
Research article

Compound K induced apoptosis via endoplasmic reticulum Ca2þ

release through ryanodine receptor in human lung cancer cells

Dong-Hyun Shin 1, Dong-Gyu Leem1,2, Ji-Sun Shin 1, Joo-Il Kim 1, Kyung-Tack Kim 3,
Sang Yoon Choi 3, Myung-Hee Lee 3, Jung-Hye Choi 2,4, Kyung-Tae Lee 1,2,*

1Department of Pharmaceutical Biochemistry, College of Pharmacy, Kyung Hee University, Seoul, Republic of Korea
2Department of Life and Nanopharmaceutical Science, College of Pharmacy, Kyung Hee University, Seoul, Republic of Korea
3 Traditional Food Research Center, Korea Food Research Institute, Seongnam, Republic of Korea
4Department of Oriental Pharmaceutical Science, College of Pharmacy, Kyung Hee University, Seoul, Republic of Korea

a r t i c l e i n f o

Article history:
Received 29 October 2016
Accepted 31 January 2017
Available online 4 February 2017

Keywords:
apoptosis
calcium
compound K
ER stress
lung cancer cells

a b s t r a c t

Background: Extended endoplasmic reticulum (ER) stress may initiate apoptotic pathways in cancer cells,
and ER stress has been reported to possibly increase tumor death in cancer therapy. We previously re-
ported that caspase-8 played an important role in compound K-induced apoptosis via activation of
caspase-3 directly or indirectly through Bid cleavage, cytochrome c release, and caspase-9 activation in
HL-60 human leukemia cells. The mechanisms leading to apoptosis in A549 and SK-MES-1 human lung
cancer cells and the role of ER stress have not yet been understood.
Methods: The apoptotic effects of compound K were analyzed using flow cytometry, and the changes in
protein levels were determined using Western blot analysis. The intracellular calcium levels were
monitored by staining with Fura-2/AM and Fluo-3/AM.
Results: Compound K-induced ER stress was confirmed through increased phosphorylation of eIF2a and
protein levels of GRP78/BiP, XBP-1S, and IRE1a in human lung cancer cells. Moreover, compound-K led to
the accumulation of intracellular calcium and an increase in m-calpain activities that were both signif-
icantly inhibited by pretreatment either with BAPTA-AM (an intracellular Ca2þ chelator) or dantrolene
(an RyR channel antagonist). These results were correlated with the outcome that compound K induced
ER stress-related apoptosis through caspase-12, as z-ATAD-fmk (a specific inhibitor of caspase-12)
partially ameliorated this effect. Interestingly, 4-PBA (ER stress inhibitor) dramatically improved the
compound K-induced apoptosis.
Conclusion: Cell survival and intracellular Ca2þ homeostasis during ER stress in human lung cancer cells
are important factors in the induction of the compound K-induced apoptotic pathway.
� 2017 The Korean Society of Ginseng, Published by Elsevier Korea LLC. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Endoplasmic reticulum (ER) is not only a reservoir for intra-
cellular Ca2þ, but also a home for folding and post-translational
modifications of secretory proteins [1,2]. ER stress occurs when
ER is subjected to adverse situations such as hypoxia, nutrient
deprivation, failure of posttranslational modifications, imbal-
ance in Ca2þ homeostasis, or an increased accumulation of
unfolded proteins [3]. ER stress causes the unfolded protein
response (UPR) to enhance the protein folding capacity and
decrease protein synthesis, and UPR activation as a result of

ER stress initiates intracellular signaling pathways for cell
protection.

The ER stress response is mainly regulated by three ER trans-
membrane proteins: activating transcription factor-6 (ATF-6),
inositol requiring kinase-1 (IRE-1), and protein kinase-like ER ki-
nase (PERK) [4]. Under normal conditions, these transmembrane
proteins remain inactive and are bound to ER-resident chaperone
glucose-regulated protein-78 (GRP78/BiP). The UPR is regulated by
an ER stress sensor IRE1a [5]. IRE1a, a major ER stress transducer, is
a serine/threonine protein kinase/endoribonuclease that, upon
activation, initiates the splicing of X-box binding protein-1 (XBP-1)
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mRNA. Spliced XBP-1 mRNA encodes a transcriptional activator
that leads to the transcription of chaperone protein-encoding
genes, whose products have a role in ER protein folding [6]. PERK,
another ER stress transducer, is a transmembrane kinase that
phosphorylates eukaryotic translation initiation factor 2 subunit a
(eIF2a), thereby reducing protein synthesis and counteracting ER
protein overload [7]. Then, the activated cytoplasmic fragment of
ATF-6 binds to the ER stress response element in the nucleus to
activate the transcription of transcription factor genes such as XBP-
1 and ER chaperone genes such as GRP78, as well as the expression
of CCAAT/enhancer-binding protein-homologous protein (CHOP/
GADD153) [3]. Critical or continued ER stress provokes ATF-6, PERK
and IRE-1 apoptotic signaling and induces CHOP expression.
Furthermore, caspase-12 has been involved in ER stress-mediated
apoptosis, and caspase-12 knockdown mice are resistant to ER
stress-induced apoptosis [8].

The intracellular Ca2þ level controls cellular processes, such as
transcription, exocytosis, apoptosis, and proliferation [9], and its
concentration is tightly regulated bymultiple pumps, channels, and
binding proteins [10]. The Ca2þ release from the ER is mediated
through the ryanodine receptors (RyRs) and ER-resident inositol
trisphosphate receptors (IP3Rs) [11]. However, even with tight
regulation of Ca2þ release from the ER, the depletion of ER Ca2þ and
the overload of cytosolic Ca2þ can occur due to several stimuli. The
disrupted Ca2þ homeostasis and unchecked increases in cytosolic
Ca2þ can induce apoptosis via the activation of ER-resident caspases
and the activation of processes in the cytoplasm [12e14].

Ginseng, the root and rhizome of Panax ginsengMeyer, has been
widely adapted in traditional medicine in East Asia. Ginsenosides
are major bioactive components in ginseng and describe a various
group of steroidal saponins. More than 20 ginsenosides have been
reported to possess a variety of biological properties, including
neuroprotective, anticancer, and antiinflammatory activities [15].
The two major subtypes of ginsenosides have been termed proto-
panaxadiols and protopanaxatriols, which after ingestion can give
rise to novel metabolites in the body [12,13]. 20-O-b-D-glucopyr-
anosyl-20(S)-protopanaxadiol (compound K) (Fig. 1A) is a major
metabolite of several protopanaxadiol-type ginsenosides, including
Rb1, Rb2, and Rc, by intestinal bacteria through the multistage
cleavage of sugar moieties [16]. It has been investigated in terms of
its antidiabetic [17e19], antiinflammatory [20e22], and anticancer
[23,24] effects.

Although a previous study suggested a role for ER stress in the
induction of apoptosis in HT-29 colon cancer cells [25], the role of
Ca2þ released from ER and caspase-12 in compound K-induced
apoptosis in human lung cancer cells has not yet been reported. We
report that compound K induces Ca2þ release from ER via the RyR
channel, leading to the activation of m-calpain, caspase-12, and
caspase-3. In addition, there is an increase in the levels of the
endoplasmic reticular stress markers, IRE1a, XBP-1S, and GRP78.

2. Materials and methods

2.1. Chemicals and reagents

Compound K (purity> 98%) used in the present study was iso-
lated from P. ginseng, and its structural identities were determined
spectroscopically (1H and 13NMR, IR, MS) as previously described
[21]. RPMI 1640medium, DMEMmedium, fetal bovine serum (FBS),
penicillin, streptomycin, and Fura-2/AM were obtained from Life
Technologies Inc (Chicago, IL, USA). 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-tertazolium bromide (MTT), dimethyl sulfoxide
(DMSO), RNase A, phenylmethylsulfonylfluoride (PMSF), propidium

iodide (PI), 4-phenylbutyrate (4-PBA), 2-aminoethoxydiphenyl
borate (2-APB), dantrolene, BAPTA-AM, ethylene glycol tetraacetic
acid (EGTA), and CGP37157 were purchased from Sigma Chemical
Co. The following antibodies for caspase-3, caspase-7, caspase-9,
poly (ADP-ribose) polymerase (PARP), XBP-1, c-FLIPL, Bid, Bcl-2,
Bcl-xL, p-eIF2a, GADD 153, m-calpain, and b-actin were pur-
chased from Santa Cruz Biotechnology, Inc (Santa Cruz, CA, USA).
The antibodies for X-linked inhibitor of apoptosis protein (XIAP),
caspase-8, and caspase-12 were purchased from BD Biosciences,
Pharmingen (San Jose, CA, USA). The antibodies for IRE1a and
GRP78 were purchased from Cell Signaling Technology (Denvers,
MA, USA). z-VAD-fmk, z-ATAD-fmk were purchased from Calbio-
chem (San Diego, CA, USA).

2.2. Cell culture and sample treatment

Human lung adenocarcinoma A549 and human lung squamous
cell carcinoma SK-MES-1 were obtained from the Korea Cell Line
Bank (Seoul, Republic of Korea). A549 was grown at 37�C in RPMI-
1640 medium and supplemented with 10% FBS, penicillin
(100 units/mL), and streptomycin sulfate (100 mg/mL) in a humid-
ified atmosphere of 5% CO2. SK-MES-1 was grown at 37�C in DMEM
medium andwas supplementedwith 10% FBS, penicillin (100 units/
mL) and streptomycin sulfate (100 mg/mL) in a humidified atmo-
sphere of 5% CO2. Cells were incubated with 15mM of compound K
for various times (6 h, 12 h, 24 h, 36 h, or 48 h) and 48 h for various
concentrations (5mM, 10mM, 15mM) in 2% FBS contained medium.

2.3. Cytotoxicity test

The cytotoxicity was assessed through an MTT assay. Briefly, the
cells (0.5�105 cells/mL) were seeded in each well containing
100 mL of the RPMI or DMEMmedium in a 96-well plate. After 24 h,
various concentrations of compound K were added. After 48 h,
20 mL of MTT [5 mg/mL stock solution in phosphate-buffered saline
(PBS)] were added, and the plates were incubated for an additional
4 h. The mediumwas discarded, and formazan blue, which formed
in the cells, was dissolved with 200 mL dimethyl sulfoxide. The
optical density was measured at 540 nm.

2.4. Quantification of apoptosis via flow cytometry

For PI and Annexin V double staining, cells were suspendedwith
100 mL of binding buffer (10mMHEPES/NaOH,140mMNaCl, 2.5mM
CaCl2, pH 7.4) and were stained with 5 mL of FITC-conjugated
Annexin V and 5 mL of PI (50 mg/mL) for 30 min at room-
temperature in a dark place and then 400 mL of binding buffer
was added for analysis via fluorescence-activated cell sorting cater-
plus flow cytometry (Becton Dickinson Co., Heidelberg, Germany).

2.5. Protein extraction and Western blot analysis

Cells were collected via centrifugation at 200� g for 10 min at
4�C. The cells were then washed twice with ice-cold PBS, and were
centrifuged at 200� g for 5 min. The obtained cell pellet was then
resuspended in 1� protein lysis buffer (Intron, Seoul, Korea). Equal
amounts of cell lysates were separated via sodium dodecyl sulfate-
polyacrylamide gel and were transferred to nitrocellulose mem-
branes for Western blot analysis using the indicated primary anti-
bodies. Horseradish peroxidase-conjugated secondary antibodies
were detected using an enhanced chemiluminescence (Amersham,
Buckinghamshire, England) detection system.
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Fig. 1. Compound K induced apoptosis in human lung cancer cells. (A) The chemical structure of compound K. (B) Cells were treated with various concentrations (5mM,10mM,15mM)
of compound K for the indicated times. Cells were costained with PI and FITC-conjugated annexin V, and the translocation of phosphatidylserine was detected by flow cytometry. (C)
Compound K induced apoptosis via caspase activation and downregulation of antiapoptotic proteins in A549 and SK-MES-1 cells. b-Actin was used as an internal control. (D) The
effect of the broad-spectrum caspase inhibitor (z-VAD-fmk) on apoptosis was determined by costaining with PI and FITC-conjugated annexin V, and the translocation of phos-
phatidylserine was detected by flow cytometry. (E) c-FLIPL, XIAP, Bcl-2, and Bcl-xL were analyzed byWestern blotting and b-actin was used as an internal control. Data are presented
as means� SD of three independent experiments. ** p< 0.01, *** p< 0.001 versus the compound K-treated group. Bcl-2, B-cell lymphoma 2; Bcl-xL, B-cell lymphoma-extra large; c-
FLIPL, cellular FLICE-like inhibitory protein long isoform; PARP, poly (ADP-ribose) polymerase; XIAP, X-linked IAP.
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2.6. Calcium quantification

A549 and SK-MES-1 cells grown on cover glass were incubated
overnight. Cytosolic free Ca2þ was measured using the Ca2þ-sen-
sitive fluorescent indicator dye Fura-2/AM. Cells grown on a
matrigel-coated cover-slide bottom dish were washed three times
with PBS and were incubated in the dark for 30 min at room
temperature with Fura-2/AM (final concentration 1mM) in PBS. The
cells werewashed againwith PBS three times andwere analyzed by
being illuminated with an alternating light of 340 nm and 380 nm
from a rotating filter wheel.

2.7. Measurement of calcium concentration

Free cytosolic calcium was measured using Ca2þ-indicator dye
Fluo-3/AM (cell membrane permeable fluorescent dye). After
exposure to 30mMof IPA for various times, the cells were harvested
and washed twice with HBSS (130mM NaCl, 2.5mM KCl, 1.2mM
MgCl2, 10mM HEPES, 10mM glucose, 2mM CaCl2, pH 7.4). The cells
were resuspended, and then incubated with the Fluo-3/AM (3mM)
for 30 min. The free cytosolic Ca2þ levels, seen as a fluorescent
signal, were then assessed via flow cytometry with an FL1 channel.

2.8. Statistical analysis

The results are expressed as the mean� S.D. of triplicate ex-
periments. Statistically significant values were compared using
ANOVA and Dunnett’s post hoc test. Statistical analysis was per-
formed using SigmaPlot software version 10.0 (Systat Software,
Inc., San Jose, CA, USA). A p value< 0.05 was considered to be
statistically significant.

3. Results

3.1. Compound K induced caspase-dependent apoptosis in human
lung cancer cells

We examined the effect of compound K on the cell viabilities
using MTT assays in human lung cancer cells. Compound K was
shown to have cytotoxicity on human lung adenocarcinoma A549
and squamous lung carcinoma SK-MES-1 cells (IC50: 17.78mM and
16.53mM, respectively). To further investigate whether the cyto-
toxic effect of compound K was associated with the induction of
apoptosis, we estimated the translocation of phosphatidylserine
using Annexin V and PI double staining. The percentage of Annexin
V-positive cells was found to increase in a time- and concentration-
dependent manner after treatment with compound K in A549 and
SK-MES-1 cells (Fig. 1B).

To establish the mechanism associated with compound K-
induced apoptosis, we examined the activation of caspase-8, -9, -3
and cleavage of PARP (an endogenous substrate of caspase-3) in
A549 and SK-MES-1 cells. Compound K increased procaspase-8, -9,
-3 and PARP-1 cleavage in a time- and concentration-dependent
manner (Fig. 1C). To investigate the involvement of caspases in
compound K-induced apoptosis, A549 and SK-MES-1 cells were
pretreated with z-VAD-fmk (a broad caspase inhibitor) for 1 h and
were then treated with compound K for 48 h. As shown in Figs. 1D
and 1E, z-VAD-fmk significantly suppressed compound K-induced
apoptosis in A549 and SK-MES-1 cells. These observations indicate
that compound K-induced apoptosis involved the caspase-
dependent pathway in A549 and SK-MES-1 cells. As expected, the
expressions of antiapoptotic proteins c-FLIPL, X-linked IAP (XIAP),
Bcl-2, and Bcl-xL were substantially decreased with compound K

Fig. 1. (continued).
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treatment in both cell lines in a time- and concentration-
dependent manner (Fig. 1E), indicating concomitant activation of
both the extrinsic and the intrinsic pathways of apoptosis.

3.2. Compound K induced ER stress and led to activation of the UPR

ER stress is implicated in the induction of apoptosis as well as
autophagy [18]. To assess whether the compound K-induced
apoptosis was linked to ER stress, we evaluated the effect of the
compound K on ER stress markers. The activation of IRE1a has been
shown to promote the splicing of a 26 nucleotide intron from the
XBP1 mRNA and give rise to its spliced variant XBP-1S [26]. A
previous study suggested the activation of XBP1 was a character-
istic feature of ER stress [5]. Treatment of A549 and SK-MES-1 cells
for various times with compound K (5e15mM) showed a sustained
increase in the levels of IRE1a and XBP-1S in both cell lines (Fig. 2).
We then proceeded to examine the other two arms of ER stress
signaling (ATF-6/p-eIF2a and PERK/CHOP). An immunoblot analysis
of compound K-treated cells demonstrated a significant increase of
p-eIF2a in both cell lines. However, an increase in the protein levels
of CHOP in A549 and SK-MES-1 cells was not observed in either of
the cell lines (Fig. 2). The upregulation of molecular chaperones
further confirmed the induction of ER stress in compound K-treated
cells; this included increased GRP78 level, which is sensitive to
changes in the ER redox state (Fig. 2).

3.3. Compound K induced apoptosis via a caspase-12-dependent
pathway

Caspase-12 is the first caspase reported to localize to the ER, and
it has been proposed as a key mediator of ER stress-induced
apoptosis [8]. Caspase-12 is cleaved and activated specifically dur-
ing ER stress, but not by death receptor- ormitochondrial-mediated
apoptotic signals. Subsequently, activated caspase-12 may stimu-
late the activation of executor caspases. This has prompted us to
assess whether ER stress is induced after compound K treatment by
evaluating the levels of caspase-12 cleavage by Western blotting in
A549 and SK-MES-1 human lung cancer cells. We found both a
time- and concentration-dependent increase in caspase-12 cleav-
age (Fig. 3A). In addition, the specific caspase-12 inhibitor z-ATAD-
fmk suppressed the cleavage of caspase-12, as well as the cleavage

of caspase-3 (Fig. 3B), confirming that compound K-induced
apoptosis was caspase-12-dependent in those cells.

Caspases-12 is unique to ER and caspase-3 is the joint executor
caspase for ER stress and apoptosis pathways. Thus, our result
implied a crosstalk between ER stress and the extrinsic and/or
intrinsic pathways of apoptosis, with caspase-12 being the up-
stream signaling molecule to caspase-3. Further, as shown in
Fig. 3C, z-ATAD-fmk partially inhibited compound K-induced
apoptosis, which implied that compound K induced apoptosis in
human lung cancer cells via both caspase-12 and extrinsic and/or
intrinsic signaling pathways [8].

3.4. Compound K increased the intracellular calcium levels and led
to m-calpain activation

To investigate whether the compound K-induced apoptosis
involved changes in intracellular Ca2þ levels ([Ca2þ]i), wemeasured
the change in intensity of the intracellular Ca2þ-sensitive dye Fura-
2/AM in A549 and SK-MES-1 cells before and after treatment.
Treatment with compound K resulted in a significant increase in
[Ca2þ]i in A549 and SK-MES-1 cells (Fig. 4A).

Since caspase-12 activation has been reported to be possibly
mediated by calcium-dependent cysteine protease, m-calpain, in
response to calcium release from the ER during ER stress [27], we
examined whether compound K influenced the m-calpain activa-
tion byWestern blotting. Fig. 3A shows that compound K promoted
the cleavage of m-calpain to its active fragments in a time- and
concentration-dependent manner. With the ER being the most
important intracellular Ca2þ store [1], regulation of [Ca2þ]i by the
ER is mainly mediated by Ca2þ uptake into the ER through SERCA
Ca2þ pumps and Ca2þ release through Ca2þ channels, such as IP3Rs
or RyRs [8,28,29]. To determine whether compound K-induced
[Ca2þ]i in A549 and SK-MES-1 cells were caused by ER Ca2þ-related
channels, we treated the cells with Ca2þ channel blockers dan-
trolene or 2-aminoethoxydiphenyl borate (2-APB) or BAPTA-AM
(intracellular Ca2þ chelator) to inhibit RyRs and IP3Rs, respec-
tively. As shown in Figs. 4Be4D, dantrolene or BAPTA-AM treat-
ment markedly attenuated compound K-induced apoptosis,
whereas 2-APB did not. Next, wemeasured the m-calpain, caspase-
12, and caspase-3 activation of cells exposed to compound K with
or without BAPTA-AM or dantrolene to understand the effects of
variations in cytoplasmic calcium on compound K-induced ER

Fig. 2. Compound K induced ER-stress and activation of unfolded protein response. Cells were treated with various concentrations (5mM, 10mM, 15mM) of compound K (48 h) and
various times (0 h, 6 h, 12 h, 24 h, 36 h, 48 h) with compound K (15mM). GRP78, IRE1a, XBP-1S, p-eIF2a, and CHOP were analyzed by Western blotting and b-actin was used as an
internal control. eIF2a, eukaryotic translation initiation factor 2 subunit a; GADD153(CHOP), growth arrest and DNA damage 153(C/EBP homologous protein); GRP78(Bip), glucose-
regulated protein-78(Binding immunoglobulin protein); IRE1a, inositol requiring kinase-1 a; XBP-1, X-box binding protein-1.
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stress. As shown in Figs. 4Ee4G, the chelation of cytosolic Ca2þ by
treatment with BAPTA-AM or dantrolene suppressed the com-
pound K-induced cleavage of m-calpain, caspase-12, and caspase-3,
whereas 2-APB did not activate caspase-3. Taken together, these
data suggested that RyR-mediated Ca2þ release is involved in
compound K-induced ER stress and apoptotic cell death.

3.5. Inhibition of ER stress enhanced compound K-induced
apoptosis

Next, we wanted to examine the relevance of ER stress in
compound K-induced apoptosis in human lung cancer A549 and
SK-MES-1 cells. We used 4-PBA (ER stress inhibitor) to alleviate ER
stress in these lung cancer cells treated with compound K. Pre-
treatment with 4-PBA reduced the expression of compound K-
induced ER-specific proteins, such as GRP78, IRE1a, and p-eIF2a
(Fig. 5A). We then examined the expression of apoptosis-associated
proteins, including cleaved caspase-12, m-calpain, and caspase-3.
The results indicate that compound K-induced activation of
caspase-12, m-calpain, and caspase-3 were clearly upregulated by
4-PBA (Fig. 5A). Using Annexin V and PI double staining, we found
that inhibition of ER stress significantly enhanced the cell apoptosis
of the compound K-treated A549 and SK-MES-1 cells at 24 h
(Fig. 5B). In a manner consistent with the induction of apoptosis,
inhibition of ER stress significantly increased compound K-induced
[Ca2þ]i levels by 4-PBA (Fig. 5C). These results demonstrated that
inhibition of ER stress enhanced apoptosis via increase of [Ca2þ]i
levels in A549 and SK-MES-1 cells treated with compound K. Taken

together, these results indicate that induction of ER stress partici-
pated in protecting the cell against compound K-induced apoptosis.

4. Discussion

Apoptosis is a fundamental cellular activity that protects against
cancer development by eliminating genetically altered and hyper-
proliferative cells. Thus, defects in apoptosis signaling pathways
contribute to carcinogenesis and chemoresistance [24]. As
mentioned above, there are two major apoptotic pathways, the
extrinsic death receptor-mediated pathway and the intrinsic
mitochondria-mediated pathway, and truncated Bid protein pro-
vides crosstalk between the two [30]. Both of these pathways are
regulated by caspases, which are responsible, either directly or
indirectly, for the cleavages of cellular proteins, a characteristic of
apoptosis [31]. Our previous study has shown that caspase-8 plays a
key role in compound K-stimulated apoptosis via activation of
caspase-3 and -9 and modulation of Bcl-2 families in HL-60 human
leukemia cells [21].

In the present study, we confirmed that compound K induced
caspase-dependent apoptosis in A549 and SK-MES-1 human lung
cancer cells. Since the Bcl-2 family proteins play a significant role in
apoptosis, we studied the effect of compound K on the expression
of Bcl-2 family proteins in A549 and SK-MES-1. Compound K was
found to downregulate the levels of antiapoptotic proteins,
including c-FLIPL, XIAP, Bcl-2, and Bcl-xL, leading to apoptotic
pathways via both intrinsic and extrinsic activation. Our present
results confirm those of Lee et al [17], in as much as compound K

Fig. 3. Compound K induced apoptosis via caspase-12 activation. (A) Cells were treated with various concentrations (5mM, 10mM, 15mM) of compound K (48 h) and various times
(0 h, 6 h, 12 h, 24 h, 36 h, 48 h) with compound K (15mM). Caspase-12 and m-calpain were analyzed by Western blotting and b-actin was used as an internal control. (B) Cells were
pretreated with 1mM z-ATAD-fmk for 1 h and then treated with 15mM of compound K for 48 h. Caspase-12 and procaspase-3 were analyzed by Western blotting and b-actin was
used as an internal control. (C) The effect of the caspase-12 inhibitor (z-ATAD-fmk) on apoptosis was determined by costaining with PI and FITC-conjugated annexin V, and the
translocation of phosphatidylserine was detected by flow cytometry. Data are presented as means� SD of three independent experiments. *** p< 0.001 versus the compound K-
treated group.
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showed cytotoxic and caspase-dependent apoptosis-inducing ac-
tivities in human lung cancer cells.

ER is a key organelle in protein processing and intracellular
calcium storage, and it participates in crucial biosynthetic and
signaling regulation functions in eukaryotic cells [29]. When there
is an imbalance between ER protein folding load and capacity in
different physiological and pathological conditions, unfolded pro-
teins accumulate in the ER lumen, a condition known as ER stress.
ER stress can initiate cell UPR, which regulates the expression of ER
molecular chaperone GRP78/BiP, the ER stress sensor protein IRE1a,
PERK, and ATF-6/p-eIF2a. Mild to moderate ER stress promotes cell
survival through UPR to alleviate ER stress [32]. However, sustained

and severe ER stress or inhibition of ER stress leads to cell death in
some cancer types, including lung cancer [31].

Despite considerable studies on compound K-induced apoptosis
in several cancer cell lines, little is known of the underlying cyto-
toxic mechanisms with respect to ER stress-mediated apoptosis
[17e19,33]. The present study shows that the induction of UPR-
related proteins may be involved in compound K-treated lung
cancer cells as: (1) compound K increased IRE1a and XBP-1S pro-
tein levels; (2) compound K induced an increase of GRP78
expression; and (3) compound K induced phosphorylation of eIF2a.
However, we could not detect the expression of ER stress associated
with the CHOP protein. This may be due to the low level of ER stress

Fig. 4. Compound K induced apoptosis via Ca2þ mediated caspase-12 activation. (A) Cytosolic Ca2þ levels were measured by Fura-2/AM fluorescence dye. Compound K treated 30
min after the beginning of the reading as indicated by the arrow. (B, C, D) Effect of the RyR channel antagonist (dantrolene), IP3R channel antagonist (2-APB), or Ca2þ chelator
(BAPTA-AM) on apoptosis was determined by testing the costaining with PI and FITC-conjugated annexin V, and the translocation of phosphatidylserine was detected by flow
cytometry. Data are presented as means� SD of three independent experiments. (E, F) Cells were pretreated with 5mM dantrolene or 2.5mM BAPTA-AM for 1 h and then treated with
15mM of compound K for 48 h. m-Calpain, caspase-12, and procaspase-3 were analyzed by Western blotting and b-actin was used as an internal control. (G) Cells were pretreated
with 30mM 2-APB for 1 h and were then treated with 15mM of compound K for 48 h. Procaspase-3 were analyzed byWestern blotting and b-actin was used as an internal control. ***
p< 0.001 versus the compound K-treated group. 2-APB, 2-aminoethoxydiphenyl borate.
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Fig. 4. (continued).

Fig. 5. Effects of 4-PBA on compound K-induced ER stress, [Ca2þ]i and apoptosis. (A) Cells were pretreated with 4mM 4-PBA for 1 h and were then treated with 15mM of compound K
for 48 h. GRP78, IRE1a, p-eIF2a, m-calpain, caspase-12, and procaspase-3 were analyzed by Western blotting and b-actin was used as an internal control. (B) Effect of the 4-PBA on
apoptosis was determined by testing the costaining with PI and FITC-conjugated annexin V, and the translocation of phosphatidylserine was detected by flow cytometry. (C)
Cytosolic Ca2þ levels were measured by fluo-3 AM fluorescence dye and were measured using a flow cytometry. 4-PBA was pretreated for 1 h and then treated with compound K.
Data are presented as means� SD of three independent experiments. *** p< 0.001 versus the compound K-treated group. 4-PBA, 4-phenylbutyrate; eIF2a, eukaryotic translation
initiation factor 2 subunit a; GRP78(Bip), glucose-regulated protein-78(Binding immunoglobulin protein); IRE1a, inositol requiring kinase-1 a.
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induced by compound K that could not induce ER stress-associated
apoptosis.

There is a growing body of evidence that the release of Ca2þ

from ER and consequent increase in cytosolic Ca2þ levels can play
pivotal roles in regulating cell survival and apoptosis in a variety of
cell types [34]. In addition, the dysregulation of ER Ca2þ homeo-
stasis occurs as an early event during many forms of apoptosis and
has been implicated in the pathophysiology of several diseases,
including cancer. In the present study, the release of ER calcium
stores resulted in an increase in cytosolic free Ca2þ levels, sug-
gesting the disruption of intracellular Ca2þ homeostasis, which
leads to the promotion of cell dysfunction and apoptosis in A549
and SK-MES-1 cells.

The elevation of [Ca2þ]i or depletion of ER Ca2þ stores are typical
ER stress responses of cells [29]. Cytosolic Ca2þ binds and activates
Ca2þ-dependent intracellular cysteine protease, m-calpain,
caspase-12, and then the apoptotic pathway [8,35]. The experi-
mental evidence presented here showed that the evaluation of
[Ca2þ]i by efflux from ER caused by compound K triggered
apoptosis through the activation of m-calpain and the caspase-12
pathway in human lung cancer cells.

The increase in [Ca2þ]i may be due to an influx of Ca2þ from the
extracellular medium across the plasma membrane and/or Ca2þ

release from intracellular stores, predominantly from the ER. We
investigated the role of extracellular Ca2þ in the increase in [Ca2þ]i
after compound K treatment in A549 and SK-MES-1 cells by
analyzing [Ca2þ]i in cells placed in a mediumwithout Ca2þ, and we
found that the increase in cytosolic Ca2þ was similar in media with
and without Ca2þ (data not shown). Thus, extracellular calcium
does not seem to be involved in the increase in cytosolic Ca2þ in our
model. Zhang et al [36] also previously demonstrated that increases
in cytosolic and mitochondrial Ca2þ levels caused by compound K
may be involved in Ca2þ release from ER stores into the cytosol of
human colon cancer cells. We further investigated whether the
increase in [Ca2þ]i after compound K treatment in A549 and SK-
MES-1 cells was also due to the release of Ca2þ from the ER
through the IP3R and/or RyR channels, which have been implicated
in apoptotic Ca2þ signaling in several models [37]. We thus treated
the cells with inhibitors of these receptors, 2-APB and dantrolene,
respectively. Pretreatment of dantrolene inhibited [Ca2þ]i levels
and attenuated compound K-induced apoptosis, whereas 2-APB did
not. Furthermore, we used a permeant Ca2þ chelator, BAPTA-AM, to
investigate the possible role of [Ca2þ]i in the progression of com-
pound K-induced apoptosis. Preincubation with BAPTA-AM also
significantly suppressed compound K-induced apoptosis through
inactivation of m-calpain, procaspase-12, and caspase-3. Therefore,
we noticed that increased [Ca2þ]i levels through the RyR channel,
instead of that from the IP3R channel, were closely associated with
compound K-induced apoptosis. However, further experiments are
needed to examine how ER stress and increased [Ca2þ]i activates
the mitochondrial apoptosis pathway.

To further determine the biological function of ER stress on
compound K-induced apoptosis in A549 and SK-MES-1 cells, we
blocked ER stress in human lung cancer cells by using ER stress
inhibitor 4-PBA. Compound K-induced apoptosis was found to have
been obviously enhanced in the human lung cancer A549 and SK-
MES-1 cells treated with 4-PBA. In a situation of enhanced m-cal-
pain and caspase-12 activation by 4-PBA, compound K-induced
UPR may participate in intracellular Ca2þ modulation. Based on
these results, we found that UPRwas related to cell protection. Also,
these results could support the premise that UPR signals induced
by compound K were involved in a cell protective effect against the
observed apoptosis [38].

In summary, we found that compound K could induce ER stress
and apoptosis, and ER stress was observed to be involved in

compound K-induced protection in A549 and SK-MES-1 human
lung cancer cells. Exposure to compound K could also be concluded
to cause cell death by triggering ER Ca2þ release via RyR. Thus, the
obligatory signaling molecules for ER stress, UPR, and calcium
release might be considered to be the molecular targets for com-
pound K-induced apoptosis.
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