pro-apoptotic Bcl-2 family member
Bim [2-4]. Activation of either IRE1α-TRAF2-ASK1 or
CHOP-CAMK II pathways under ER stress induces
JNK phosphorylation, which activates ER stress-
mediated apoptosis through at least two mechanisms:
induction of Fas and induction of Nox2 and subse-
quent oxidative stress [5-7]. Overwhelming ER stress
eventually activates apoptosis through cleavage of
caspase-12 in murine cells or caspase-4 in human cells,
which subsequently activates executioner caspases such as
caspase-3 [8-10].
The interconvertable sphingolipid metabolites, cer-

amide and sphingosine-1- phosphate (S1P), constitute
the sphingolipid rheostat. The dynamic balance of these
two constituents has long been proposed to control the
fate of the cell; with S1P promoting cell growth and
survival, whereas ceramide drives apoptosis, autophagic
responses and cell cycle arrest [11,12]. Ceramide is
produced by ceramide synthase through de novo biosyn-
thesis in the ER. Recent studies suggested that alteration
of ceramide synthase 6 (CerS6) activates the ATF6-
CHOP arm of the UPR pathway and induces apoptosis
[13,14]. It was also reported that the combined treat-
ment of sorafenib and vorinostat induces ER stress and
apoptosis through elevation of ceramide level and CD95
activation [15]. However, the mechanisms by which
exogenous ceramide regulates ER stress and subsequent
apoptosis remain unknown.
In this study, we have identified that exogenous

ceramide triggers an apoptotic ER stress response by
treating salivary adenoid cystic carcinoma cells (ACCs)
with cell-permeable short chain C2-ceramide. We defined
a novel mechanism that activates ER stress via SERCA
inhibition and [Ca2+]ER depletion in response to
ceramide treatment. Furthermore, we observed that
ceramide induces apoptosis via activation of pro-
apoptotic factors downstream of ER stress in ACCs.

Results
Ceramide induces sustained activation of XBP1 mRNA
splicing in ACCs
To test the hypothesis that ceramide acts as an ER stress
activator in ACCs, exogenous cell permeable short chain
C2-ceramide was used to treat ACC-M and ACC-2 cells.
Reverse Transcription-PCR (RT-PCR) showed a signifi-
cant increase in the expression of the spliced isoform of
XBP1 (XBP1S) after treatment with 100 μM ceramide
for 6 h, and prolonged incubation with ceramide for
12 h further increased this effect (Figure 1A). Changes
in XBP1 mRNA splicing were detected by RT-PCR amp-
lification, followed by PstI digestion. There is a PstI site
in the 26-nucleotide intron of XBP1U but not in XBP1S
mRNA. Digestion of the RT-PCR products with a PstI
restriction enzyme enables XBP1S (not digested) and
XBP1U (digested into two smaller bands) to be distin-
guished [16]. We also observed a slowly migrating spe-
cies (XBP1H), which represents a hybrid structure of
unspliced and spliced single stranded DNAs [17,18].
Real-time PCR confirmed that ceramide induced XBP1
mRNA splicing in a time- and dose-dependent manner
(Figure 1B). Tunicamycin (Tm) and Thapsigargin (TG)
are classic inducers of ER stress, and were used as
positive controls in our study. Tunicamycin inhibits
protein glycosylation in the ER, leading to protein
misfolding and subsequent ER stress. Thapsigargin select-
ively inhibits sarcoplasmic/endoplasmic reticulum Ca2+-
ATPase (SERCA), resulting in Ca2+ depletion from the ER
lumen and activation of ER stress. RT-PCR showed that
treatment with 1–10 μM TG or 3 μg/ml Tm for 6 h sig-
nificantly induced XBP1 mRNA splicing (Figure 1C).
Ceramide activates eIF2α phosphorylation and increases
GRP78 expression
ER resident protein chaperons such as GRP78 and
GRP94 assist in the proper folding, maturation and
stabilization of nascent proteins in ER [19]. Elevated
GRP78 expression is an indicator of ER stress. We used
Real-time PCR to analyze the change in GRP78 expres-
sion after ceramide treatment in ACC-M and ACC-2
cells. Incubation with 100 μM ceramide for 6 h signifi-
cantly increased GRP78 expression. Similar to the
expression pattern of XBP1S, the prolonged incubation
time of 12 h induced higher levels of GRP78 expression
(Figure 2A). Upon ER stress, activated PERK phosphor-
ylates eukaryotic initiation factor 2α (eIF2α), which
attenuates the overall mRNA translation rate while
inducing the translation of selective mRNAs with in-
hibitory uORFs in their 5′ UTR [20]. Western blot ana-
lysis showed increased eIF2α phosphorylation after
treatment with 100 μM ceramide for 3 h (Figure 2B).
These results suggest that ceramide activates ER stress
in a time- and dose-dependent manner in ACCs.
Inhibition of ceramide synthase by FB1 impairs
ceramide-induced ER stress
Fumonisin B1 (FB1) is a natural competitive inhibitor of
ceramide synthase. Treatment with FB1 inhibits the
synthesis of ceramide and its downstream metabolites.
We therefore examined the effect of FB1 on ceramide-
induced ER stress. RT-PCR showed that 3 h pretreat-
ment with 20 μM FB1 abolished ceramide-induced
XBP1 mRNA splicing (Figure 3A). Western blot analysis
demonstrated the inhibitory effect of FB1 on ceramide-
induced eIF2α phosphorylation (Figure 3B). These
results suggest that the ceramide synthase inhibitor FB1
abolishes ceramide-induced ER stress.



Figure 1 Ceramide activates XBP1 mRNA splicing in ACCs. (A) ACC-M or ACC-2 cells were subjected to the indicated concentration (10–100 μM)
of C2-ceramide, and the total RNA was isolated 6 and 12 h after ceramide treatment. Reverse transcription to cDNA and RT-PCR was performed to detect
spliced (XBP1S) and unspliced (XBP1U) forms of XBP-1. GAPDH was used as a loading control. RT-PCR products were digested by PstI restriction enzyme in
37°C for 1 h, and then separated on 2% agarose gel and visualized in an UV image system. (B) Cells were treated as in A, and the total RNA was subjected
to Real-time PCR. Relative mRNA expression levels for XBP1S and XBP1U were calculated by normalizing to the signal for GAPDH mRNA in each sample
and comparison with cells cultured in a control medium. The figure presents mean fold over control change in experimental groups ± S.D.
*P < 0.05 (one-way ANOVA). (C) Cell were treated with 1–10 μM Thapsigargin or 0.03-3 μg/ml Tunicamycin (positive control for XBP1S expression),
RT-PCR for XBP1 mRNA splicing detection was performed as in A.
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Ceramide induces [Ca2+]ER depletion and SERCA inhibition
leading to ER stress
The ER is not only responsible for synthesizing and
packaging proteins, it also acts as a dynamic Ca2+ store.
It is well established that disrupting [Ca2+]ER homeosta-
sis activates ER stress [21,22]. To investigate the mech-
anism of ceramide-induced ER stress, the Ca2+-sensitive
fluorescent probe Fluo 4-AM was applied to ACCs and
visualized using a confocal microscope. Significant eleva-
tion of fluorescent intensity was detected after ceramide
addition (Figure 4A), indicating the ability of ceramide
to induce Ca2+ release from the ER to the cytoplasm.
To determine the mechanism of [Ca2+]ER depletion,

we evaluated changes in SERCA, which pumps cytoplas-
mic Ca2+ to ER lumen. Real-time PCR showed treatment
with 100 μM ceramide for 12 h significantly inhibited
SERCA2α, SERCA2β and SERCA3 mRNA expression in
ACC-2 and ACC-M cells (Figure 4B). These results indi-
cate that ceramide induces [Ca2+]ER depletion and dis-
rupts Ca2+ homeostasis by inhibiting SERCA expression,
thus further increasing ER stress.

The chemical chaperone TUDCA alleviates ceramide-
induced ER stress
It has been reported that chemical or pharmaceutical
chaperones, including 4-phenylbutyric acid (4-PBA) and
endogenous bile acid derivatives, such as taurourso-
deoxycholic acid (TUDCA), alleviate ER stress. To fur-
ther investigate the mechanism of ceramide-induced ER
stress, 5 mM 4-PBA or 1 mg/ml TUDCA was added to
ACC cultures 3 h before ceramide treatment. RT-PCR
showed that ceramide-induced XBP1 mRNA splicing was
significantly inhibited by TUDCA pretreatment, while
only slightly inhibited by 4-PBA pretreatment (Figure 5A).



Figure 2 Ceramide markedly increases Grp78 mRNA expression and eIF2α phosphorylation. (A) ACC-M and ACC-2 cells were treated with
indicated concentration (10–100 μM) of ceramide for 6 and 12 h, total RNA was subjected to Real-time PCR. Relative mRNA expression levels for
Grp78 were calculated by normalizing to GAPDH. *P < 0.05 (one-way ANOVA) versus control cells. (B) Cells were seeded into 60 mm culture
dishes and the next day cells were treated with ceramide. After 3 h incubation, whole cell lysates were collected and subjected to western blot.
The level of phosphorylated eIF2α was analyzed with anti-phosphorylated eIF2α antibody. Unphosphorylated eIF2α were measured and actin
were used as loading controls. The experiment was repeated several times and the representative result is shown.
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Western blot also demonstrated that TUDCA inhibited
ceramide-induced eIF2α phosphorylation, while 4-PBA
only had a marginal inhibitory effect on ceramide-induced
ER stress (Figure 5B). Additionally, we also observed by
RT-PCR and western blot that 4-PBA or TUDCA treat-
ment alone inhibited ER stress marker XBP1S and p-eIF2α
expression (Figure 5A and B). Overall, these results
suggest that the chemical chaperone TUDCA alleviates
ceramide-induced ER stress, while 4-PBA does not have a
significant inhibitory effect.

Ceramide induces cell death through ER stress-mediated
apoptosis pathway
It is well documented that strong or prolonged ER stress
leads to cell death. We next investigated the possible
link between ceramide-induced ER stress and cell death.
CHOP is the central transcription factor upregulated
during ER stress and is considered a major trigger of ER
stress-mediated apoptosis. Real-time PCR showed in-
creased CHOP mRNA expression after treatment with
100 μM ceramide for 6 h, with prolonged treatment for
12 h further upregulating CHOP expression in ACC-M
and ACC-2 cells (Figure 6A). Activation of IRE1α by ER
stress induces JNK phosphorylation [23]. Using western
blotting, we also observed that treatment with 100 μM cer-
amide for 12 h significantly induced JNK phosphorylation
and increased cleaved caspase-3 expression (Figure 6B).
Colony formation assay demonstrated that ceramide
induced significant cell death (Figure 6C). Pretreatment
of ACC-M and ACC-2 cells with TUDCA, but not
4-PBA, inhibited ceramide-induced cell death (Figure 6D).
These results suggest that ceramide triggers cell death by
an ER stress-mediated mechanism. Inhibition of ER
stress-mediated apoptotic pathway by the ER stress allevi-
ator TUDCA suppresses the cytotoxicity of ceramide.

ER stress is induced by ceramide independent of its
downstream metabolite S1P
Ceramide is catalyzed by ceramidase and sphingosine
kinase to produce the downstream metabolite S1P, and
treating HL-60 cells with exogenous C2-ceramide increases
S1P production [24]. Intracellular and extracellular S1P
are both reported to trigger ER stress [25]. We further
investigated whether increased levels of the downstream



Figure 3 Fumonisin B1 inhibits ceramide-induced ER stress. (A) ACC-M and ACC-2 cells were seeded into 60 mm culture dishes and the next
day cells were pretreated with 20 μM FB1. After 3 h incubation, 100 μM ceramide was added for further 12 h incubation in full medium. Total
RNA was isolated for detection of XBP1 mRNA splicing using RT-PCR. The experiment was repeated three times and the representative result is
shown. (B) Cells were treated as in A. After 20 μM FB1 treatment for 3 h, 100 μM ceramide was added for further 3 h incubation. Whole cell lysates
were collected to analyze phosphorylated eIF2α expression. The experiment was repeated several times and the representative result is shown.
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metabolite S1P are responsible for ceramide-induced ER
stress. Western blot showed that treatment of ACC-M
and ACC-2 cells with 5–10 μM exogenous S1P induced
ERK1/2 phosphorylation. However, treatment of the cells
with 5–10 μM S1P had no significant effect on eIF2α
phosphorylation (Figure 7A). These results indicate that
ceramide-induced ER stress is independent of its down-
stream metabolite S1P.

Discussion
In this study, we have shown that ceramide induces apop-
tosis in ACC-M and ACC-2 cells through a novel mechan-
ism involving [Ca2+]ER depletion and SERCA inhibition,
leading to ER stress and expression of downstream pro-
apoptotic factors CHOP and p-JNK. The ceramide syn-
thase inhibitor FB1 and chemical chaperone TUDCA
inhibit ceramide-induced ER stress and subsequent cell
death. In contrast to ER stress mediated by S1P elevation
after SPP1 depletion, ER stress induced by exogenous
ceramide is independent of its downstream metabolite S1P.
These findings are summarized in Figure 7B. Delineating
the ceramide-induced pro-apoptotic signaling cascades will
provide potential therapeutic targets for cancer therapy.
Multiple stimuli under physiological or pathological

conditions induce the accumulation of unfolded protein
in the ER, which activates an evolutionarily conserved
adaptive response termed the UPR which leads to cell
death if the stimulus is severe or prolonged. The ER
chaperone GRP78 acts as a major regulator of the UPR
through direct interaction with UPR sensors PERK,
IRE1α and ATF6. GRP78 maintains the three sensors in
inactive forms under homeostatic conditions, and releas-
ing them for activation upon ER stress. Increased GRP78
expression was observed in ACC-M and ACC-2 cells
upon exogenous C2-ceramide treatment, indicating
initiation of the ER stress and activation of the UPR
cascades. Moreover, ceramide induced the ER stress
response in a time- and dose-dependent manner, in sup-
port of the statement that the ER stress is increased as
the stimulus is intensified and prolonged [1,15,19,21].
In contrast to the selective activation of the ATF6/

CHOP pathway of ER stress in response to CerS6/C16-
ceramide down-regulation [13,14], we found in this
study that exogenous C2-ceramide treatment induced
phosphorylation of eIF2α, suggesting the activation of
the PERK/eIF2α arm of the ER stress response. IRE1α is a
transmembrane protein that has both a Ser/Thr kinase
domain and an endoribonuclease domain. Activated
IRE1α uses its endoribonuclease activity to cleave a 26
base intron from XBP1 mRNA, resulting in a translational



Figure 4 Ceramide mediates [Ca2+]ER depletion through inhibition of SERCA expression. (A) ACC-M and ACC-2 cells were loaded with
Ca2+-sensitive probe Fluo 4-AM. Changes in fluo-4 fluorescence were determined using confocal video microscopy. As shown in the representative
images, perfusion with 100 μM ceramide induced increases in [Ca2+]ER depletion in ACCs. (B) Cells were treated with 100 μM ceramide for 12 h, Relative
mRNA expression levels for SERCA2α, SERCA2β and SERCA3 were calculated by normalizing to GAPDH. The figure presents mean fold over control
change in experimental groups ± S.D. *P < 0.05 (one-way ANOVA).
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frameshift and translation of a spliced form of XBP1
(XBP1S), which is a more stable and potent transcription
factor for target genes involved in protein folding and
ER-associated degradation [1,16]. Increased XBP1S expres-
sion was observed in ACC-M and ACC-2 cells upon
C2-ceramide treatment, suggesting that ceramide also
activates the IRE1α/XBP1S arm. The ceramide synthase
inhibitor FB1 is reported to inhibit de novo biosynthesis of
ceramide [26]. In this study, FB1 treatment abolished
ceramide-induced ER stress in ACC-M and ACC-2 cells,
whereas interestingly, FB1 alone had no inhibitory effect
on the splicing of XBP1 or phosphorylation of eIF2α. Con-
sistently, other researchers reported that FB1 treatment
alone does not impair the splicing of XBP1 in LPS-treated
B cells or XBP1-deficient B cells [27]. It might be due to
the relatively low level of endogenous ceramide expression
in ACC-M and ACC-2 cells, mitigating the inhibitory
effect of FB1 on ceramide-induced ER stress response.
The ER is the major intracellular Ca2+ store, and per-
turbation of [Ca2+]ER homeostasis has been reported to
induce ER stress. Ca2+ is pumped from the cytosol to
the ER by SERCA and released through either the
inositol-1,4,5-trisphosphate receptor/Ca2+ channels or
ryanodine receptor/Ca2+ channels [28-30]. Although
alteration of endogenous C16-ceramide levels by CerS6
knockdown has been reported previously to trigger ER
stress by modulating SERCA expression and subse-
quently changing the [Ca2+]ER/[Ca

2+]IN ratio [14], data
presented here are novel because the role of exogenous
ceramide in the induction of [Ca2+]ER depletion by
SERCA2/3 inhibition have not been described previ-
ously. Our data showed that exogenous ceramide treat-
ment disrupts Ca2+ homeostasis by inducing [Ca2+]ER
depletion, which is in agreement with previous reports
that release of [Ca2+]ER and the subsequent increase of
Ca2+ concentration in the cytosol and mitochondrial



Figure 5 TUDCA inhibits ceramide-induced ER stress. (A) ACC-M and ACC-2 cells were seeded into 60 mm culture dishes and the next day
cells were pretreated with 5 mM 4-PBA or 1 mg/ml TUDCA. After 3 h incubation, 100 μM ceramide was added for further 12 h incubation in full
medium. Total RNA was isolated for detection of XBP1 mRNA splicing using RT-PCR. The experiment was repeated three times and the
representative result is shown. (B) Cells were treated as in A. After 5 mM 4-PBA or 1 mg/ml TUDCA treatment for 3 h, 100 μM ceramide was
added for further 3 h incubation. Whole cell lysates were collected to analyze phosphorylated eIF2α expression. The experiment was repeated several
times and the representative result is shown.
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matrix play an important role in exogenous ceramide-
induced apoptosis [31,32].
Both 4-PBA and TUDCA have been reported to allevi-

ate ER stress, but by distinct mechanisms. Recent studies
suggest that 4-PBA represses ER stress by stabilizing
protein conformation in the ER [33-37], while TUDCA
reduces [Ca2+]IN concentration after Thapsigargin treat-
ment, thus inhibiting ER stress and apoptosis [38].
TUDCA was reported to be more effective in inhibiting
ER stress and protecting ER stress-mediated apoptosis
than 4-PBA in steatotic and non-steatotic livers during
partial hepatectomy under ischemia-reperfusion [35]. In
the present study, we observed that 4-PBA or TUDCA
treatment alone reduced XBP1S and p-eIF2α expression,
whereas TUDCA had more profound effects on impairing
ceramide-induced ER stress than did 4-PBA, and only
TUDCA is effective in inhibiting ceramide-induced cell
death. These results suggest that exogenous ceramide trig-
gers ER stress and apoptosis through mechanisms that can
be largely inhibited by TUDCA. Recent studies suggest
that both Ca2+ overload and [Ca2+]ER depletion result in
changes in protein folding and ER stress [22,39,40]. Based
on our findings and the mechanism by which TUDCA
alleviate the ER stress, we speculated that ceramide-
induced [Ca2+]ER depletion might play a major role in pro-
apoptotic mechanisms in ACC-M and ACC-2 cells.
Activation of CHOP is a common point of conver-
gence for all three arms of the UPR. Up-regulated ATF6,
ATF4 or XBP1S expression induces apoptosis by interact-
ing with binding sites within the promoter of the CHOP
gene. In addition to mediating the down-regulation of
Bcl-2 and up-regulation of Bim, CHOP also induces ex-
pression of the pro-apoptotic proteins ERO1α and Puma
[1-3,19,21]. Pro-apoptotic ER stress eventually leads to
mitochondria dysfunction, cytochrome c release and
caspase-3 cleavage [10,41]. It has been demonstrated that
reduction of C16-ceramide by CerS6 knockdown activates
CHOP expression [13]. Our study shows for the first time
that exogenous short chain ceramide activated CHOP
expression in a time- and dose-dependent manner via
induction of ER stress. We also identified activation of
JNK and elevated expression of cleaved caspase-3 in
ceramide-treated ACCs. These findings suggest that
exogenous ceramide definitely activates the ER stress-
mediated pro-apoptotic signaling pathways, and pro-
motes the commitment phase of apoptosis.
Ceramide and its downstream metabolite S1P have

long been reported to play opposing roles in the regula-
tion of autophagy, angiogenesis and senescence. A
recent report demonstrates that elevated intracellular
S1P owing to S1P phosphohydrolase 1 depletion signifi-
cantly activates ER stress and survival signaling via the



Figure 6 Ceramide induces ER stress-mediated cell death. (A) ACC-M and ACC-2 cells were treated with indicated concentration (10–100 μM)
of ceramide for 6 and 12 h, total RNA was subjected to Real-time PCR. Relative mRNA expression levels for CHOP were calculated by normalizing to
GAPDH. *P < 0.05 (one-way ANOVA) versus control cells. (B) Cells were treated as in A. After 12 h treatment with ceramide, whole cell lysates were
collected and subjected to western blot. The level of phosphorylated JNK, total JNK, cleaved caspase-3 and total caspase-3 was analyzed with primary
antibody. Actin were used as loading controls. The experiment was repeated several times and the representative result is shown. (C) ACC-M and
ACC-2 cells were seeded into 60 mm culture dishes and the next day cells were treated with indicated concentration (10–100 μM) of ceramide for
12 h and further grown for 3 weeks. Colonies were stained and counted. The experiment was repeated 3 times and the representative result is shown.
(D) Cells were treated as in C. Cells were pretreated with 5 mM 4-PBA or 1 mg/ml TUDCA. After 3 h incubation, 100 μM ceramide was added for further
12 h incubation in full medium. As showed in images, ER stress inhibitor TUDCA rescued cells from ceramide-induced cell death. The experiment was
repeated 3 times and the representative result is shown.
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Akt pathway [25]. Our data showed that exogenous S1P
treatment had no significant effect on ER stress, which
suggests ER stress triggered by ceramide is independent
of S1P. It might be interesting to further determine how
the metabolic interconversion of ceramide and S1P regu-
lates ER stress.

Materials and methods
Cell culture
Human salivary adenoid cystic carcinoma (ACC-M and
ACC-2) cell lines were purchased from China Center for
Type Culture Collection (Wuhan, China). Cells were
cultured in DMEM containing 10% fetal bovine serum
and antibiotics and maintained in a humidified chamber
(5% CO2/95% air) at 37°C.
Chemicals and reagents
C2-ceramide (Avanti Polar Lipid, Alabaster, AL,
USA), TUDCA (Calbiochem, EMD-Millipore, Billerica,
MA, USA), Tunicamycin, Thapsigargin, FB1, 4-PBA,
S1P, Pluronic F-127 (Sigma-Aldrich, St Louis, MO,
USA), and Fluo 4-AM (Dojindo Laboratories, Kuma-
moto, Japan) were reconstituted as recommended by
their respective manufacturers. Antibodies against p-
eIF2α (Ser51), eIF2α, JNK, cleaved caspase-3, p-ERK
(Thr202/Tyr204), ERK (Cell Signaling Technology,
Beverly, MA, USA), p-JNK (Thr183/Tyr185) (Abcam,
Cambridge, MA, USA), caspase-3 (Abgent, San Diego,
CA, USA), and actin (Santa Cruz, Dallas, TX, USA)
were used in this study. All secondary antibodies were
purchased from Abcam.



Figure 7 Ceramide triggers ER stress is independent of its downstream metabolite S1P. (A) ACC-M and ACC-2 cells were seeded into 60 mm
culture dishes and the next day cells were treated with 5–10 μM S1P. The level of phosphorylated eIF2α and ERK was analyzed. Unphosphorylated
eIF2α and ERK were measured and actin were used as loading control. The experiment was repeated several times and the representative result is
shown. (B) Proposed mechanism of ceramide-mediated activation of ER stress response in ACCs. Ceramide induces SERCA inhibition and ER calcium
depletion. This leads to increase GRP78 and activate PERK/eIF2α and IRE1α/XBP1 arm of ER stress. FB1 inhibits ceramide-induced ER stress. Prolonged
ER stress eventually induces apoptosis through activates pro-apoptotic proteins CHOP and JNK.
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RT-PCR and Real-time PCR
Cells were rinsed with PBS and lysed in Trizol (Invitro-
gen, Carlsbad, CA, USA) and 1 μg of total RNA was
used for cDNA synthesis using PrimeScript™ RT re-
agent kit with gDNA Eraser (Takara Bio, Tokyo, Japan).
RT-PCR for XBP1 and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was performed using Takara
Ex Taq™ polymerase. The amplicons of XBP1 were
digested by PstI restriction enzyme and resolved using
a 2% agarose gel. Real-time PCR was carried out using
gene-specific primers (Table 1), cDNAs, QuantiFast
SYBR Green PCR Kit (Qiagen, Hilden, Germany), and
an Applied Biosystems 7300 Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA) according
to the manufacturer’s instructions. The details of the
primers for each gene are given in Table 1. Analysis of
RT-PCR and Real-time PCR results was performed
after normalizing to GAPDH.

Western blot
Cells were rinsed with PBS and harvested in lysis buffer
containing 20 mM HEPES (pH 7.4), 1% Triton X-100,
Table 1 Sequences of primers used in RT-PCR and Real-time P

Gene Forward primer sequence (5′–

XBP1 CCTTGTAGTTGAGAACCAGGAG

GAPDH AGGTCCACCACTGACACGTT

XBP1S CCGCAGCAGGTGCAGG

XBP1t CCTTGTAGTTGAGAACCAGG

GRP78 TTCTTGTTGGTGGCTCGACT

CHOP AGGCACTGAGGGTATCATGTT

SERCA2α CTGTCCATGTCACTCCACTTCC

SERCA2β TCATCTTCCAGATCACACCGC

SERCA3 CACCAGCCCTGAAGAAAGCA
10% glycerol, 2 mM EGTA, 1 mM sodium vanadate,
2.5 mM sodium pyrophosphate, 25 mM sodium glycero-
phosphate, 50 mM NaF, complete EDTA-free protease
inhibitor cocktail and the phosphatase inhibitor cocktail
PhosStop (Roche, Mannheim, Germany). Equivalent
amounts of protein (40–100 μg) were subjected to SDS-
PAGE and transferred to polyvinylidene difluoride (PVDF)
membrane (Millipore, Bedford, MA, USA). After blocking
with 10% non-fat dry milk or BSA for 1 h, membranes
were incubated with specific antibodies overnight at 4°C,
followed by incubation with secondary antibodies for 1 h
at room temperature. Proteins were detected using horse-
radish peroxidase-conjugated secondary antibodies and an
enhanced chemiluminescence reagent (Millipore). The
intensity of each band was quantified using Quantity One
software (BioRad, Hercules, CA, USA) after normalization
to corresponding loading controls.

Intracellular Ca2+ measurement
Cells were seeded on a confocal dish with a glass bot-
tom. The cells were loaded with dye by incubating with
5 μM Ca2+-sensitive probe Fluo 4-AM in the presence of
CR

3′) Reverse primer sequence (5′–3′)

GGTCCAAGTTGTCCAGAATGC

GCCTCAAGATCATCAGCAAT

GGGGCTTGGTATATATGTGG

GGGGCTTGGTATATATGTGG

GTCAGCATCTTGGTGGCTTT

CTGTTTCCGTTTCCTGGTTC

AGCGGTTACTCCAGTATTGCAG

GTCAAGACCAGAACATATC

AGGAGATGAGGTAGCGGATGAAT
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0.05% Pluronic F-127 in HBSS for 30 min at 37°C, and
then washed three times with HBSS to remove the extra-
cellular Fluo 4-AM and incubated in HBSS containing
1% FBS for 20 min at 37°C. Cells were treated initially
with HEPES buffer and then with buffer containing
100 μM C2-ceramide. Changes in fluorescent intensity
were monitored using an Olympus FluoView FV1000
confocal laser scanning microscope (Olympus, Tokyo,
Japan). Image was analyzed by Olympus FV10-ASW 3.1
Viewer software, using Time-series mode.

Colony formation assay
Cells were seeded into 60 mm culture dishes at 200 cells
per dish. After 24 h, cultures were replaced with fresh
medium containing 10% FBS with or without 10–100 μM
ceramide. For ER stress inhibition, cells were pretreated for
3 h with 5 mM 4-PBA or 1 mg/ml TUDCA prior to
ceramide addition. After 24 h incubation, culture dishes
were rinsed three times with PBS. Cells were further grown
in fresh medium containing 10% FBS for 3 weeks. Colonies
were stained for 15 min with a solution containing 0.5%
crystal violet and 25% methanol, followed by three rinses
with tap water to remove excess dye. Colonies were
counted only if a single clone contained more than 50 cells.

Statistical analysis
Statistical analysis was performed using SPSS 13.0 (Chicago,
IL, USA). Statistical analyses were performed using the
Student’s t-test or ANOVA for two-way analysis of vari-
ance. P-values of P <0.05 were defined as statistically
significant.

Abbreviations
ER: Endoplasmic reticulum; UPR: Unfolded protein response;
SERCA: Sarcoplasmic/endoplasmic reticulum Ca2+- ATPase; FB1: Fumonisin
B1; [Ca2+]ER: Endoplasmic reticulum calcium; [Ca2+]IN: Intracellular calcium;
XBP1S: Spliced X-box binding protein 1; XBP1U: Unspliced X-box binding
protein 1; XBP1t: Total X-box binding protein 1; eIF2α: Eukaryotic initiation
factor 2α; CHOP: CCAAT/enhancer-binding protein (C/EBP) homologous
protein; JNK: c-Jun N-terminal kinase; 4-PBA: 4-phenyl butyric acid;
TUDCA: Tauroursodeoxycholic acid; S1P: Sphingosine-1-phosphate;
TG: Thapsigargin; Tm: Tunicamycin.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
ZL and YX contributed equally to this manuscript. ZL, YX and BL conceived
and executed the experimental procedures. ZL, HX and CW wrote the article
and YL revised it. YL, CL and NG collected the data and carried out the
statistical analysis. LL supervised the project. All authors read and approved
the final manuscript.

Acknowledgments
This work was supported by the National Natural Science Foundation of
China (No. 81472532).

Received: 9 September 2014 Accepted: 15 November 2014
Published: 25 November 2014
References
1. Luo B, Lee AS: The critical roles of endoplasmic reticulum chaperones

and unfolded protein response in tumorigenesis and anticancer
therapies. Oncogene 2013, 32:805–818.

2. McCullough KD, Martindale JL, Klotz LO, Aw TY, Holbrook NJ: Gadd153
sensitizes cells to endoplasmic reticulum stress by down-regulating Bcl2
and perturbing the cellular redox state. Mol Cell Biol 2001, 21:1249–1259.

3. Puthalakath H, O’Reilly LA, Gunn P, Lee L, Kelly PN, Huntington ND, Hughes
PD, Michalak EM, McKimm-Breschkin J, Motoyama N, Gotoh T, Akira S,
Bouillet P, Strasser A: ER stress triggers apoptosis by activating BH3-only
protein Bim. Cell 2007, 129:1337–1349.

4. Chan CP, Kok KH, Jin DY: CREB3 subfamily transcription factors are not
created equal: Recent insights from global analyses and animal models.
Cell Biosci 2011, 17:6.

5. Sekine Y, Takeda K, Ichijo H: The ASK1-MAP kinase signaling in ER stress
and neurodegenerative diseases. Curr Mol Med 2006, 6:87–97.

6. Timmins JM, Ozcan L, Seimon TA, Li G, Malagelada C, Backs J,
Backs T, Bassel-Duby R, Olson EN, Anderson ME, Tabas I: Calcium/
calmodulin-dependent protein kinase II links endoplasmic reticulum
stress with Fas and mitochondrial apoptosis pathways. J Clin Invest 2009,
119:2925–2941.

7. Li G, Scull C, Ozcan L, Tabas I: NADPH oxidase links endoplasmic reticulum
stress, oxidative stress, and PKR activation to induce apoptosis. J Cell Biol
2010, 191:1113–1125.

8. Nakagawa T, Zhu H, Morishima N, Li E, Xu J, Yankner BA, Yuan J: Caspase-12
mediates endoplasmic-reticulum specific apoptosis and cytotoxicity by
amyloid-beta. Nature 2000, 403:98–103.

9. Hitomi J, Katayama T, Eguchi Y, Kudo T, Taniguchi M, Koyama Y, Manabe T,
Yamagishi S, Bando Y, Imaizumi K, Tsujimoto Y, Tohyama M: Involvement
of caspase-4 in endoplasmic reticulum stress-induced apoptosis and
Aβ-induced cell death. J Cell Biol 2004, 165:347–356.

10. Hitomi J, Katayama T, Taniguchi M, Honda A, Imaizumi K, Tohyama M:
Apoptosis induced by endoplasmic reticulum stress depends on
activation of caspase-3 via caspase-12. Neurosci Lett 2004, 357:127–130.

11. Guo X, Zhao B: Integration of mechanical and chemical signals by YAP
and TAZ transcription coactivators. Cell Biosci 2013, 3:33.

12. Young MM, Kester M, Wang HG: Sphingolipids: regulators of crosstalk
between apoptosis and autophagy. J Lipid Res 2013, 54:5–19.

13. Senkal CE, Ponnusamy S, Bielawski J, Hannun YA, Ogretmen B:
Antiapoptotic roles of ceramide-synthase-6-generated C16-ceramide via
selective regulation of the ATF6/CHOP arm of ER-stress-response path-
ways. FASEB 2010, 24:296–308.

14. Senkal CE, Ponnusamy S, Manevich Y, Meyers-Needham M, Saddoughi SA,
Mukhopadyay A, Dent P, Bielawski J, Ogretmen B: Alteration of ceramide
synthase 6/C16-ceramide induces activating transcription factor
6-mediated endoplasmic reticulum (ER) stress and apoptosis via
perturbation of cellular Ca2+ and ER/Golgi membrane network. J Biol
Chem 2011, 286:42446–42458.

15. Park MA, Zhang G, Martin AP, Hamed H, Mitchell C, Hylemon PB, Graf M,
Rahmani M, Ryan K, Liu X, Spiegel S, Norris J, Fisher PB, Grant S, Dent P:
Vorinostat and sorafenib increase ER stress, autophagy and apoptosis via
ceramide-dependent CD95 and PERK activation. Cancer Biol Ther 2008,
7:1648–1662.

16. Margariti A, Li H, Chen T, Martin D, Vizcay-Barrena G, Alam S, Karamariti E,
Xiao Q, Zampetaki A, Zhang Z, Wang W, Jiang Z, Gao C, Ma B, Chen YG,
Cockerill G, Hu Y, Xu Q, Zeng L: XBP1 mRNA splicing triggers an
autophagic response in endothelial cells through BECLIN-1 transcriptional
activation. J Biol Chem 2013, 288:859–872.

17. Shang J, Lehrman MA: Discordance of UPR signaling by ATF6 and Ire1p-
XBP1 with levels of target transcripts. Biochem Biophys Res Commun 2004,
317:390–396.

18. Back SH, Schröder M, Lee K, Zhang K, Kaufman RJ: ER stress signaling by
regulated splicing: IRE1/HAC1/XBP1. Methods 2005, 35:395–416.

19. Fu D, Yu JY, Wu M, Du M, Chen Y, Abdelsamie SA, Li Y, Chen J, Boulton ME,
Ma JX, Lopes-Virella MF, Virella G, Lyons TJ: Immune complex formation in
human diabetic retina enhances toxicity of oxidized LDL towards retinal
capillary pericytes. J Lipid Res 2014, 55:860–869.

20. Wu J, Kaufman RJ: From acute ER stress to physiological roles of the
unfolded protein response. Cell Death Differ 2006, 13:374–384.

21. Xu C, Bailly-Maitre B, Reed JC: Endoplasmic reticulum stress: cell life and
death decisions. J Clin Invest 2005, 115:2656–2664.



Liu et al. Cell & Bioscience 2014, 4:71 Page 11 of 11
http://www.cellandbioscience.com/content/4/1/71
22. Jakobsen CH, Storvold GL, Bremseth H, Follestad T, Sand K, Mack M, Olsen
KS, Lundemo AG, Iversen JG, Krokan HE, Schonberg SA: DHA induces ER
stress and growth arrest in human colon cancer cells: associations with
cholesterol and calcium homeostasis. J Lipid Res 2008, 49:2089–2100.

23. Urano F, Wang X, Bertolotti A, Zhang Y, Chung P, Harding HP, Ron D:
Coupling of stress in the ER to activation of JNK protein kinases by
transmembrane protein kinase IRE1. Science 2000, 287:664–666.

24. Yoo HH, Son J, Kim DH: Liquid chromatography-tandem mass spectrometric
determination of ceramides and related lipid species in cellular extracts.
J Chromatogr B Analyt Technol Biomed Life Sci 2006, 843:327–333.

25. Lépine S, Allegood JC, Park M, Dent P, Milstien S, Spiegel S:
Sphingosine-1- phosphate phosphohydrolase-1 regulates ER stress-induced
autophagy. Cell Death Differ 2011, 18:350–361.

26. Scarlatti F, Bauvy C, Ventruti A, Sala G, Cluzeaud F, Vandewalle A, Ghidoni R,
Codogno P: Ceramide- mediated macroautophagy involves inhibition of
protein kinase B and up-regulation of Beclin 1. J Biol Chem 2004,
279:18384–18391.

27. Goldfinger M, Laviad EL, Hadar R, Shmuel M, Dagan A, Park H, Merrill AH Jr,
Ringel I, Futerman AH, Tirosh B: De novo ceramide synthesis is required
for N-linked glycosylation in plasma cells. J Immunol 2009, 182:7038–7047.

28. Cardozo AK, Ortis F, Storling J, Feng YM, Rasschaert J, Tonnesen M,
Van Eylen F, Mandrup-Poulsen T, Herchuelz A, Eizirik DL: Cytokines
downregulate the sarcoendoplasmic reticulum pump Ca2+ ATPase 2b
and deplete endoplasmic reticulum Ca2+, leading to induction of
endoplasmic reticulum stress in pancreatic beta-cells. Diabetes 2005,
54:452–461.

29. Chen JB, Tao R, Sun HY, Tse HF, Lau CP, Li GR: Multiple Ca2+ signaling
pathways regulate intracellular Ca2+ activity in human cardiac
fibroblasts. J Cell Physiol 2010, 223:68–75.

30. Subramanian M, Javakumar S, Richhariva S, Hasan G: Loss of IP3 receptor
function in neuropeptide secreting neurons leads to obesity in adult
Drosophila. BMC Neurosci 2013, 18:157.

31. Pinton P, Ferrari D, Rapizzi E, Di Virgilio F, Pozzan T, Rizzuto R: The Ca2+

concentration of the endoplasmic reticulum is a key determinant of
ceramide-induced apoptosis: significance for the molecular mechanism
of Bcl-2 action. EMBO J 2001, 20:2690–2701.

32. Scorrano L, Oakes SA, Opferman JT, Cheng EH, Sorcinelli MD, Pozzan T,
Korsmever SJ: BAX and BAK regulation of endoplasmic reticulum Ca2+: a
control point for apoptosis. Science 2003, 300:135–139.

33. Wei H, Kim SJ, Zhang Z, Tsai PC, Wisniewski KE, Mukherjee AB: ER and oxidative
stresses are common mediators of apoptosis in both neurodegenerative and
non- neurodegenerative lysosomal storage disorders and are alleviated by
chemical chaperones. Hum Mol Genet 2008, 17:469–477.

34. Ozcan U, Yilmaz E, Ozcan L, Furuhashi M, Vaillancourt E, Smith RO, Görgün
CZ, Hotamisligil GS: Chemical chaperones reduce ER stress and restore
glucose homeostasis in a mouse model of type 2 diabetes. Science 2006,
313:1137–1140.

35. Ben Mosban I, Alfany-Fernández I, Martel C, Zaouali MA, Bintanel-Morcillo M,
Rimola A, Rodés J, Brenner C, Roselló-Catafau J, Peralta C: Endoplasmic
reticulum stress inhibition protects steatotic and non-steatotic livers in
partial hepatectomy under ischemia- reperfusion. Cell Death Dis 2010,
1:e52.

36. Ozcan L, Ergin AS, Lu A, Chung J, Sarkar S, Nie D, Myers MG Jr, Ozcan U:
Endoplasmic reticulum stress plays a central role in development of
leptin resistance. Cell Metab 2009, 9:35–51.

37. Basseri S, Lhoták S, Sharma AM, Austin RC: The chemical chaperone
4-phenylbutyrate inhibits adipogenesis by modulating the unfolded
protein response. J Lipid Res 2009, 50:2486–2501.

38. Xie Q, Khaoustov VI, Chung CC, Sohn J, Krishnan B, Lewis DE, Yoffe B: Effect
of tauroursodeoxycholic acid on endoplasmic reticulum stress-induced
caspase-12 activation. Hepatology 2002, 36:592–601.
39. Masuda M, Ting TC, Levi M, Saunders SJ, Miyazaki-Anzai S, Miyazaki M:
Activating transcription factor 4 regulates stearate-induced vascular
calcification. J Lipid Res 2012, 53:1543–1552.

40. Orrenius S, Zhivotovsky B, Nicotera P: Regulation of cell death: the
calcium-apoptosis link. Nat Rev Mol Cell Biol 2003, 4:552–565.

41. Rutkowski DT, Kaufman RJ: A trip to the ER: coping with stress. Trends Cell
Biol 2004, 14:20–28.

doi:10.1186/2045-3701-4-71
Cite this article as: Liu et al.: Induction of ER stress-mediated apoptosis
by ceramide via disruption of ER Ca2+ homeostasis in human adenoid
cystic carcinoma cells. Cell & Bioscience 2014 4:71.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results
	Conclusions

	Introduction
	Results
	Ceramide induces sustained activation of XBP1 mRNA splicing in ACCs
	Ceramide activates eIF2α phosphorylation and increases GRP78 expression
	Inhibition of ceramide synthase by FB1 impairs ceramide-induced ER stress
	Ceramide induces [Ca2+]ER depletion and SERCA inhibition leading to ER stress
	The chemical chaperone TUDCA alleviates ceramide-induced ER stress
	Ceramide induces cell death through ER stress-mediated apoptosis pathway
	ER stress is induced by ceramide independent of its downstream metabolite S1P

	Discussion
	Materials and methods
	Cell culture
	Chemicals and reagents
	RT-PCR and Real-time PCR
	Western blot
	Intracellular Ca2+ measurement
	Colony formation assay
	Statistical analysis
	Abbreviations

	Competing interests
	Authors’ contributions
	Acknowledgments
	References

