
ORIGINAL PAPER

Resveratrol induced ER expansion and ER caspase-mediated
apoptosis in human nasopharyngeal carcinoma cells

Shu-Er Chow • Cheng-Heng Kao • Yi-Tong Albert Liu • Mei-Ling Cheng •

Ya-Wen Yang • Yao-Kuan Huang • Chih-Chin Hsu • Jong-Shyan Wang

Published online: 22 November 2013

� Springer Science+Business Media New York 2013

Abstract Autophagy and endoplasmic reticulum (ER)

stress response is important for cancer cells to maintain

malignancy and resistance to therapy. trans-Resveratrol

(RSV), a non-flavonoid agent, has been shown to induce

apoptosis in human nasopharyngeal carcinoma (NPC)

cells. In this study, the involvements of tumor-specific ER

stress and autophagy in the RSV-mediated apoptosis were

investigated. In addition to traditional autophagosomes, the

images of transmission electron microscopy (TEM) indi-

cated that RSV markedly induced larger, crescent-shaped

vacuoles with single-layered membranes whose the

expanded cisternae contains multi-lamellar membrane

structures. Prolonged exposure to RSV induced a massive

accumulation of ER expansion. Using an EGFP-LC3B

transfection and confocal laser microscopy approach, we

found RSV-induced EGFP-LC3 puncta co-localized with

ER-tracker red dye, implicating the involvement of LC3II

in ER expansion. The proapoptotic effect of RSV was

enhanced after suppression of autophagy by ATG7 siRNA

or blocking the autophagic flux by bafilomycin A1, but that

was not changed after targeted silence of IRE1 or CHOP by

siRNA. Using caspase inhibitors, we demonstrated the

upregulation of caspase-12 (casp12) and the activation of

casp4 were associated with the proapoptotic induction of

RSV through the caspase-9/caspase-3 pathway. Intrigu-

ingly, siRNA knockdown of casp12, but not caspase-4,

decreased the susceptibility of the NPC cells to RSV-

mediated apoptosis. Further, we showed that RSV dose-

dependently increased the ceramide accumulation as

assessed by LC–MS/MS system. Using serine palmitoyl-

transferase (SPT, a key enzyme of de novo ceramide bio-

synthesis) inhibitors (L-cycloserine and myriocin), we

found the increased ceramide accumulation was strongly

correlated with the proapoptotic potential of RSV. This

study revealed the ER expansion and upregulation of ER

casp12 together may indicate profound biological effects of

RSV and contributed to NPC cell death. Targeting the

different status of ER stress may provide a possible strat-

egy for cancer treatments.

Keywords Resveratrol � ER expansion � Caspase-12 �
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Introduction

The endoplasmic reticulum (ER) is a central organelle of

lipid synthesis. It stores high intracellular calcium, and
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allows protein folding as well as protein maturation. Dis-

ruption of any of these processes leads to ER stress. The

intracellular signaling of unfolded protein response (UPR) is

induced by ER stress often as a protective mechanism and

initiates three primary ER-localized protein stress sensors:

IRE1a (inositol-requiring 1 alpha), PERK (double-strand

RNA-activated protein kinase-like ER kinase) and ATF6

[1]. Cancer cells may adapt to ER stress and evade stress-

induced apoptotic pathways by differentially activating the

UPR branches [2]. The UPR might provide survival sig-

naling pathways required for tumor growth. Increasing evi-

dences suggest that increased expression of these UPR

components as well as ER chaperones GRP78/BIP, GRP94,

and GRP170 have been detected in many cancer cells such

as breast cancer, hepatocellular carcinomas, gastric tumors,

esophageal adenocarcinomas and more [2–4].

Autophagy is a lysosome-mediated intracellular degra-

dation system characterized by the formation of double-

membraned autophagosomes. It plays an important role in

a variety of biological processes, including cell death,

development and cancer [5]. As a dynamic and highly

inducible catabolic process that responds to external cues,

autophagy acts non-selectively on the turnover of long-

lived proteins and damaged organelles or selectively tar-

gets distinct organelles (such as the ER in ER-phagy) [6],

to remodel cell function. Autophagic flux refers to the

dynamic process of autophagosome synthesis and degra-

dation of autophagic substrates inside the lysosome,

denoting a complete process of autophagy [5]. A set of

autophagy-related (ATG) proteins (such as ATG5, ATG6

etc.) is hierarchically recruited to the phagophore, the ini-

tial membrane template in the construction of the canonical

autophagosome [7]. Recently, non-canonical pathways,

which lead to autophagosomal degradation through vari-

ants of the canonical pathway, have been described where

the formation of the double-membraned autophagosome

may occur in the absence of some of the key autophagy

proteins (such as Beclin1) [7]. This autophagosome is

possibly derived from a pre-existing membrane (ER,

plasma membrane, mitochondria or Golgi) [7]. Autophagy

has been associated with the effect of various cytotoxic

chemotherapeutic agents in cancer cells, having either pro-

survival or pro-death effects. Thus, this alternative pathway

might provide another therapeutic opportunity.

Recently, more and more researches has demonstrated

that the UPR is an important mechanism required for

cancer cells to maintain malignancy and therapy resistance

[3, 4]. Under prolonged and severe ER stress, the UPR

induces cell death programs to eliminate the stressed cells

[1, 3]. Most importantly, the level of CHOP expression is

elevated and may function to mediate the onset of ER

stress-associated apoptosis [8]. Caspase-4 (casp4) and

caspase-12 (casp12), members of the inflammatory caspase

family, are shown to contribute to amyloid-b neurotoxicity

and are specifically activated by ER stress from disruption

of calcium homeostasis and accumulation of excess pro-

teins in the ER [9–11]. Casp12-deficient mice are resistant

to ER stress-induced apoptosis, suggesting its critical role

in the proapoptotic process [12]. It has been shown that the

full-length casp12 polymorphism is only present in certain

sub-Saharan African populations (28 % of individuals) and

casp4 substitutes for its function in other individuals [13].

However, recent findings indicate that the full-length

casp12 could be re-expressed in human tissue under certain

pathologic conditions, including proximal tubule of human

kidney, cancers such as Hep-J5 [14, 15], and multiple

myelomas [16]. In particular, casp12 is up-regulated in

response to high glucose and albumin in human HK-2 cells

[17]. siRNA silencing of human casp12 protects tubular

cells from albumin-induced apoptosis [17]; thus, the pre-

sence of casp12 in human and the role of casp12 in ER

stress-induced apoptosis both needed to be investigated.

trans-Resveratrol (RSV), a natural non-flavonoid drug, has

been shown to prevent pathogenesis and/or slow down the

progression of a variety of diseases ranging from cancer and

metabolic disorders to premature aging [18]. Ceramide is a

biologically active sphingolipid that induces apoptosis,

among other forms of cell death, and triggers autophagy [19].

RSV has been shown to cause the accumulation of misfolded

proteins and ceramide in the ER, inducing autophagy and ER

stress-associated apoptosis in cancer cells [18, 20, 21]. Cera-

mide accumulation induced by RSV is traced to the activation

of serine palmitoyltransferase (SPT), the key enzyme of de

novo ceramide biosynthetic pathway [21]. Recently, RSV was

found to promote WIPI1-dependent LC3 lipidation in the

absence of induced phagophore formation, indicating that

different membrane sites may be used during non-canonical

autophagy [20]. However, the effect of RSV-mediated cera-

mide accumulation on the formation of autophagy and

apoptosis is still unclear. In this study, the molecular mecha-

nisms underlying RSV-mediated ER stress and ER stress-

associated apoptosis were investigated. We found that RSV

induced ER stress-mediated cell death was accompanied by

ER expansion, autophagy induction, and the activation of ER-

resided casp4 and casp12. However, these effects of RSV

were counteracted by suppression of de novo ceramide bio-

synthesis. These findings suggest targeting the ER might be an

effective strategy for cancer therapy.

Materials and methods

Cell culture and reagents

Human nasopharyngeal carcinoma cell lines NPC-TW076

and NPC-TW039 were isolated from different patients with
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keratinized nasopharyngeal squamous cell carcinomas [22].

NPC cells were maintained in basal medium (DMEM/F-12

at 1:1 v/v; Invitrogen, 12,400-016) supplemented with

5–10 % fetal bovine serum in a humidified incubator at

37 �C, 5 % CO2. We purchased the following antibodies

and chemicals: the caspase inhibitors were purchased from

BioVision: Z-ATAD-fmk for casp12 (1079-100), Z-LEHD-

fmk for casp9 (107420C) or Z-DEVD-fmk for casp3 (1143-

1) and Z-LEVD-fmk for casp4 (1108-100). The antibody for

casp4 was purchased from Santa-Cruz Biotechnology, sc-

56056). The following antibodies were purchased from

Cell Signaling, glyceraldehyde-3-phosphate dehydrogenase

(2118), LC3B-I/II (2775), IRE1, ATF6 and p-PERK (9956),

CHOP (5554), casp12 (9502), casp3 and cleaved casp3

(9665), casp9 (5554), PARP and cleaved PARP (9532). ER-

Tracker Red dye was purchased from Invitrogen (E34250).

All other chemicals were purchased from Sigma.

EGFP-LC3 transfection and ER-tracker studies

NPC cells were transfected with EGFP-LC3 plasmid

(Addgene, Plasmid 11546) using Lipofectamine2000

reagent (Invitrogen, 11668-019) for 16 h. An ER-tracker

incubation was performed on attached cells for confocal

fluorescence, and live-cell images of ER after the cells

were treated with RSV for 24 h were taken. The RSV-

treated cells were co-labeled with ER-TrackerTM Red

(BODIPY� TR Glibenclamide) (500 nM for 30 min at

37 �C). Glibenclamide (glyburide) binds to the sulpho-

nylurea receptors of ATP-sensitive K? channels which are

prominent on ER. The dye ER-tracker co-localized with

EGFP-LC3, representing autophagy of ER components or a

contribution of the ER to the autophagosome.

Microscopic images

Transmission electron microscopy (TEM) was utilized for

analyzing the ultra-structural images of autophagosomes

and ER expansion [23]. Trypsinized cells were fixed with

2.5 % glutaraldehyde in phosphate-buffered saline, fol-

lowed by 2 % OsO4. After dehydration, thin sections

(0.12 lm) were stained with uranyl acetate and lead citrate

for observation under TEM. To assess the dilation of ER

images after treatment with SPT inhibitor and RSV, thin

sections (0.6 lm) were stained with toluidine blue for

observation under light microscope (LM).

Apoptosis assay

Cell apoptosis was assayed by annexin V-Cy5 and PI

staining (BioVision, K103-25) followed by FACS analysis.

The cells were treated with RSV at the indicated concen-

trations for 24 h. The cells were pelleted and resuspended

in annexin V-binding buffer (10 mM HEPES, 150 mM

NaCl, 5 mM KCl, 1 mM MgCl2, 1.8 mM CaCl2, pH 7.4)

containing annexin V-Cy5 (1:1,000) and 1 mg ml-1 PI.

After incubation at room temperature for 5 min, the cells

were analyzed with a FACS Calibur flow cytometer

(Becton–Dickinson). The percentage of total apoptotic

events was defined as the sum of the cells in the early stage

(annexin V-Cy5 positive/PI negative) and late stage

(annexin V-Cy5 positive/PI positive) of apoptosis as pre-

viously described [24].

Preparation of cell lysates and western blot analysis

The cells were seeded at a 2 9 105 per 35-mm culture dish.

The cells were incubated for 24 h and were pre-treated

with caspase inhibitors, bafilomycin A1 for 2 h or siRNA,

for 16 h prior to treatment with RSV for 24 h, the cells

were washed with ice-cold phosphate-buffered saline and

lysed in Mammalian Protein Extraction Reagent (Sigma,

C2978). Protein samples (the same concentration per lane)

were separated on a 10–12 % sodium dodecyl sulfate

(SDS)-polyacrylamide gel and blotted onto polyvinylidene

difluoride membranes, blocked in PBST (0.1 % triton in

19 PBS) and probed with primary antibodies overnight at

4 �C. The membranes were then incubated with the

appropriate horseradish peroxidase-conjugated secondary

antibodies. The immunoreactive protein bands were

developed by enhanced chemiluminescence. The immu-

noreactive bands were analyzed by a densitometer.

siRNA transfection

To explore the function of CHOP, IRE1, and casp12 in

NPC076 and NPC039 cells, we used siRNA to silence their

expression. The siRNA targeting IRE1mRNA was designed

and synthesized by Dharmacon Research Inc. (Lafayette,

CO). The nontargeting siRNA (Ngi), 50-UUCUCCGAAC-

GUGUCACGU-30, served as the transfection-negative

control. The siRNAs of ATG7, CHOP, casp12 and casp4

were purchased from Santa Cruz (sc-41447, sc-35437; sc-

72797 and sc-72798). The transfection was performed using

Lipofectamine2000 according to the manufacturer’s proto-

col. The effectiveness of siRNA silencing was assayed by

Western blot analysis.

Lipid extraction and UPLC–MS/MS analysis

For extraction of lipids, the NPC cells were suspended in

ice-cold chloroform/methanol (2:1, v/v) solution and cen-

trifuged at 7009g for 20 min at 4 �C. The lower layer

containing chloroform were collected, dried under nitrogen

gas, and stored at -80 �C. Prior to ceramide analysis, the

sample was dissolved in 200 ll of 40 % methanol. For
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normalization the ceramide levels, a portion of the cell was

used for protein measurement.

Liquid chromatographic separation was carried out on a

100 mm 9 2.1 mm Acquity 1.7 lm UPLC CHS C18 col-

umn (Waters Corp; Milford, MA, USA) using a ACQUITY

TM Ultra Performance Liquid Chromatography system

(Waters, USA). Mass spectrometry was performed on a

Waters Q TOFMS (SYNAPT G2S, Waters MS Technolo-

gies, Manchester, UK) operated in positive ion mode. C16

ceramide was served as a standard [25] and analyzed under

identical chromatographic conditions with that of the pro-

filing experiment. MS and MS/MS analyses were per-

formed under the same conditions. MS/MS spectra were

collected at 10 spectra per second, with a medium isolation

window around 4 m/z. The relative level of ceramide was

quantified using the area of C16 ceramide spike, and cal-

culated as the relative percent of ceramide to the control

group cells after doing normalization to the cellular

proteins.

Statistical analyses

Data are presented as mean ± SEM. The statistical dif-

ferences were determined using Student–Newman–Keuls

test and Dunn’s test (Sigma Stat Software Program, Jandel

Scientific, San Rafael, CA). A p value of 0.05 or less was

considered to be significant.

Results

RSV induced selective autophagy

To characterize the RSV-induced remodeling of the mor-

phology, we carried out an ultrastructural analysis in a

time-dependent manner (Fig. 1a–c, original magnification

8,0009). Autophagy is induced under a starvation status.

To assess the variety of autophagy, NPC cell was under

starvation overnight and incubated with or without RSV for

different period as indicated. Control group cells were

incubated in medium containing 1 % FBS, presenting a

basal autophagy with autophagosome (AV) or autolyso-

some (AL) (Fig. 1a). In addition to traditional autophago-

somes (usually 0.5–1.5 lm in diameter) [26] and

autolysosomes formation, the RSV-treated cells were

found to contain expanded vacuoles/cisternae of various

shapes wrapped around the nucleus after a 7-h incubation

period in medium containing 1 % FBS (Fig. 1b, I and II,

white arrow). The enlarged cavity was still more or less

continuous with each other and, especially of note, had

expanded vacuoles presenting with crescent-like morphol-

ogies. This morphological characteristic suggests the

induction of ER dilation. In particular, the lumen of some

of these crescent-like vacuoles (about 3.5–6 lm in long

axis) was densely filled with the multi-lamellar membrane

structure or the debris of organelle in the luminal space

(Fig. 1b, I, and II, white arrow). The mitochondria

(m) were clearly shown in the same treated condition

(Fig. 1, I and III). Further, exposure to RSV for 24 h, a

massive accumulation of expanded cisternae with pointy

ends was shown in the sub-cellular compartment. Some of

the crescent-like vacuoles formed large vacuoles contain-

ing degraded materials that seemed to be in the process of

catabolic reaction (Fig. 1c). The TEM images also indi-

cated that RSV induced an expansion of the ER and caused

the formation of non-traditional autophagy associated with

the ER membrane.

RSV induced cell apoptosis accompanied with ER

stress and autophagy

To examine the effect of RSV on ER stress, NPC cells were

treated with RSV for different periods of time and the

response of ER stress was assayed by the immunoblot of

representative UPR markers. As shown in Fig. 2a, RSV

induced marked increase of IRE1, p-PERK, and ATF-6a in

a time-dependent manner. This induction of ER stress was

confirmed by increased level of CHOP, a representative

marker of ER stress, expression. RSV induced cell apop-

tosis accompanied by autophagy associated with both

PARP cleavage and increased levels of LC3-II expression

(Fig. 2b). Fold change amounts relative to the control,

arbitrarily set to 1, are shown in the lower panel of

Fig. 2a, b. The data indicated that RSV induced cell

apoptosis associated with ER stress and autophagy.

To investigate whether RSV induced ER-phagy, a

selective autophagy of the ER, NPC cells were transiently

transfected with EGFP-LC3 for 24 h prior to incubation

with RSV for 7 h, then stained with ER Tracker red and

examined under confocal microscope. Figure 3 indicates

RSV induced an increase in EGFP-LC3 puncta formation,

indicating the lipidated LC3 induction. Interestingly, RSV

induced an extensive co-localization of ER Tracker Red

with EGFP-LC3 puncta (Fig. 3). The yellow fluorescence

signal was markedly increased after overlaying the images

of EGFP-LC3 and ER-tracker red dye. Taking the data of

Figs. 1–3 together, RSV induction of the lipidation

(puncta) of LC3 might be engaged in RSV-mediated

dilation of the ER and/or the formation of ER-phagy. RSV

treatment induced the lipidation of LC3, or the conversion

of LC3-I to LC3-II. LC3-II may participate in ER

expansion and could be an autophagy marker. It may also

participate ER-phagy as LC3-II co-localized with ER-

tracker Red dye and since the crescent vacuoles contain

multi-lamella membrane structures and debris.
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Silencing of ATG7 and suppression of autophagic flux

enhanced RSV-mediated apoptosis

To assess the involvement of autophagy in RSV-induced

cell death, NPCs were transfected with siRNA of ATG7, a

key autophagy protein, to prevent the autophagy formation

at an early stage. Targeted silencing of ATG7 effectively

inhibited its expression (Fig. 4a, upper panel), and signif-

icantly enhanced RSV-mediated apoptosis as assessed by

the annexin V positive cells (Fig. 4a, lower panel). Auto-

phagic flux is crucial in determining whether the auto-

phagosome fuses with the lysosome and is degraded or not

[27]. Next, we investigated the effect on autophagic flux, a

late stage of autophagy, the NPCs were incubated with

bafilomycin A1 to suppress the fusion of autophagosomes

and lysosomes. As shown in Fig. 4b, bafilomycin A1

markedly increased the levels of endogenous LC3-II,

indicating the prevention of autophagic vacuole matura-

tion. Simultaneously, bafilomycin A1 markedly enhanced

the level of RSV-mediated LC3-II expression (Fig. 4b) and

increased the sensitivity of NPC to RSV-mediated apop-

tosis that shown by increased annexin V-positive cells and

dose-dependent cleavage of PARP expression (Fig. 4b).

Thus, the data clearly indicated autophagy plays a pivotal

role in response to RSV.

Silence of IRE1 and CHOP expression did not change

the RSV-mediated cell death

Several mechanisms have been proposed that link ER

stress to apoptosis, including a direct activation of ER-

associated caspases and CHOP, a common downstream

pro-apoptotic molecule of UPR. First, we used siRNA

technology to investigate the role of IRE1 and CHOP in

response to RSV treatment. As shown in Fig. 5a, knock-

down of IRE1 by its siRNA did not change the RSV-

induced cell death, shown by the assay of annexin

V-positive stained cells (Fig. 5a). Knock-down of

CHOP effectively suppressed the levels of RSV-induced

CHOP expression and did not affect RSV-induced

apoptosis, shown by the annexin V-positive stained cells

and PARP cleavage (Fig. 5b), suggesting the death

effect induced by RSV was via a non-traditional apop-

totic pathway.

Fig. 1 The morphology changes during the UPR induced by RSV.

Electronic microscopy analysis of NPC cell exposed to 100 lM RSV

for the indicated times. a–c Magnified by 98,000. I–III High

magnification images (916,000) of NPCs treated with RSV for 7 h. I,

II Crescent-like vacuoles (3.5–6 lm) with multi-lamella membranous

structures. III Autophagosomes (0.5–1.5 lm), autolysosomes (with

dense spots), and mitochondria with double-membranes. (White

arrow crescent-like vacuole, N nucleus, m mitochondria, AV

autophagosome, AL autolysosome.)
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Casp12 played a critical role in ER stress-induced NPC

cell death

Next, the changes in the ER residents, casp12 and casp4, in

response to RSV-mediated death were investigated. As

shown in Fig. 6a, RSV induced significant up-regulation of

casp12, as well as slight cleavage of casp4, associated with

the cleavage of casp9 and casp3. Pre-treatment with the

specific caspase inhibitors (Z-LEVD-fmk, Z-ATAD-fmk,

Z-LEHD-fmk, and Z-DEVD-fmk, inhibitors for casp4,

casp12, casp9, and casp3, respectively) for 2 h significantly

diminished the RSV-induced apoptosis shown by annexin-

V positive cells (Fig. 6b). To investigate the possible

proapoptotic signal pathway, NPC cells pretreated with

casp12, casp9 or casp3 inhibitors for 2 h prior to exposure

to RSV for 24 h. The cell lysates were subjected to

Western blotting to investigate the levels of casp3/cleaved

casp3 and PARP/cleaved PARP expression. Figure 6c

indicates suppression of casp12, casp9 or casp3 activity

decreased the levels of RSV-mediated cleaved PARP and

cleaved casp3 expression. These results suggested the

involvement of the RSV-mediated pro-apoptotic signaling

pathway.

To investigate the possible role of casp12 and/or casp4

in the initiation of the RSV-mediated pro-apoptotic path-

way, NPC cells pre-treated with Z-LEVD-fmk and

Z-ATAD-fmk for 2 h prior to incubation with RSV for

24 h and the cell lysates were subjected to the apoptotic

molecules by Western blotting. Figure 7a indicates that

pretreatment with casp4/casp12 inhibitors markedly

decreased the cleavage of casp9 and/or casp3 originally

induced by RSV in a dose-dependent manner. Further, the

Fig. 2 RSV induced cell

apoptosis accompanied with ER

stress and autophagy induction.

NPC cells were treated with

RSV (100 lM) for the indicated

times. Cell lysates were

analyzed for the levels of

indicated proteins via Western

blot. a The lysate was subjected

to Western blotting to

investigate the levels of the

UPR markers IRE1, p-PERK,

and ATF6 expression. b The

lysate was subjected to Western

blotting to investigate CHOP,

PARP/cleaved PARP and LC3

I/II. GAPDH was shown as a

loading control. Data shown

represent three independent

experiments and protein

expression of each cell group

was normalized to that of

GAPDH. The histograms show

arbitrary fold changes relative to

the controls which were

arbitrarily set at 1. *p \ 0.05

versus control group
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specificity of the casp4/casp12 in the initiation of the RSV-

mediated pro-apoptotic pathway was assessed by siRNA

transfection. Targeting silencing of casp12 or casp4 by

siRNA for 24 h prior to incubation of RSV for 24 h, the

cell apoptosis was investigated by annexin V-positive

stained cells and the cell lysate was subjected to Western

blotting. Figure 7b indicates casp12 expression was effec-

tively decreased after siRNA transfection in NPC076 cells,

but that was not significantly shown in NPC039 cells. This

might be caused by a lower basal level of casp12 expres-

sion in RSV-untreated NPC039 cells. However, targeted

silencing of casp12 effectively decreased the level of

Fig. 3 Co-localization of GFP–LC3 with ER Tracker Red. NPC cells

were treated with RSV for 7 h prior to ectopic expression of EGFP-

LC3 plasmid for 24 h, and then the cells were co-incubated with ER

Tracker Red for 30 min. The images were collected under confocal

fluorescence microscopy. The formation of EGFP-LC3-labeled

puncta structures was observed in cells exposed to RSV (white

arrows). a NPC-TW039. b NPC-TW076. The first columns for a and

b were controls. The second column for a and b were NPC cells

treated with RSV for 7 h
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RSV-induced casp12 expression and decreased the sus-

ceptibility of the cells to RSV-mediated cell death shown

by decreased PARP cleavage and annexin-V positive cells

(lower panel of Fig. 7b). Interestingly, targeted silencing of

casp4 did not show any significant effect on RSV-mediated

cell death shown by annexin-V positive cells (Fig. 7c). The

data confirmed the inducible casp12 is a target of RSV in

killing of NPC cells.

Suppression of de novo ceramide synthesis can

counteract the biological effects of RSV

RSV has been shown to induce an increase of ceramide

generation via activation of SPT to result in apoptosis [21].

Among the variety of ceramide species, C16 ceramide was

shown to be dominantly expressed in cancer cells. To

investigate the effect of RSV on C16 ceramide accumula-

tion, the lipids of NPC cells were extracted and analyzed by

UPLC–MS/MS system. As shown in Fig. 8a, the relative

percentage of C16 ceramide markedly increased in RSV-

treated cells compared with that in control group cells. At

concentrations of 50 and 100 lM, RSV increased C16 cer-

amide by 2 and 2.7 fold in NPC039 cells and by 7.4 and 8.6

fold in NPC076 cells, respectively, suggesting abnormal

accumulation of ceramide. Abnormal lipid accumulation is

shown to induce ER expansion [28]. De novo ceramide

biosynthesis begins with the condensation of serine and

palmitoyl-CoA catalysed by the serine palmitoyltransferase

complex (SPT), which is also an ER resident [21]. To

identify the biological effects of ceramide on RSV-mediated

Fig. 4 Suppression of

autophagosome maturation

enhanced the RSV-mediated

cell death. a NPC cells were

transfected with negative

control siRNA (Ngi), ATG7

siRNA for 24 h followed by

exposure to RSV (100 lM) for

24 h. NPC cells were stained

with annexin V-cy5 and PI and

then the apoptotic cells were

assayed by flow cytometry

(upper panel). The cell lysates

were subjected to Western

blotting for investigating ATG

protein and GAPDH was used

as a loading control. b NPC

cells were pre-treated with

bafilomycin A1 (1 or 10 nM) for

2 h prior to incubation with or

without RSV (100 lM) for

24 h. The cell apoptosis was

determined by staining with

annexin V/cy5-PI and analyzed

by flow cytometry (left panel).

Western blotting of the cell

lysates was used to detect the

levels of PARP/cleaved PARP

and LC3 I/II. GAPDH was

shown as a loading control. The

blots shown represent the

pattern found in three

independent experiments.

*p \ 0.05 (RSV and

bafilomycin-cotreated cells

compared with only RSV-

treated cells)
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ER stress, NPC cells incubated with RSV alone or in

combination with SPT inhibitors, L-cycloserine (Cyc,

1 mM) or myriocin (Myr, 5 lM) for 24 h. Western blotting

was used to analize the cell lysate and investigate the

expressions of LC3 I/II, CHOP and PARP cleavage. As

shown in Fig. 8b, Cyc and Myr markedly reduced PARP

cleavage, CHOP and LC3-II expression induced by RSV.

Further, Cyc markedly counteracted the effect of RSV on

the expression of casp4 and casp12 (Fig. 8c). Next, the

treated NPC cells were fixed and sliced into 0.6 lm sections,

Fig. 5 Upregulation of IRE1/

CHOP was not involved in

RSV-mediated cell apoptosis.

NPC cells were transfected with

negative control siRNA (Ngi),

IRE1 siRNA (a), or CHOP

siRNA (b) for 24 h, and then

treatment with or without RSV

(100 lM) for 24 h. The NPC

cells were stained with annexin

V-cy5 and PI and then the

apoptotic cells were assayed by

flow cytometry (left panel). The

lysate was subjected to Western

blotting to investigate IRE1,

CHOP, PARP/cleaved PARP, or

LC3 I/II as indicated. GAPDH

was shown as a loading control.

The blots shown represent a

pattern from three independent

experiments. The indicated

protein expression of each

group was normalized to that of

GAPDH. The histograms

represent fold changes relative

to controls that were arbitrarily

set at 1. *p \ 0.05 versus

control group
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stained with toluidine blue and then observed under light

microscopy. As shown in Fig. 8d, Cyc markedly decreased

the level of ER dilation induced by RSV. The data indicated

RSV-mediated ER expansion via abnormal accumulation of

ceramide and suggested RSV-mediated ceramide has a role

in the induction of events in ER stress.

Discussion

The importance of the UPR under oncogenic stress in

cancer cells has inspired great interest in exploring thera-

peutic potentials through targeting the UPR-induced

pathway. In this study, the mechanisms underlying RSV-

mediated NPC cell apoptosis associated with ER stress and

autophagy were investigated. We found that severe ER

expansion and up-regulation of the ER-associated casp12

might contribute to RSV-mediated cell death. Interestingly,

RSV might induce ER-phagy, and the lipidation of LC3

might be engaged in the dilation of ER. Under prolonged

exposure to RSV, the two specific ER resident casp4 and

casp12 might be activated to initiate the onset of cell death

via the casp9/casp3 pathway. Interestingly, we found that

knockdown of casp12, but not casp4, decreased the RSV-

mediated cell death. SPT inhibitors were able to counteract

the RSV-induced biological events. Thus, this study

Fig. 6 RSV induced the casp4/

casp12-mediated proapoptotic

pathway. a RSV induced ER

caspases-mediated cell death.

NPC cells were treated with

RSV (100 lM) at the indicated

periods. Cell lysates were

subjected to investigation of the

levels of casp12, casp4, casp9,

and active casp3. b Specific ER

caspase inhibitors inhibited

RSV-induced cell death. NPC

cells with or without pre-

treatment with capsase

inhibitors (Z-ATAD-fmk,

Z-LEHD-fmk, Z-DEVD-fmk,

and Z-LEVD-fmk, specific

inhibitors of casp12, casp9,

casp3, and casp4, respectively)

were treated with RSV

(100 lM) for 24 h. Cell

apoptosis was determined by

annexin V/cy5-PI staining and

analyzed by flow cytometry.

Asterisk shows a nonspecific

band for casp4 antibody. Longer

exposure showed the presence

of cleaved casp4 (32 kDa),

which is marked as ‘‘longer

exposure’’. c The proapoptotic

signaling pathway. NPC cells

were treated with casp12, casp9,

and casp3 inhibitors for 2 h

prior to exposure to RSV for

24 h. The cell lysates were

subjected to Western blotting to

investigate the expression of

PARP/cleaved PARP and/or

casp3/cleaved casp3. GAPDH

was shown as a loading control.

Data shown represent three

independent experiments
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revealed the ER expansion and upregulation of ER casp12

might be implicated in the RSV’s effect.

Changes in the ER that interfere with the proper matu-

ration of secreted proteins initiates a coordinated adaptive

program called the unfolded protein response (UPR) to

avoid cell damage [4]. It has been shown that activation of

the UPR in yeast induces ER-phagy, a selective autophagy

of the ER [6]. ER-phagy involves the generation of auto-

phagosomes that selectively include ER membranes [29].

In this study, RSV induced increased level of LC3-II

accompanied with UPR expression and ER dilation in a

time-dependent manner (Figs. 1, 2). After a 7 h treatment,

RSV simultaneously induced the co-localization of ER-

tracker Red dye-stained EGFP-LC3 puncta (Fig. 3) and the

crescent-like vacuoles containing multi-lamellar membrane

structure. The data suggests the possible role of LC3-II

engaged in the lipid source of expanded ER membrane and/

or the ER-derived membrane source for autophagosome

formation (ER-phagy). It might represent an important

degradative function of the UPR that helps in the onset of

Fig. 7 Targeted silencing of

casp12 by siRNA decreased the

antitumor effect of RSV.

a Casp12/casp4-mediated cell

death was via activation of

casp9 pathway. NPC cells were

pre-treated with casp12

inhibitor (Z-ATAD-fmk,

10–20 lM) or casp4 inhibitor

(Z-LEVD-fmk, 10–20 lM) for

2 h prior to exposure to RSV

(100 lM) for 24 h. The cell

lysates of both treated cells and

control cells were subjected to

Western blotting for detection

of casp9/cleaved casp9 or

casp3/cleaved casp3 levels. b,

c NPC cells were transfected

with casp12 siRNA (b) or casp4

siRNA (c) for 24 h prior to

treatment with RSV for another

24 h. NPC cells were stained

with annexin V-cy5 and PI, and

the apoptotic cells were assayed

by flow cytometry. The cell

lysates were subjected to

Western blotting to detect the

expression of casp12 or casp4

and/or PARP/cleaved PARP.

GAPDH was shown as a loading

control. The blots shown

represent three independent

experiments. *p \ 0.05 (casp12

or casp4 siRNA and RSV-

treated cells compared with only

RSV-treated cells)
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ER homeostatic control. The presence of debris or multi-

lamella membrane structures in the crescent-like vacuoles

similar to autophagosomes, indicates that RSV induced

catabolic reaction via the non-canonical autophagy. Whe-

ther the role of crescent vacuoles is implicated with the

ER-associated autophagosome remains to be investigated.

After a 24 h treatment, TEM images showed that RSV

induced a massive accumulation of ER expansion. The

enlarged ER cisternae containing the digested debris were

present in the subcellular compartment (Fig. 1), suggesting

a catabolic action in the compartment of dilated ER that

might be fused with lysosomes.

Accumulating data indicate that ER stress is a potent

trigger of autophagy. RSV induced LC3-II in a time-

dependent manner accompanied by ER stress as shown by

increased expression of the UPR signaling molecules

ATF6, IRE1, p-PERK. These molecules suggest that ER

stress induces autophagy. LC3-II formation is the most

commonly used marker of autophagy in most studies;

however, the amount of LC3 at a certain time point does

Fig. 8 Suppression of ceramide

biosynthesis might counteract

the effects of RSV. a RSV

induced ceramide accumulation.

NPC cells were incubated with

RSV at indicated concentrations

for 24 h. Lipid was extracted

and C16 ceramide investigated

by UPLC–MS/MS system

shown in ‘‘Materials and

methods’’. The relative

percentage of ceramide in RSV-

treated NPC cell was compared

with that of RSV-untreated NPC

cell prior to normalization to the

total cellular protein (N = 3,

*p \ 0.05). b NPC cells were

treated with RSV (100 lM) for

24 h after pre-treatment with or

without the SPT inhibitors

(1 mM L-cycloserine and 5 lM

myriocin) for 2 h. The lysate

was subjected to Western

blotting to investigate the levels

of CHOP, PARP/cleaved PARP,

and LC3 I/II. c RSV-mediated

ceramide induced activation of

casp4 and casp12. NPC cells

were pre-treated with or without

the SPT inhibitor (0.5–1 mM

L-cycloserine) for 2 h prior to

coincubation with RSV

(100 lM) for 24 h. The lysate

was subjected to Western

blotting to detect the levels of

casp12 and casp4. GAPDH was

shown as a loading control. The

blots shown are representative

of a pattern from three

independent experiments. d The

dilation of ER was assayed after

pretreatment with SPT inhibitor

(Cyc) for 2 h and then

incubation with RSV for 24 h,

the cells were fixed, sliced into

0.6 lm sections and then

stained with toluidine blue for

observation with light

microscopy (LM)
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not indicate autophagic flux and it is important to measure

the amount of LC3-II delivered to lysosomes by comparing

LC3-II levels in relation to E64d/pepstatinA, which inhibit

lysosome proteases, or bafilomycin A1, which inhibits the

fusion of autophagosome and lysosome [27, 30]. Lyso-

somal turnover of endogenous LC3 (autophagic flux) is a

more reliable indicator of autophagic activity than mea-

surements of autophagosome numbers [27]. In this study,

bafilomycin A1 effectively inhibit RSV-induced autopha-

gic flux evidenced by the accumulation of LC3-II. Inhibi-

tion of autophagy either at an early (elongation) stage by

ATG7 siRNA or at a late (fusion) stage by bafilomycin A1

caused increased cell death mediated by RSV, which

implicates the importance of RSV in modulating NPC cell

death by inducing an alternative autophagic pathway.

ER has evolved the UPR that modulates several tran-

scription factors (e.g., ATF6, XBP1 and CHOP) in an

attempt to adapt for survival or otherwise undergo apop-

tosis facing prolonged UPR. This study found prolonged

exposure or severe ER stress led to the upregulation of

CHOP, potentially a downstream molecule of the UPR.

CHOP, a member of the CCAAT/enhancer-binding protein

family, participates in ER-mediated apoptosis in carcinoma

cells [31]. Treatment with RSV increased ER stress, up

regulating the UPR and inducing of CHOP in NPC cells.

Interestingly, targeted silencing of the UPR molecule IRE1

or CHOP by siRNA did not significantly alter RSV-

induced apoptosis [8]. NPC cancer cells might adapt to ER

stress and evade stress-induced apoptotic pathways by

differentially activating the UPR branches [2]. Thus, the

potential mechanisms underlying the proapoptotic mole-

cules in carcinoma cells were further investigated. It has

been shown that casp12 is specifically activated by ER

stress, inducing disruption of ER calcium homeostasis and

accumulation of excess proteins in ER [11]. Human casp4,

one of the closest paralogs of rodent casp-12, can perform

the functions normally ascribed to rodent casp12 in the

context of ER stress [9]. Casp4 in human neuroblastoma

cells is also shown to partially involved in cell death caused

by the ER stress inducers thapsigargin and amyloid b-

peptide (AbP) [9]. This study showed that the activation of

casp4 and up-regulation of casp12, two ER residents, are

involved in the onset of RSV-mediated apoptosis. The

activity of casp4/casp12 was confirmed by pretreatment

with their inhibitors. Intriguingly, knock-down of casp12,

but not casp4, diminished the RSV-mediated apoptosis,

confirming the role of casp12 in the regulation of ER

stress-mediated cell death. However, knock-down of casp4

in HeLa cells had little effect on apoptosis induced by ER

stress, implying that the relevance of this protease to ER

stress is tissue-specific [9]. Activated casp12 causes the

cleavage of casp9, which further cleaves and activates

casp3 to result in cell apoptosis [12, 32]. Human casp12 is

shown to contain a premature stop codon [13]. Recent

studies have shown that casp12 is present in some cancer

cells and in the proximal tubule of human kidneys under a

particular pathologic condition [14–16], suggesting the

possibility that casp12 is tissue-specifically distributed.

These studies together suggest that ER stress-mediated cell

death via activation of the casp12 pathway in epithelial or

carcinoma cells. The regulation mechanism of casp12 in

NPC cells is further under investigation in our laboratory.

The sphingolipid ceramide is one component for the

plasma membrane that is generated through a major pathway

of de novo biosynthesis by serine palmitoltransferase (SPT)

[33]. It has been recognized as an important secondary

messenger implicated in regulating signaling pathways,

especially for apoptosis [33]. ER functions as a protein-

folding compartment and is also the major site for lipid

synthesis, including ceramide biosynthesis. Abnormal syn-

thesis of phospholipids in the ER has been shown to disrupt

the morphology of the ER as well as the induction of fatty

acid-induced ER stress [21]. Palmitic acid is shown to

mediate lipid composition and localization to cause ER

expansion and consequently result in ER stress [28]. RSV

induces growth inhibition/apoptosis in breast cancer in

concomitance with a consistent accumulation of endogenous

ceramide via the key enzyme of de novo ceramide biosyn-

thetic pathway [21]. Consistent with these studies, RSV also

induced C16 ceramide accumulation in NPC cells in a dose-

dependent manner. Two SPT inhibitors (L-cycloserine and

myriocin) decreased the activation of casp4/casp12, as well

as the levels of CHOP and LC3-II to suggest that accumu-

lated ceramide mediates the effects of RSV. Interestingly,

the SPT inhibitor decreased the level of RSV-mediated ER

expansion and only the SPT inhibitors could rescue RSV-

treated cells from apoptosis [21]. This study clearly indi-

cated the effect of ceramide accumulation on the ER stress

induction and inhibition of de novo ceramide biosynthesis

would act against the biological effects of RSV. Thus,

together with our data, it might suggest the effect of RSV on

ceramide biosynthesis is not cell type specific.

RSV, a naturally occurring dietary compound with che-

mopreventive properties has been reported to trigger apoptosis

in a variety of cancer cell types. It induces apoptosis of human

NPC cells via the activation of multiple apoptotic pathways

[34]. In our previous study, it has shown that RSV induced

DNP63-dependent apoptosis in a dose-dependent manner

[35]. RSV (12–100 lM) induces dose-dependent growth

suppression, cell cycle arrest in the S phase and caspase-

dependent apoptosis. The antitumor potential of RSV

depends, in part, on its absorption, metabolism, and bio-

availability [36]. Resveratrol glucurinodes and sulfates are the

most frequently reported phase II metabolites, implicating the

bioavailability of RSV [37], whereas it has reported that res-

veratrol monosulfate is the major metabolite in culture cancer
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cells [38]. The RSV presented in the culture medium (in vitro)

is relatively stability than in vivo [39]. It has been shown that

RSV is the bioactive form in medulloblastoma cells and

fibroblast cells [37, 38]. To convincingly show the ability of

RSV to induce apoptosis in NPC cells, we chose doses around

50–100 lM [35]. Doses required for RSV to induce apoptosis

were higher than those that induced growth inhibition and cell

cycle arrest, often in the 100–200 lM range. Determination of

the bioactive form or forms of RSV in individual cell and

cancer types is a fundamental issue for the successful appli-

cation of RSV in clinical therapy. The results of this study

merit further clinical evaluation of RSV as a potential NPC

cancer chemopreventive agent.

This study identified ER stress mediated cell death

induced by RSV in regulating the UPR events, ER caspases

and non-canonical autophagy. RSV induced severe ER

stress and ER expansion that exhausted its protective fea-

tures which triggered its ER-residing pro-apoptotic mod-

ules, casp4 and casp12 (Fig. 9). Importantly, this study

indicated the role of casp12 in regulating the ER stress-

mediated cell death in human carcinoma cells. Thus, this

study might offer an advantage for the agents that target the

ER to achieve specificity in cancer therapy.
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