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Abstract

6-Shogaol is an active compound isolated from Ginger (Zingiber officinale Rosc). In this work, we demonstrated that 6-
shogaol induces apoptosis in human hepatocellular carcinoma cells in relation to caspase activation and endoplasmic
reticulum (ER) stress signaling. Proteomic analysis revealed that ER stress was accompanied by 6-shogaol-induced apoptosis
in hepatocellular carcinoma cells. 6-shogaol affected the ER stress signaling by regulating unfolded protein response (UPR)
sensor PERK and its downstream target elF2a. However, the effect on the other two UPR sensors IRE1 and ATF6 was not
obvious. In prolonged ER stress, 6-shogaol inhibited the phosphorylation of elF2a and triggered apoptosis in SMMC-7721
cells. Salubrinal, an activator of the PERK/elF2a pathway, strikingly enhanced the phosphorylation of elF2a in SMMC-7721
cells with no toxicity. However, combined treatment with 6-shogaol and salubrinal resulted in significantly increase of
apoptosis and dephosphorylation of elF2a. Overexpression of elF2a prevented 6-shogaol-mediated apoptosis in SMMC-
7721 cells, whereas inhibition of elF2a. by small interfering RNA markedly enhanced 6-shogaol-mediated cell death.
Furthermore, 6-shogaol-mediated inhibition of tumor growth of mouse SMMC-7721 xenograft was associated with
induction of apoptosis, activation of caspase-3, and inactivation of elF2a. Altogether our results indicate that the PERK/elF2o
pathway plays an important role in 6-shogaol-mediated ER stress and apoptosis in SMMC-7721 cells in vitro and in vivo.
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Introduction folding and intracellular calcium level, failure of which will cause
ER stress [12,13]. ER stress triggers signaling pathway termed as
“unfolded protein response” (UPR) and leads to apoptosis if the
ER stress becomes prolonged and severe [14]. The UPR is
primarily regulated by three ER proximal sensors: PKR-like ER-
. - ) ) associated kinase (PERK), activating transcription factor 6
attention as a bot?mcal'c'hctary supplcmcn.t mn th'C USA an.d (ATF6), and inositol requiring enzyme-1 (IREI) [15]. During
;Eumpe b‘t?“??,se O[fl 1;] a%“éfﬂam{n?;?r% mllt;;)x‘iat“(’f li‘nc‘li M ER stress, PERK is dissociated from GRP78/BiP and urns o it
umor activities [1,2]. 6-Shogaol (Figure , the dehydration . . A ) L
roducts of 6-gingerol t‘th”agCtt‘d frogm Ginger exhibitys much phosphorylated form and then fmitates the.phosphorylanon. of
p $ O brgmgero, ¢ D e, © Co ellF2a [16,17]. elF2a phosphorylation is required for cell survival
stronger anti-tumor activity tha.n 6 _gmgeml [3]- In. recent sludles, by limiting the protein-folding load to prevent accumulation of
6-shogaol was reported to exhibit anti-tumor activity In various misfolded proteins [18], and the subsequent additional stress [19—
tumor c.ell lines [1-8]. Ho.wever, detailed anti-tumor mol.e cular 21]. In the absence of elF2o phosphorylation, cells exhibit a
mechanism of 6-shogaol in human hepatocellular carcinoma higher rate of protein synthesis thus the demand for protein

(H§C> (;ell:% s.tllilr?macllns unclear. d cell death and has b folding will increase. This includes increased pro-insulin folding
POPTOSIS 15 demed as a programimed et death and fias been and misfolding, and the later leads to accumulation of misfolded

proposed as an efficient anti-tumor mechanism. Malignant tumor protein in the ER, thereby enhanced cell death [22-24].

cells can be eliminated after treatment with anticancer chemo- . . .
In this work, a comparative proteomics approach was used to

therapies though tosis [9]. Recent studies s sted that
crapics though apoptosis [9]. Recent studies suggeste B identify proteins alteration and explore the possible molecular

apoptosis is coupled with ER stress [10,11]. ER serves as a ) . T
. . . . . basis of 6-shogaol-induced apoptosis in SMMC-7721 cells. The
central organelle engaged in regulating protein synthesis, protein S

Ginger, derived from the rhizome of Jingiber officinale Rosc, is
one of the most widely used spices around the world. It has been
used as a common condiment in foods and beverages more than
2500 years [l1]. In recent years, Ginger has received extensive
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Figure 1. Effect of 6-shogaol on viability and apoptosis in HCC cells. (A) The chemical structure of 6-shogaol. (B) SMMC-7721, BEL-7404 and
HepG2 cells were treated with 5, 10, 15, 20, 25, 30, 40 and 50 uM 6-shogaol for 24 h respectively, and the cell viability was determined by MTT assay.
(C) SMMC-7721 cells were treated with 5, 10, 15, 20, 25 and 30 uM 6-shogaol for 24, 48, and 72 h respectively, and the cell viability was examined by
MTT assay. (D) Cells (1 x10°) were treated with 20 UM 6-shogaol for 24 h and stained with Hoechst 33258. Original magnification x400. (E) Cells were
treated with 20 uM 6-shogoal for 12 and 24 h. DNA frangemntation was determined. (F and G) SMMC-7721 cells were treated with 20 uM 6-shogaol
for 3,6, 12 and 24 h. The cells were stained with Annexin V/PI, and apoptosis was determined using flow cytometry. (H) Normal human liver HL-7702
cells were treated with 20, 40, and 80 uM 6-shogaol for 24 h. Apoptosis was determined using flow cytometry.

doi:10.1371/journal.pone.0039664.g001

differentially expressed proteins were identified by the two-
dimensional gel electrophoresis (2-DE) and LC-MS/MS. The
UPR related proteins were further confirmed by western blot
analysis. Through pharmacologic and genetic approaches, we
demonstrated that the inhibition of elF2¢ phosphorylation plays a
pivotal role in 6-shogaol induced ER stress and apoptosis in
SMMC-7721 cells in vitro and n vivo.

Materials and Methods

Cell Lines and Chemicals

HepG2 cells were purchased from American Type Culture
Collection (Manassas, VA, USA). SMMC-7721, BEL-7404 and
HIL-7702 cells were purchased from Cell Bank of Chinese
Academy of Sciences, Shanghai. 6-Shogaol was separated from
ginger supercritical fluid extraction. Salubrinal was purchased
from Alexis (Carlsbad, CA, USA). Antibodies against GRP78,
GADDI153, GRP94, PERK, elF2a, phospho-elF2a, PARP,
HSP70, caspase-3, IRE1 were purchased from Cell Signaling
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Technology (Beverly, MA); Anti-B-actin and phospho-PERK
antibodies were from Santa Cruz Biotechnology (Santa Cruz,
CA, USA); Anti-ATF6 antibody was from Millipore (Billerica,
MA, USA) and antibodies against phospho-IRE1, Calpain-1,
Calpain-2 were from Abcam (Cambridge, MA, USA). All the
other chemicals were purchased from either Amersham Biosci-
ences or Sigma-Aldrich.

Apoptosis Assay

The following methods were used to assess drug-induced
apoptotic cell death: The cytotoxicity of 6-shogaol was evaluated
by MTT assay. Morphological changes of apoptosis were stained
with Hoechst 33258 and detected by fluorescence microscopy.
The apoptotic cells were determined by flow cytometry as
described before [25]. DNA laddering was practiced according to
Genomic DNA  Purificaion Kit (Promega, WI, USA). DNA
degradation was detected by flow cytometric analysis.
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Caspase 3 Activity Assay

The activity of caspase-3 assay was carried out according to
Caspase-3 Activity Assay Kit (Beyotime, Haimen, China). The
caspase-3 activity assay is based on spectrophotometric detection
of the chromophore p-nitronanilide (p-NA), after its cleavage from
the labeled substrate, acetyl-Asp-Glu-Val-Asp p-nitroanilide (Ac-
DEVD-pNA). Briey, SMMC-7721 cells were lysed after treatment
with 6-shogaol (20 uM). Assays were performed on 96-well plates
by incubating 30 pg total protein of cell lysate per sample and add
reaction buffer (1% NP-40, 20 mM Tris-HCI (pH 7.5), 137 mM
Nad, and 10% glycerol) to a total volume of 90 pL, containing
10 pL caspase-3 substrate (Ac-DEVD-pNA) (2 mM). Lysates were
incubated at 37°C for 4 h. Samples were measured with an
enzyme-linked immune-sorbent assay (ELISA) reader at an
absorbance of 405 nm and the caspase activities were expressed
as the percentage of enzyme activity compared with the control
group. All the experiments were performed in triplicate.

Two-dimensional Gel Electrophoresis (2-DE)

The total cellular proteins (300 pg) were diluted to 350 pL in
hydration solution (8 M urea, 2 M thiourea, 4% CHAPS, 20 mM
tris, 65 mM DTT and 0.5% IPG buffer), and then loaded on the
Ready-Strip IPG strips (18 cm, pH 3-10, Nonlinear, Bio-Rad) for
IEF. The strips were placed into Amersham Biosciences IPGphor
IEF (Amersham) and were rehydrated and then separated based
on pl. After IEF, the IPG strips were equilibrated for 15 min in a
buffer containing 50 mM Tris-HCI, pH 6.8, 30% glycerol, 6 M
urea, 1% SDS, and 0.2% DTT, followed by further treatment to
prevent reformation of disulfide bonds in a similar buffer (but
containing 3% iodoacetamide instead of DTT) for 15 min and
then directly applied onto 12.5% homogeneous SDS-PAGE gels
for electrophoresis using a Protean II xi cell system (Bio-Rad,
USA). The gels were then stained with coomassie brilliant blue
and analyzed with the Image-Master 2D Platinum software (GE
Healthcare). For each experiment, the gels were run in triplicate.

Protein Spot In-gel Enzymatic Digestion and LC-ESI-MS/
MS Identification

The protein spots of interest were excised, distained and
digested with trypsin (Promega, WI, USA). The supernatant
peptide were sequentially extracted with peptide extraction
solution (5% formic acid (FA), 67% ACN) at 37°C for 30 min,
and then dissolved in sample buffer (2% ACN in water with 0.1%
FA) after drying and subjected to liquid chromatography (LC
Packings, Dionex, Sunnyvale, CA, USA) coupled with electrospray
lonisation tandem mass spectrometry (Esquire HCT, Bruker,
Germany). Data-dependent acquisition was controlled by chro-
meleon software (Dionex, Sunnyvale, CA, USA). The MS/MS
data was input to MASCOT 2.0 program (MatrixScience, Boston,
MA, USA) against IPI database v3.26 to identify the protein.

Stable elF2a Over-expression and Knockdown Cell Lines

elF200 cDNA was amplified by RT-PCR and cloned into the
lentivirus vector pWPI-Rho-GDI2 to obtain pWPI-Rho-GDI2-
elF20. ell200 shRNA sequence was designed and double strand
oligonucleotides were synthesized and cloned onto the pLKO.1-
SH plasmid to obtain pLKO.1-SH-shRNA/ell20.. Then the
plasmids were transformed into E. coli DH5a. Purified plasmids
form the positive clones confirmed by PCR and sequencing. 239T
cell lines were transfected with pWPI-Rho-GDI2, psPAX2, pMD
and pLKO.1-SH, psPAX2, pMD respectively to produce lentivi-
rus. The supernatant with lentivirus were collected and centrifuged
for 72 h to get positive lentivirus. The virus titer was determined
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by real time PCR. SMMC-7721 cells were transduced with
lentivirus and selected for stable expression of the trans-gene by
the addition of 3 pg/mL puromycin.

Western Blot Analysis

After treatment, total cellular samples were washed twice with
cold PBS and lysed in RIPA lysis buffer. The total cellular protein
extracts were separated by SDS-PAGE, and transferred to
nitrocellulose membrane. Membranes were blocked with 5% fat-
free dry milk in 1 X TBS containing 0.05% Tween 20 under room
temperate for 2 h and incubated with primary antibodies at 4°C
overnight. Protein bands were detected by incubation with
horseradish peroxidase-conjugated antibodies, and visualized with
enhanced chemiluminescence reagent (Amersham, USA) as

reported [26].

Xenograft Assay

All animal studies were conducted according to protocols
approved by the Institutional Animal Care and Use Committee
(IACUC) of the China Pharmaceutical University (No. 20110302-
rat 32). Male SCID mice were purchased from Charles River
Laboratories (Wilmington, MA). A total of 3x10° SMMC-7721
cells were inoculated subcutaneously into SCID mice. When the
tumors reached an average volume of about 0.1 cm®; the mice
were randomly divided into control and treatment groups (n=38
animals per group). For the treatment groups, the mice were
administered with 6-shogaol (10 mg/kg or 50 mg/kg, i.p. for 28
days). The control group received the vehicle buffer alone. Tumor
size and body weight were measured after treatment at various
time intervals throughout the study. Tumor volumes were
calculated by the formula: length x width? x0.52 in millimeters.
At the termination of the experiment, mice were sacrificed at 24 h
after the last administration of compound. Tumor samples were
excised and weighed, then fixed in paraformaldehyde. Paraffin-
embedded tissues were sectioned and processed for H&E, TUNEL

and immunohistochemical staining.

TUNEL Assay

The apoptotic cells in tissue samples were detected using an In
Situ Cell Death Detection kit (Roche, Mannheim, Germany)
according to the manufacturer’s manual. After deparaffinization
and permeabilization, tissue sections were incubated with
proteinase K at room temperature for 15 min. The sections were
then incubated with the TUNEL reaction mixture that contains
terminal deoxynucleotidyl transferase (TdT) and fluorescein-
dUTP at 37°C for 1 h. After three times wash with PBS, the
sections were incubated with the Converter-POD which contains
anti-fluorescein antibody conjugated with horse-radish peroxidase
(POD) at room temperature for 30 minutes. Again, after three
times wash with PBS, the sections were incubated with 0.05% 3-
3’-diaminobenzidine tetrahydrochloride (DAB) and analyzed
under light microscope.

Histological and Immunohistochemical Evaluation

At the termination of xenograft experiments, tumor tissues from
representative mice were sectioned, embedded in paraffin, and
stained with hematoxylin and eosin for histopathologic evaluation.
For immunohistochemical analysis, tissue sections 4 pm in
thickness were de-waxed and rehydrated in xylene and graded
alcohols. Antigen retrieval was performed with 0.01 M citrate
buffer at pH 6.0 in a 95°C water bath for 20 min. Slides were
allowed to cool for another 20 min, followed by sequential rinsing
i PBS and TBS-T buffer. Endogenous peroxidase activity was
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quenched by incubation in TBS-T containing 3% hydrogen
peroxide. Each incubation step was carried out at room
temperature and was followed by three sequential washes (5 min
each) in TBS-T. After blocking with 10% goat serum for 1 h,
sections were incubated with primary antibodies, washed three
times in PBS, incubated with biotinylated secondary antibody for
1 h, followed by incubation with a streptavidin-peroxidase
complex for another 1 h. After three additional washes in PBS,
diaminobenzidine working solution was applied. Finally, the slides
were counterstained in hematoxylin.

Statistical Analysis

Data are presented as mean * SE for the indicated number of
independent experiments. Statistical differences between groups
were calculated using Student’s two-tailed #test. Differences were
considered statistically significant for values p<<0.05 or p<<0.01.

Results

6-Shogaol-induced Apoptosis in HCC Cells in Dose- and
Time-dependent Manners

To investigate the cytotoxicity of 6-shogaol, several HCC cell
lines were incubated with various concentrations of 6-shogaol for
24 h, and the cell viability was examined by MTT assay. 6-
Shogaol exhibited cytotoxicity in all three HCC cells, SMMC-
7721 was the most susceptive one (Figure 1B). As shown in
Figure 1C, exposure of SMMC-7721 cells to 6-shogaol resulted in
viability decrease in a time-dependent manner. By Hoechst 33258
staining, 6-shogaol treated cells showed apoptotic phenotypes,
with signs of significant chromatin condensation, cell and nuclear
shrinkage (Figure 1D and Figure S1D). DNA laddering analysis
revealed that exposure of SMMC-7721 cells to 20 pM 6-shogaol
for 12 h resulted in a slight increase in cellular DNA degradation
and it became apparent after 24 h of drug exposure (Figure 1E),
the DNA degradation analysis showed the same results (Figure
S1A). Calpain-1 and Calpain-2 showed no significantly variation
by Western blot (Figure S1B). In addition, flow cytometric analysis
using Annexin V/PI staining further confirmed that cells exposed
to 6-shogaol (20 uM) for 12 h resulted in a moderate increase in
apoptosis, after 24 h of the drug adminstration it became obvious
(Figure 1F, 1G and Figure S1C). In contrast, 6-shogaol (20, 40,
80 uM) had no or little cytotoxicity in normal human liver HL-
7702 cells (Figure 1H).

Cellular Proteins Alteration in Response to 6-shogaol
Administration by 2-DE

To further investigate the mechanism of 6-shogaol-induced
apoptosis, protein profiles of control and 6-shogaol-treated cells
were determined by 2-DE. 2-DE is one of the core technologies in
proteomics used for separation and abundance analysis of proteins
which are associated with cellular mechanisms. The alterations of
cellular protein expression with drug treatment can provide
valuable information to explore the molecular mechanism of drug
actions [27]. Figure 2A shows the representative 2-DE gel images
for total proteins extracted from SMMC-7721 cells treated without
or with 20 uM 6-shogaol for 24 h. More than 900 protein spots
were detected on the gel ranging from MW 10-200 kDa and p/ 3—
10. The significantly differentially expressed protein spots (up- or
down-regulation over 1.5 fold) were selected for protein identifi-
cation. Detailed protein alterations in expression were found as
indicated by spots marked with arrows in Figure 2B. The
differentially expressed proteins with their spot number, protein
name, accession number, MW/p/ values and scores are listed in
Table 1. These altered proteins can be classified into three
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categories according to their main functions and locations in cells.
The first group is located in the ER, which is related to protein
synthesis and folding, including GRP78/Bip, GRP94, HSP9IO0,
Calreticulin, HSP70 and PDIAG, etc (Figure 2D). The second
group is involved in energy production and mitochondrial
translation, including ATP synthase subunit beta (ATP5B),
VDAC2 and mitochondria chaperonins HSP60, etc (Figure 2C).
Other altered proteins including up-regulated of keratin 7, keratin
8, keratin 18 and down-regulated of T-complex protein 1 (T'cp20)
subunit zeta are located in cytoskeleton. In addition, calcium ion
binding protein Annexin A5 and translation protein Apolipopro-
tein A-I were up-regulated (Figure 2C). Expression of GRP78,
GRP94, HSP70 and HSP60 were verified by western blot
(Figure 2E). The proteomic analysis by 2-DE revealed that ER
stress-related proteins were significantly up-regulated in response
to 6-shogaol treatment, suggesting that ER stress was involved in
6-shogaol induced apoptosis.

6-shogaol Stimulated UPR and Induced Apoptosis
through PERK/elF2a Passway in SMMC-7721 Cells

UPR is an important genomic response to ER stress. Time-
dependent effects of 6-shogaol were examined in relation to UPR.
As shown in Figure 3A, exposure of cells to 6-shogaol resulted in
marked increase in expression of UPR targets Grp78/Bip, Grp94
and HSP70 in a time-dependent manner. Exposure of cells to 6-
shogaol also resulted in PARP degradation and -caspase-3
activation (Figure 3A and 3B). Interestingly, the levels of
phospho-PERK, elF2o and phospho-elF200 were significantly
increased at early time points (1, 3 and 6 h) (Figure 3C) but
obvious apoptosis did not occur (Figure 1G). However, phospho-
PERK and phospho-elF20c were slightly decreased after 12 h,
accompanied by increased apoptosis (Figure 1G and 3C). In
contrast, 6-shogaol had little or no effect on the expression of other
two UPR components IRE1 and ATF6 (Figure 3C). The present
results suggest that PERK/elF2a passway plays a vital role in 6-
shogaol-induced apoptosis in SMMC-7721 cells, and apoptosis is
augmented with the inhibition of the phosphorylation of ell2a. It
is reported that ER stress activates transcription factor C/EBP
homologous protein (CHOP) and induces apoptosis through
promoting ER client protein biosynthesis by dephosphorylating
ell2a [28]. In our investigation, the up-regulation of CHOP was
observed in a time-dependent manner (Figure 3C).

Salubrinal Synergizes with 6-shogaol to Induce Apoptosis
in SMMC-7721 Cells

Recently, several reports have demonstrated that ell2a
phosphorylation is required for cell survival. The absence of
elF2a phosphorylation enhances cell death [29,30]. Salubrinal
selectively blocks dephosphorylation of elF2a and protects cells
against ER stress-mediated apoptosis [20]. We therefore examined
whether salubrinal protects SMMC-7721 cells against 6-shogaol-
induced apoptosis. Unexpectedly, salubrinal potentiated the pro-
apoptotic effect of 6-shogaol. As shown in Figure 4A, co-treatment
with salubrinal and 6-shogaol for 3 and 6 h resulted in slight
increase in apoptosis. Similarly, co-administration for 12 and 24 h
resulted in significant increase in apoptosis (20.44+4.96% and
46.58£3.85%) compared to 6-shogaol treated alone
(14.86%0.53% and 29.12+0.95%) (»<<0.01, n=3). Cytotoxicity
of 6-shogaol enhanced by salubrinal was also reflected by
degradation of PARP and activation of caspase-3 (Figure 4B).
Taken together, these results suggest that salubrinal synergizes
with 6-shogaol to induce apoptosis in SMMC-7721 cells.
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additional studies yielded equivalent results.
doi:10.1371/journal.pone.0039664.9002

Salubrinal Synergizes with 6-shogaol to Attenuate elF2a
Phosphorylation and Up-Regulate CHOP Expression in
SMMC-7721 Cells

We then investigated the role of salubrinal on elF2o in
SMMC-7721 cells. We performed a time course analysis of
elF2a phosphorylation in SMMC-7721 cells exposed to salu-
brinal and/or 6-shogaol. As shown in Figure 4C, Salubrinal
increased the level of total elF2o at 3 h, and reached near-
maximal level at 12 h, then decreased to basic level at 24 h.
Salubrinal alone increased elF2o phosphorylation at different
time points. And salubrinal treatment alone had no cytotoxic
effect on SMMC-7721 cells. However, co-administration of
salubrinal and 6-shogaol for different time intervals (3, 6, 12, and
24 h) resulted in marked inhibition of elF20 phosphorylation.
Meanwhile, a strong induction of the pro-apoptotic gene CHOP
was observed. These results suggest that salubrinal significantly
promoted apoptosis mediated by 6-shogaol through inhibition of

@ PLoS ONE | www.plosone.org 5

elF2o phosphorylation and induction of pro-apoptotic mediator
CHOP in SMMC-7721 cells.

Enforced Activation of elF2a Potentiates elF2a
Phosphorylation and Attenuates 6-Shogaol-mediated
Apoptosis

To further elucidate the functional role of elF2a in 6-shogaol-
mediated lethality, SMMC-7721 cells over-expressing ell*2o
were employed. As shown in Figure 5A, elF2o over-expressing
cells were markedly less sensitive to 6-shogaol-induced apoptosis
than pWPI vector cells (p<<0.01). Consistent with these findings,
6-shogaol was considerably less effective in triggering activation
of caspase-3 and PARP degradation in elF2a over-expressing
cells compared to pWPI vector cells (Figure 5B and 5C). The
levels of total elF2o0 and phospho-ell2a clearly increased in
ellF2a over-expressing cells. There was hardly any inhibition of
6-shogaol induced ellF200  phosphorylation in these cells

June 2012 | Volume 7 | Issue 6 | e39664



6-Shogaol Induces Apoptosis in SMMC-7721 Cells

L00Y7996€£00"u0d [euInol/| L£1°0L10p

TLI0FS9'L € SL (8 95'S/L°0€  NVWNH™ LYOdY IV uzroidodijody 169
TTOFLLT (114 L€ LS€ ¥6%/09€  NVWNH SYXNV SY uxauuy 059
6L0FSL'L 9! Le 09L vES/08y  NYWNH 8LDLY 8L (3334503 | 2dA) ‘upzesdy 605
LE0F65€E~ L LL 9L €0°9/5'85 NVWNH ZdDL 33z Jungns | uis30id xajdwod-| 86C
LT0766'L 4 1z 8e TS'S/ILES NVWNH 8D 8 [e13[3}s01/> || 2dA) ‘uneisy) vLT
LF'0F99°€ 4} 74 68T 0S'S/'LS NVYWNH™ 202 £ 1233[}s010 || 2dA) ‘uneisy) 744
si19y10 pue wsejdoyfd

¢ uioud
80'0FELT- 9 Vid 6€L 6v°4/L'TE€  NVWNH ¢OVAA [UueYd 3A1Y3|S-UOIUR JudpUIdap-abeljop %9
T0F9E 8L Le ale 97'5/5'9S NVWNH 9dLY e19q 1unqns aseyiuhs d1v 1744
EL'0FL8'L o€ S oL9 L'S/T1L9 NYWNH 09HD urar01d d0ys 1eay ey 09 LLE
elpuoydoMN
€00768'L oL o€ L6l 6C /€8 NVWNHY¥1VD (09d1B) unnonaijed 8/L
9T0FTS'L L [44 991 S67/987y  NVINNH 9VIAd 9V 3SeJSWOSI-3pYINSIP UISI0Id 5134
YEOFYO'E o€ {37 oLL 8%°'S/€0L  NVWNH LZdSH Luiszoid ey 0 %P0ys 1esH 602
670768'L o % 99/ LOS/VTL NYWNH 8LdYD ur104d pale|nbas-asoon|b eay gL 6L1
670FCCT 14 €€ 474 L6%/5°€8  NVWNH 906SH ©139-06 dSH u1ar01d 3d0ys 1eay oL
€T0786'L € 4 z6€ 9L ¥/LT6 NVWNH TdN3 ulwsejdopug €5
winnanaJi U_Em@_n_O—u:m
(113D :Jeoboys-g)aduaiayyip p|od paydiew sadNY JO 'ON %db6esdan0d aduanbas a40ds u0id 1d/(edd)MIN *ON UOISSaDY aweu ulP)old syods

(Y ¥z 104 AT 07) uswiesas joeboys-9 01 asuodsal ul suolesd}e uislold *L dgqel

@ PLoS ONE | www.plosone.org

June 2012 | Volume 7 | Issue 6 | e39664




A

6-shogaol (h) 0o 1 3 6

12 24

GRP94 | - | o,
GRP78 l e - — | <— 75KDa
HSP70 | = == e mem “+ 70Kpa
RARP » oD GED “— 116KDa

CF v w— | 4— goKDa

Caspase3 |ah oon o www e = | « 0,

B-aCtin | e e w— - ——| < 100

Caspase 3 activity
(% Control)
~58888

6-Shogaol Induces Apoptosis in SMMC-7721 Cells

6-shogaol (h) 0 1 3 6 12 24
p-PERK I - Lo e a— . | 4— 125KDa
p-elF2 a | ——— | <— 38KDa
elF2a — — — — <— 38KDa
ATF-6 |mms s S5 S = & | < 00
p-IRE1 | —— ——— — “l <— 110KDa
IRE1 [ - - .- oo
CHOP lﬁl <— 27KDa

B -actin |--- -— e -l «— 43KDa

Figure 3. Effects of 6-shogaol on ER stress signaling proteins. The cells were treated with or without 20 uM 6-shogaol for 1, 3, 6, 12, and 24 h.
Total cellular extracts were prepared and subjected to Western blot analysis using antibodies against PARP, caspase-3 and ER stress-related molecular
chaperones (A) and ER stress related proteins (C). CF stands for cleavage fragments of PARP. The caspase-3 activity (B) was assayed according to
Caspase-3 Activity Assay Kit. *Values for cells treated with 6-shogaol were significantly greater than the control group by Student’s t-test (P<<0.05);

**(P<0.01).
doi:10.1371/journal.pone.0039664.g003

(Figure 5D). Together, these findings indicate that elF2a may
play a protective role against 6-shogaol-mediated lethality.

Inhibition of elF2a by siRNA Reduces elF2a
Phosphorylation and Enhances 6-shogaol-Mediated
Apoptosis

In order to investigate the role elF2o played in 6-shogaol-
mediated apoptosis, a genetic approach utilizing elF20 siRNA
(siRNA-1 and siRNA-2) was also employed. Transfection of
SMMC-7721 cells with elF2a siRNA reduced expression of ell"2a
apparently. Accordingly, phosphorylation of elF2o in cells
transfected with elF2o0 siRNA was substantially reduced
(Figure 5H). As shown in Figure 5E, SMMC-7721 cells transfected
with elFF2o siRNA were significantly more sensitive to 6-shogaol-
mediated lethality than pLKO.1-SH control vector treated cells
(p<<0.01). Consistent with these results, 6-shogaol was considerably
more effective in triggering activation of caspase-3 and PARP
degradation in elF2a siRNA cells (Figures 5F and 5G). Taken
together, these findings indicate that inhibition of ell*20
phosphorylation enhances apoptosis in 6-shogaol treated
SMMC-7721 cells.

6-Shogaol Exhibits Antitumor Activity in SMMC-7721
Xenografts

To wverify the therapeutic effect of 6-shogaol, we further
applied 6-shogaol to SMMC-7721 xenografts to evaluate its
significance m viwo. As shown in Figure 6A, treatment with 6-
shogaol significantly inhibited tumor growth. The mean volume
of tumors in mice treated with 6-shogaol (10 mg/kg and
50 mg/kg) was much smaller than the tumors in the vehicle-

@ PLoS ONE | www.plosone.org

control mice (p<<0.01). There is no significant difference in body
weight between 6-shogaol treatment and vehicle-control group
(Figure 6B), indicating that no severe toxicity was observed.

To evaluate whether administration of 6-shogaol induces
apoptosis in SMMC-7721 cells in vivo, tumor sections from vehicle
and 6-shogaol-treated mice were stained with H&E or TUNEL.
As shown in Figure 6C (top panel), the sections of SMMC-7721
xenografts from mice treated with 6-shogaol showed that cancer
cells markedly decreased, with signs of necrosis with infiltration of
inflammatory cells, fibrosis, as well as apoptotic regions, identified
by their amorphous shape and condensed nuclei. Feature of
apoptosis were also observed in the tumor sections stained with
TUNEL. The sections of tumor from 6-shogaol-treated mice
showed numerous dark brown colored apoptotic cells (Figure 6C,
middle panel).

To further correlate the anti-tumor molecular mechanism of 6-
shogaol n vitro, tumor sections from vehicle and 6-shogaol-treated
mice were investigated by immunohistochemistry analysis to
detect clevead-caspase-3, phospho-PERK, elF2a and phospho-
elF2a. As expected, phospho-PERK, elF2a and phospho-elF2a
(Figure 6D) decreased, and cleveage-caspase-3 increased in 6-
shogaol-treated tumor (Figure 6C bottom panel).

Overall, these findings demonstrate that 6-shogaol administra-
tion significantly inhibites SMMC-7721 xenograft growth without
causing any side effects to the mice. 6-shogaol-mediated antitumor
activity @ wviwo 1s assoclated with induction of apoptosis and
inhibition of elF2a. phosphorylation.
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Figure 4. Effects of co-administration of salubrinal and 6-shogaol on apoptosis and phosphorylation of elF2a. SMMC-7721 cells were
pretreated with 5 uM salubrinal for 2 h, followed by treatment with 20 uM 6-shogaol for 3, 6, 12, and 24 h. (A) Apoptosis was determined using flow
cytometry. *Values for cells treated with salubrinal and 6-shogaol in combination were significantly greater than those for cells treated with 6-shogaol
alone by Student’s t-test; P<<0.05. Total protein extracts were prepared and subjected to Western blot assay using antibodies against PARP and
caspase-3 (B), and elF2o pathway related proteins (C). CF stands for cleavage fragments of PARP.

doi:10.1371/journal.pone.0039664.9g004

Discussion

In the present study, we demonstrated that 6-shogaol induced
apoptosis in SMMC-7721 cells and showed very low cytotoxicity
in normal liver HL.-7702 cells. The possible cellular mechanism of
6-shogaol-induced apoptosis was investigated. 6-Shogaol could
stimulate ER stress in SMMC-7721 cells. Exposed to 6-shogaol for
a long time could induce prolonged ER stress. Dephosphorylation
of PERK/elF20 and activate the downstream CHOP expression
triggered caspase cascade reaction to induce apoptosis in SMMC-
7721 cells.

The proteomic analysis revealed that ER molecular chaperones
were significantly up-regulated in response to 6-shogaol treatment,
suggesting that ER stress was induced by 6-shogaol. UPR is an
important genomic response to ER stress and is characterized by
the activation of three distinct signal transduction pathways
mediated by PERK, IREl and ATF6. Our findings here
demonstrated that 6-shogaol triggered UPR and selectively
activated PERK/elF2a pathway at the early stage. At this stage,
apoptosis was not obvious. However, long time 6-shogaol
treatment induced inhibition of elF2o phosphorylation associated
with increased apoptosis. It is suggested that eIF2a phosphoryla-
tion is a key step in maintaining a balance between survive and
death of 6-shogaol-treated SMMC-7721 cells. ellF20. phosphory-
lation shifts from a cyto-protective to a pro-apoptotic state in
response to sustained 6-shogaol treatment.

@ PLoS ONE | www.plosone.org

Salubrinal was reported to increase ellF2ot phosphorylation and
protect cells against ER stress-mediated apoptosis [20,31,32]. In
our investigation, salubrinal treatment alone selectively blocked
dephosphorylation of elF2o and did not affect SMMC-7721 cells
apoptosis. However, salubrinal specifically potentiated 6-shogaol-
induced apoptosis in SMMC-7721 cells by inhibition of ell*2o
phosphorylation and induction of the pro-apoptotic gene CHOP.
It can be concluded that in SMMC-7721 cells, increased elF2a
phosphorylation by salubrinal encouraged the ER stress induced
by 6-shogaol, so the excessive ER stress could be achieved in
advance. Apoptosis was triggered at an early stage. The cellular
mechanism of synergetic apoptotic effect of salubrinal and 6-
shogaol needs to be further investigated. However, it was
confirmed that inhibition of eIlF2a phosphorylation and increased
expression of CHOP enhanced the lethality of 6-shogaol in
SMMC-7721 cells. Clearly, over-expression of elF2a, and
induction of ellF2a0 phosphorylation, largely reversed the lethal
consequences of 6-shogaol exposure, including caspase activation,
PARP cleavage, and apoptosis. On the other hand, genetic
interruption of elF2a with siRNA, which substantially diminished
elF20 phosphorylation, potentiated 6-shogaol-mediated lethality.
It is demonstrated that ellF20. phosphorylation is required for cell
survival, the absence of ell2a0 phosphorylation enhances cell
death.

Recent studies have shown that 6-shogaol is a strong inducer of
apoptosis in diverse cancer cells [4-8]. However, it is unclear

June 2012 | Volume 7 | Issue 6 | e39664
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Figure 5. The role of elF2¢ in 6-shogaol-induced apoptosis. SMMC-7721 cells were stably transfected with an empty vector (pWPI) or over-
expression form of elF2a as described in Materials and methods. All cells were then treated with 20 uM 6-shogaol for 24 h. (A) After treatment,
apoptosis was determined using flow cytometry. **P<<0.01. Total cellular extracts were prepared and subjected to (C) caspase-3 activity assay and
Western blot assay using antibodies against PARP, caspase-3 (B) and PERK/elF2a. signaling proteins (D). SMMC-7721 cells were also stably transfected
with an empty vector pLKO.1-SH or elF2a siRNA (two clones siRNA-1 and siRNA-2). Cells were then treated with 20 uM 6-shogaol for 24 h. (E) After
treatment, apoptosis was determined using flow cytometry. **P<<0.01. Total cellular extracts were prepared and subjected to (G) caspase-3 activity
assay and Western blot analysis using antibodies against PARP, caspase-3 (F) and PERK/elF2a signaling proteins (H). CF stands for cleavage fragments

of PARP.
doi:10.1371/journal.pone.0039664.g005

whether 6-shogaol-induced apoptosis of HCC cells i vivo occurs in
response to treatment with this compound w vitro. In the present
study, we have shown that induction of apoptosis by 6-shogaol
indeed occurred i wiwo, which could be responsible for the
mhibitory effects on tumor growth by 6-shogaol. Consistent with

@ PLoS ONE | www.plosone.org

the m vitro data, our @ wviwo results indicate that suppression of
phospho-PERK, phospho-elF2a, and elF2a is closely correlated
with the reduction of SMMC-7721 tumor xenografts, further
supporting our notion.
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Figure 6. In vivo antitumor effects of 6-shogaol in SMMC-7721 xenografts. SCID mice were inoculated with SMMC-7721 cells (3x10° cells/
mouse, s.c.) and randomly divided into three groups (8/group) treated with 6-shogaol (10 mg/kg and 50 mg/kg, i.p., daily) or vehicle control solvent.
(A) Average tumor volume in vehicle control mice and mice treated with 10 mg/kg and 50 mg/kg 6-shogaol. ** P<<0.01. (B) Body weight changes of
mice during the 28 days of study. (C) Representative photographs of biopsy samples from mice treated with 6-shogaol (50 mg/kg) and vehicle
control. Original magnification x400. (D) Expression of p-PERK, elF2a, and p-elF2o in tumor tissues of SMMC-7721 xenograft mouse model treated

with 6-shogaol (50 mg/kg) and vehicle control.
doi:10.1371/journal.pone.0039664.g006

In conclusion, the present findings indicate that 6-shogaol
induces apoptosis, caspase activation, and PARP cleavage in both
SMMC-7721 cells and SMMC-7721 tumor xenografts through an
ER stress-associated mechanism. Our data indicate that attenu-
ation of elF2a phosphorylation and up-regulation of CHOP may
contribute to 6-shogaol-mediated apoptosis in SMMC-7721 cells.
Because 6-shogaol selectively kills HCC cells without a significant
toxic effect on normal liver cells and had little toxicity in SMMC-
7721 xenograft mice, it seems that 6-shogaol may have clinical
implications for therapeutic intervention against HCC or other
malignancies. Our findings also show that salubrinal enhances 6-
shogaol induced apoptosis through inhibition of elF2ot phosphor-
ylation. The combination of 6-shogaol and salubrinal treatment
may be considered as a novel therapeutic strategy in HCC.

@ PLoS ONE | www.plosone.org
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Supporting Information

Figure S1 Effect of 6-shogaol on apoptosis in SMMC-
7721 cells. (A) Cells (1 x10° were treated with 20 uM 6-shogaol
for 6, 12, 24 h and stained with PI for flow cytometry assay (BD
FACS Calibur) 20,000 cells were analyzed using the DNA analysis
software (ModFitLT V3.2). (B) SMMC-7721 cells were treated
without or with 20 uM 6-shogaol for 3, 6, 12, 24 h. Total cellular
extracts were prepared and subjected to Western blot analysis
using antibodies against calpain-1 and calpain-2. (C) SMMC-7721
cells were treated with 20 pM 6-shogaol for 3, 6, 12, 24 and 48 h.
The cells were stained with Annexin V/PI, and apoptosis was
determined using flow cytometry [25]. (D) Cells (1x10°%) were
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treated with 20 uM 6-shogaol for 3, 6, 12, 24 h and stained with
Hoechst 33258. Original magnification x400.
(TTF)

Acknowledgments

We thank Dr. E-Hu Liu for the expert technical advice. We also thank Dr.
Xiao-Lan Chen for separation of 6-shogaol from Ginger.

References

1.

Kim SO, Kundu JK, Shin YK, Park JH, Cho MH, et al. (2005) [6]-Gingerol
inhibits COX-2 expression by blocking the activation of p38 MAP kinase and
NF-kappaB in phorbol ester-stimulated mouse skin. Oncogene 24: 2558-2567.
Surh Y]J (2002) Anti-tumor promoting potential of selected spice ingredients with
antioxidative and anti-inflammatory activities: a short review. Food Chem
Toxicol 40: 1091-1097.

Sang S, Hong J, Wu H, Liu J, Yang CS, et al. (2009) Increased growth inhibitory
effects on human cancer cells and anti-inflammatory potency of shogaols from
Zingiber officinale relative to gingerols. J Agric Food Chem 57: 10645-10650.

. Hung JY, Hsu YL, Li CT, Ko YC, Ni WC, et al. (2009) 6-Shogaol, an active

constituent of dietary ginger, induces autophagy by inhibiting the AKT/mTOR
pathway in human non-small cell lung cancer A549 cells. J Agric Food Chem 57:
9809-9816.

. Pan MH, Hsieh MC, Kuo JM, Lai CS, Wu H, et al. (2008) 6-Shogaol induces

apoptosis in human colorectal carcinoma cells via ROS production, caspase
activation, and GADD 153 expression. Mol Nutr Food Res 52: 527-537.

. Ishiguro K, Ando T, Maeda O, Ohmiya N, Niwa Y, et al. (2007) Ginger

ingredients reduce viability of gastric cancer cells via distinct mechanisms.
Biochem Biophys Res Commun 362: 218-223.

Shich PC, Chen YO, Kuo DH, Chen FA, Tsai ML, et al. (2010) Induction of
apoptosis by [8]-shogaol via reactive oxygen species generation, glutathione
depletion, and caspase activation in human leukemia cells. J Agric Food Chem
58: 3847-3854.

. Chen CY, Liu TZ, Liu YW, Tseng WC, Liu RH, et al. (2007) 6-shogaol

(alkanone from ginger) induces apoptotic cell death of human hepatoma p53
mutant Mahlavu subline via an oxidative stress-mediated caspase-dependent
mechanism. J Agric Food Chem 55: 948-954.

. Hannun YA (1997) Apoptosis and the dilemma of cancer chemotherapy. Blood

89: 1845-1853.

. Rao RV, Ellerby HM, Bredesen DE (2004) Coupling endoplasmic reticulum

stress to the cell death program. Cell Death Differ 11: 372-380.

. Nakagawa T, Zhu H, Morishima N, Li E, Xu J, et al. (2000) Caspase-12

mediates endoplasmic-reticulum-specific apoptosis and cytotoxicity by amyloid-
beta. Nature 403: 98-103.

Soboloff J, Berger SA (2002) Sustained ER Ca*" depletion suppresses protein
synthesis and induces activation-enhanced cell death in mast cells. J Biol Chem
277: 13812-13820.

. Yung HW, Korolchuk S, Tolkovsky AM, Charnock-Jones DS, Burton GJ (2007)

Endoplasmic reticulum stress exacerbates ischemia-reperfusion-induced apop-
tosis through attenuation of Akt protein synthesis in human choriocarcinoma

cells. FASEB J 21: 872-884.

. Feldman DE, Chauhan V, Koong AC (2005) The unfolded protein response: a

novel component of the hypoxic stress response in tumors. Mol Cancer Res 3:
597-605.

Szegezdi E, Logue SE, Gorman AM, Samali A (2006) Mediators of endoplasmic
reticulum stress-induced apoptosis. EMBO Rep 7: 830-885.

. Hamanaka RB, Bennett BS, Cullinan SB, Diehl JA (2005) PERK and GCN2

contribute to elF2alpha phosphorylation and cell cycle arrest after activation of
the unfolded protein response pathway. Mol Biol Cell 16: 5493-5501.

@ PLoS ONE | www.plosone.org

1

6-Shogaol Induces Apoptosis in SMMC-7721 Cells

Author Contributions

Conceived and designed the experiments: RH PL NG XJX. Performed the
experiments: RH PZ PL. Analyzed the data: RH NG. Contributed
reagents/materials/analysis tools: RH YBP JM PZ QL LZ XDW. Wrote
the paper: RH XJX LWQ NG PZ.

26.

27.

28.

29.

30.

31.

32.

Seimon TA, Kim M]J, Blumenthal A, Koo J, Ehrt S, et al. (2010) Induction of

ER stress in macrophages of tuberculosis granulomas. PLoS One 5: e12772.

. Bollo M, Paredes RM, Holstein D, Zheleznova N, Camacho P, et al. (2010)

Calcineurin interacts with PERK and dephosphorylates calnexin to relieve ER
stress in mammals and frogs. PLoS One 5: ¢11925.

. Tsaytler P, Harding HP, Ron D, Bertolotti A (2011) Selective inhibition of a

regulatory subunit of protein phosphatase 1 restores proteostasis. Science 332:
91-94.

. Boyce M, Bryant KF, Jousse C, Long K, Harding HP, et al. (2005) A selective

inhibitor of elF2alpha dephosphorylation protects cells from ER stress. Science
307: 935-939.

. Malhi H, Kaufman RJ (2011) Endoplasmic reticulum stress in liver disease.
J Hepatol 54: 795-809.
. Back SH, Scheuner D, Han J, Song B, Ribick M, et al. (2009) Translation

attenuation through elF2alpha phosphorylation prevents oxidative stress and
maintains the differentiated state in beta cells. Cell Metab 10: 13-26.
Scheuner D, Vander Mierde D, Song B, Flamez D, Creemers JW, et al. (2005)
Control of mRNA translation preserves endoplasmic reticulum function in beta
cells and maintains glucose homeostasis. Nat Med 11: 757-764.

. Kuroda Y, Merrick WC, Sharma RK (1982) Polyamines inhibit the protein

kinase 380-catalyzed phosphorylation of eukaryotic initiation factor 2 alpha.
Science 215: 415-416.

Gao N, Rahmani M, Dent P, Grant S (2005) 2-Methoxyestradiol-induced
apoptosis in human leukemia cells proceeds through a reactive oxygen species
and Akt-dependent process. Oncogene 24: 3797-3809.

Gao N, Rahmani M, Shi X, Dent P, Grant S (2006) Synergistic antileukemic
interactions between 2-medroxyestradiol (2-ME) and histone deacetylase
inhibitors involve Akt down-regulation and oxidative stress. Blood 107: 241-249.
Sharathchandra RG, Stander C, Jacobson D, Ndimba B, Vivier MA (2011)
Proteomic analysis of grape berry cell cultures reveals that developmentally
regulated ripening related processes can be studied using cultured cells. PLoS
One 6: €14708.

Marciniak SJ, Yun CY, Oyadomari S, Novoa I, Zhang Y, et al. (2004) CHOP
induces death by promoting protein synthesis and oxidation in the stressed
endoplasmic reticulum. Genes Dev 18: 3066-3077.

Scheuner D, Song B, McEwen E, Liu C, Laybutt R, et al. (2001) Translational
control is required for the unfolded protein response and in vivo glucose
homeostasis. Mol Cell 7: 1165-1176.

Kazemi S, Mounir Z, Baltzis D, Raven JF, Wang S, et al. (2007) A novel
function of elF2alpha kinases as inducers of the phosphoinositide-3 kinase
signaling pathway. Mol Biol Cell 18: 3635-3644.

Cnop M, Ladriere L, Hekerman P, Ortis F, Cardozo AK, et al. (2007) Selective
inhibition of eukaryotic translation initiation factor 2 alpha dephosphorylation
potentiates fatty acid-induced endoplasmic reticulum stress and causes
pancreatic beta-cell dysfunction and apoptosis. ] Biol Chem 282: 3989-3997.
Drexler HC (2009) Synergistic apoptosis induction in leukemic cells by the
phosphatase inhibitor salubrinal and proteasome inhibitors. PLoS One 4: ¢4161.

June 2012 | Volume 7 | Issue 6 | e39664



