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Peritoneal dissemination is a major clinical obstacle in gastrointestinal cancer therapy, and

it accounts for the majority of cancer-related mortality. Calreticulin (CRT) is over-ex-

pressed in gastric tumors and has been linked to poor prognosis. In this study, immunohis-

tochemistry studies revealed that the up-regulation of CRT was associated with lymph

node and distant metastasis in patients with gastric cancer specimens. CRT was signifi-

cantly down-regulated in highly metastatic gastric cancer cell lines and metastatic animal

by Honokiol-treated. Small RNA interference blocking CRT by siRNA-CRT was translocated

to the cells in the early immunogenic response to Honokiol. Honokiol activated endo-

plasmic reticulum (ER) stress and down-regulated peroxisome proliferator-activated recep-

tor-g (PPARg) activity resulting in PPARg and CRT degradation through calpain-II activity,

which could be reversed by siRNA-calpain-II. The Calpain-II/PPARg/CRT axis and interac-

tion evoked by Honokiol could be blocked by gene silencing or pharmacological agents.

Both transforming growth factor (TGF)-b1 and N-methyl-N0-nitro-N-nitrosoguanidine

(MNNG) induced cell migration, invasion and reciprocal down-regulation of epithelial

marker E-cadherin, which could be abrogated by siRNA-CRT. Moreover, Honokiol signifi-

cantly suppressed MNNG-induced gastrointestinal tumor growth and over-expression of
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associated macrophages; TGF-b1, transforming growth factor-b1; DAMPs, damage-associ-
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CRT in mice. Knockdown CRT in gastric cancer cells was found to effectively reduce growth

ability and metastasis in vivo. The present study provides insight into the specific biological

behavior of CRT in epithelial-to-mesenchymal transition (EMT) and metastasis. Taken

together, our results suggest that the therapeutic inhibition of CRT by Honokiol suppresses

both gastric tumor growth and peritoneal dissemination by dictating early translocation of

CRT in immunogenic cell death, activating ER stress, and blocking EMT.

ª 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.
1. Introduction 1999). However, emerging evidence has demonstrated that
In cancer, peritoneal dissemination is the primary cause of

metastasis from malignancies, which is associated with loss

of epithelial characteristics and acquisition of amesenchymal

phenotype, initiating invasion and metastasis (De and Berx,

2013; Gherardi et al., 2012). Gastric cancer (GC) is the second

leading cause for cancer-related death world and the majority

of patients will relapse after definitive surgery. Additionally,

GC patients exhibit a high incidence of lymph node metasta-

ses. Thus, the overall 5-year survival rate in GC patients re-

mains poor and there has been no significant improvement

in the past decades (Lim et al., 2005). Themajor cause of death

and relapse is generation of distant metastasis, which places

considerable limits on the success of therapeutic modalities.

Our recent reports have shown a close relationship between

epithelial-to-mesenchymal transition (EMT) and gastric can-

cer progression (Pan et al., 2013a). EMT is a key process in

the metastatic step that confers certain fundamental abilities

in tumor cells migration, invasiveness and anoikis resistance.

EMT and metastasis are controlled by distinct signaling mole-

cules present in the tumor microenvironment such as trans-

forming growth factor-b1 (TGF-b1), tumor necrosis factor-a,

hepatocyte growth factor, inflammatory cytokine and a vari-

ety carcinogen such as N-methyl-N0-nitro-N-nitrosoguanidine

(MNNG) (Pan et al., 2013a). EMT can be disrupted by numerous

signaling pathways and regulatory transcriptional networks.

Furthermore, post-transcriptional regulatory networks regu-

late EMT progression. Several signaling cascades, including

developmental transcriptional factors, are involved in pro-

moting tumor metastasis. Indeed, over-expression of tran-

scriptional factors evokes the motile-invasion phenotype

potential in human cancer. Of particular note, Snail overex-

pression (�75% positivity) is associated with lymph node

metastasis and poor prognosis, and is significantly correlated

with overall survival among 314 GC patients (Shin et al., 2012).

However, the precise molecular mechanisms that promote

EMT and tumor dissemination in GC cells remain unknown.

Calreticulin (CRT), a Ca2þ-binding protein of the muscle

sarcoplasmic reticulum in the lumen of the endoplasmic retic-

ulum, has a variety of important biological functions involving

intracellular Ca2þ homeostasis, regulation of Ca2þ signaling,

modulation of gene expression, chaperoning, and cellular

adhesion (Raghavan et al., 2013). The over-expression of CRT

found in various diseases characterized by patho-

physiological progressions such as systemic lupus erythema-

tosus, rheumatic disease, and parasitic diseases including

onchocerciasis has been reported (Eggleton and Llewellyn,
in tumor cells-treated by anthracyclines or g-irradiation

induced immunogenic cell death intracellular CRT (endo-

CRT) is translocated to the plasma membrane surface (ecto-

CRT), promoting tumor cell recognition and phagocytic uptake

by immune cell-mediated elimination of the tumor (Chao

et al., 2012; Eggleton and Llewellyn, 1999; Krysko et al., 2012;

Raghavan et al., 2013; Zamanian et al., 2013). Ecto-CRT, an

“eat me” signal in apoptosis, is thought to affect antigen pre-

sentation, complement activation, facilitate clearance of

apoptotic cells, and enhance the immunogenicity of cancer

cell death. Importantly, CRT is over-expressed in different

types of malignancies like gastric cancer, colon cancer, and

bladder cancer (Chen et al., 2009a, 2009b; Lu et al., 2011;

Obeid et al., 2007). In addition, administration of exogenous

CRT or pharmacological inhibitors of phosphatase 1/GADD34

revived the immunogenicity of cell death evoked by etoposide

or mitomycin C, and improved their antitumor effects in vivo

(Obeid et al., 2007). Indeed, correlations between the expres-

sion of CRT and the clinicopathological factors suggest that

CRT could have valued a prognostic marker and served as an

angiogenic regulator in human gastric cancer, which is in

line with the associations of CRT with microvessel density

(MVD), tumor invasion, lymph node metastasis, and survival

(Chen et al., 2009a, 2009b). Previous reports have shown that

suppression of tumor growth and metastasis in J82 human

bladder cancer cells occurred by down-regulation of CRT

expression via phosphorylation of FAK and paxillin (Lu et al.,

2011). Conversely, there is strong evidence that CRT inhibits

growth and/or metastasis of prostate cancer cells and that

this suppression requires the P-domain (Alur et al., 2009).

These results indicate that the function of CRT might play a

pivotal role in cancer progression. However, the mechanism

underlying CRT on EMT and cancer peritoneal dissemination

remains unknown. Thus, there is a need to better understand

the clinical and pathophysiological processes involved in tu-

mor destruction by pharmacological intervention.

Honokiol is a small-molecule polyphenol isolated from the

genus Magnolia, which has been shown to be a potential anti-

cancer agent in various cancer models such as gastric, breast,

colon, and prostate cancer (Fried and Arbiser, 2009). Intrave-

nous injection of 5e10 mg/kg Honokiol showed the half-lives

of disposition in rat plasma samples were 49.22 � 6.68 and

56.24 � 7.30 min. Meanwhile, intraperitoneal injection

250 mg/kg yielded a t1/2 of 4e6 h, with a tmax of about

20e30 min in mice (Tsai et al., 1994). Our previous reports

have shown that Honokiol activates apoptosis and inhibits

tumorigenesis as well as metastasis of gastric cancer cells by
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Table 1 e Correlation between CRT expression and
clinicopathological characteristics of gastric cancer.

Characteristics Case
(N ¼ 40)

CRT expression P-value*

Low
(N ¼ 13)

High
(N ¼ 27)

Gender 0.501

Male 26 9 17

Female 14 4 10

Age (years)
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targeting the key endoplasmic reticulum (ER) stress pathways

such as calpain activation, and down-regulation of peroxi-

some proliferator-activated receptor-g (PPARg), Grp94, COX-

2, STAT-3 and Tpl-2 proteins (Lee et al., 2013; Liu et al.,

2010a, 2012a; Pan et al., 2013a; Sheu et al., 2007). However,

the anti-EMT potential of Honokiol and its enhancement of

immunogenicity of cancer cell death have not been investi-

gated in any cancer model. The present study was designed

to elucidate the role of Honokiol in EMT and immunogenicity

in gastric cancer.

Mean 40 62.3 66.9 0.628

Differentiation 0.633

Well 8 3 5

Moderately 14 6 10

Poorly 18 4 12

Lauren classification 0.529

Intestinal 18 5 13

Diffuse 22 8 14

T classification 0.038

T1 3 1 2

T2 5 2 3

T3 18 6 12

T4 14 4 10

N classification 0.032

N0 10 5 5

N1 14 4 10

N2 12 3 9

N3 4 1 3

Distant metastasis 0.039

Negative 26 11 15

Positive 14 2 12

TNM stage 0.035

I 4 2 2

II 10 3 7

III 12 4 8

IV 14 4 10

Abbreviations: CRT ¼ Calreticulin; TNM ¼ tumor-node-metastasis.

CRT staining of tissues was correlated with clinicopathological pa-

rameters including AJCC tumor staining manual 7th edition. Sam-

ples with incomplete patient data were excluded from some of the

individual’s analyses.

* The p-valueswere calculated by one-way analysis of variance, and

by Fisher’s exact test for the other parameters. Significant p-values

are indicated in bold.
2. Materials and methods

2.1. Materials

Most of the materials andmethods listed here have been pub-

lished previously but are presented here for clarity (Lee et al.,

2013; Liu et al., 2010a, 2012; Pan et al., 2013a). Honokiol was ob-

tained from Wako Chemical Company (Osaka, Japan).

2.2. Cell culture

Human gastric cancer cell lines: AGS and N87 (moderately

differentiated gastric adenocarcinoma) and MKN45 and

SCM-1 cells (poorly differentiated gastric adenocarcinoma)

were obtained from the cell bank of Taipei Veterans General

Hospital (Taiwan). Cells were grown in RPMI medium. Media

were supplemented with 10% fetal bovine serum, 100 U/ml

penicillin, and 100 mg/ml streptomycin (complete medium)

at 37 �C in humidified incubator with 5% CO2.

2.3. Tissue samples and clinical data collection

A total of 40 patients were analyzed in this study. After

approval from the Taichung Veterans General Hospital insti-

tutional review board (CE12060), data from the cancer registry

of the Cancer Institute of Tissue Bank was obtained. Informa-

tion which was obtained through participating cancer registry

included: age, gender, differentiation, tumor location, tumor

size, depth of tumor invasion (T stage, according to the sev-

enth edition UICC TNM classification for gastric cancer), num-

ber of metastatic lymph nodes (N stage, according to the

seventh edition UICC TNM classification for gastric cancer),

extent of lymph node metastasis, Lauren classification. The

correlations between CRT expression and clinicopathological

characteristics of gastric cancer patients were summarized

in Table 1. For histology analysis of tumor stage, tumor grade

and distant metastasis, Fisher’s exact test was used. For com-

parison of clinicopathological characteristics, one-way anal-

ysis of variance was used. A p value of p < 0.05 was

considered statistically significant.

2.4. Immunohistochemistry

Paraffin-embedded human gastric cancer tissues were ob-

tained from the Taichung Veterans General Hospital Tissue

Bank, and 5-mm sections were stained for CRT using the

anti-CRT antibody as described in Table 2 (Lee et al., 2013;

Liu et al., 2012; Pan et al., 2013a). Carcinogen MNNG-induced
tumor growth or peritoneal dissemination model tumors

were analyzed by immunohistochemical studies performed

on 5-mm sections using PCNA and CRT antibodies (Santa

Cruz Biotechnology).
2.5. Immunofluorescence and laser scanning confocal
microscopy

Cells were prepared and the immunofluorescence was deter-

mined by laser scanning confocal microscopy (LSCM, TCS

SL, Leica, Wetzlar, Germany) as previously described (Liu

et al., 2010b, 2012). Images (total magnification 400�) were

background-subtracted and merged using the Confocal Assis-

tant MetaMorph software program. Capture image from laser

scanning confocal microscopy and organize data, and then

redo the page layouts by Adobe Photoshop software.
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Table 2 e Additional antibodies used in the study.

Name Sp. (Clone number or
code number)

In the work
usage

Vendor

Primary antibody

Calreticulin sc-11398 rabbit polyclonal IgG WB,IF Santa Cruz Biotechnology

CD47 sc-12730 mouse monoclonal IgG WB,IF Santa Cruz Biotechnology

Calpain I sc-7531 goat polyclonal IgG WB Santa Cruz Biotechnology

Calpain II sc-7533 goat polyclonal IgG WB Santa Cruz Biotechnology

PDI sc-20132 rabbit polyclonal IgG WB Santa Cruz Biotechnology

GAPDH sc-32233 mouse monoclonal IgG WB Santa Cruz Biotechnology

PPARg sc-7273 mouse monoclonal IgG WB Cell Signaling

E-cadherin sc-7870 rabbit polyclonal antibody WB,IHC(P) Santa Cruz Biotechnology

E-cadherin 3195 monoclonal antibody WB Cell Signaling

Snail sc-28199 rabbit polyclonal IgG WB,IHC(P) Santa Cruz Biotechnology

PCNA sc-56 mouse monoclonal IgG WB,IHC(P) Santa Cruz Biotechnology

Pecam1(CD31) sc-8306 rabbit polyclonal IgG WB,IHC(P) Santa Cruz Biotechnology

Hoechst H3570 IF Invitrogen

Secondary antibody

Fluorescein-Labeled Antibody To

Rabbit IgG (HþL)

02-15-16 IF Kirkegaard & Perry Laboratories, Inc.

Doenkey anti-goat HRP sc-2020 WB Kirkegaard & Perry Laboratories, Inc.

Peroxidase-conjugated AffiniPure

goat anti-mouse IgG (HþL)

115-035-003 WB Jackson ImmunoResearch Laboratories, Inc.

Peroxidase-conjugated AffiniPure

goat anti-rabbit IgG (HþL)

111-035-003 WB Jackson ImmunoResearch Laboratories, Inc.

Rhodamine-Labeled Affinity Purified

Antibody To Mouse IgG (HþL)

03-18-06 IF Kirkegaard & Perry Laboratories, Inc.

Rhodamine-Labeled Affinity Purified

Antibody To Rabbit IgG (HþL)

03-15-06 IF Kirkegaard & Perry Laboratories, Inc.

Fluorescein-Labeled Antibody To

Mouse IgG (HþL)

172-1806 IF Kirkegaard & Perry Laboratories, Inc.

WB: Western blot; IF: immunofluorescence; IHC( P): immunohistochemistry (paraffin)
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2.6. Immunoblotting

Immunoblotting was performed as described previously (Lee

et al., 2013; Liu et al., 2010a, 2012; Pan et al., 2013a). Whole

cell lysate proteins (60 mg) were separated by SDS-PAGE and

electrophoretically transferred to nitrocellulose membranes.

After blocking, the blots were incubated with antibodies over-

night. Membranes were then incubated for 1 hwith secondary

antibody. Detection was performed by ECL (Amersham) and

by chemiluminescence using Kodak X-Omat film. The anti-

bodies used in this study were listed in Table 2.
2.7. Time-lapse monitoring of cancer cells phagocytosis
by macrophages in vitro

Gastric tumor cells MKN45 were seeded onto Lab-Tek Perma-

nox (Thermo Scientific-Nunc) chamber slides and labeledwith

20 mM CFSE, then incubated with Honokiol for 2e4 or 16e20 h.

Human THP-1 leukemia cells were labeled with CellTrace�
Calcein Red-Orange, and following exposure to phorbol-12-

myristate-13-acetate (PMA, 300 nM) the cells were allowed to

adhere for 30 min, then were added to each respective cham-

ber. Phagocytosis was imaged using a BioStation IMQ (Nikon)

equilibrated to 37 �C and 5% carbon dioxide. Images were

captured at 2-min intervals and movies were made using

the BioStation IM version 2.12 software at a rate of three

frames per second.
2.8. Transfection

Cancer cells AGS and MKN45 were transfected with 1 mM

siRNA-CRT, siRNA-PPARg, siRNA-calpain-II (Santa Cruz

Biotechnology) or 2 mg/ml shRNA-CRT (National RNAi Core Fa-

cility Platform, Taipei, Taiwan), or CRT-overexpressed

plasmid 1 mg/ml pcDNA-CRT (Genome Research Center, Na-

tional Yang-Ming University) using Lipofectin reagent (Invi-

trogen) according to the manufacturer’s instructions.

2.9. Luciferase reporter assay

Cells at 60% confluence were co-transfected with 0.2 mg of the

promoter reporter construct PPRE, and 0.1 mg of a thymidine

kinase promoter driven Renilla-luciferase vector (pRLTK;

Promega, Mannheim, Germany). After incubation, cells were

lysed and processed using the Dual Luciferase Kit (Promega)

as described by the manufacturer. Luciferase activity was

normalized to Renilla firefly activity for transfection efficiency

and recorded by a luminometer (LKB, Rockville, MD).

2.10. ER stress response element (ERSE)

Cignal ERSE Reporter Assay Kit was performed as described in

accordance with the manufacturer’s instructions (QIAGEN)

using dilute transfection-ready reporter, negative control,

positive control formulations and relevant test nucleic acids

(siRNA, shRNA). Post-transfection overnight, transfected cells

http://dx.doi.org/10.1016/j.molonc.2014.12.009
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were treated with Honokiol and ER stress activator. The activ-

ities of the signaling pathways were then assayed using dual

luciferase assay.

2.11. Electrophoretic mobility shift assay (EMSA)

The electrophoretic mobility shift assay was performed as

described previously (Liu et al., 2010a,b, 2012; Pan et al.,

2013b). The consensus sequence-specific oligonucleotide

probes were end-labeled according to the manufacturer’s rec-

ommendations. The oligonucleotide with the PPARg

consensus binding sequence was used (PPARg/CRT, 50-
GGTAAAATTGATTATCTCAAGGTCAGAAGC-30). For the bind-

ing reaction, 2 ng labeled oligonucleotide and 2 mg poly dIdC

(Amersham Pharmacia Biotech) carrier were incubated with

2 mg nuclear protein in a binding buffer (10 mM HEPES,

60 mM KCl, 1 mM DTT, 1 mM EDTA, 7% glycerol, and pH 7.6)

for 30 min at room temperature. DNAeprotein complexes

were resolved on 6% non-denaturing polyacrylamide gels

and visualized by exposure to auto-radiographic films.

2.12. Chromatin immunoprecipitation assay (ChIP)

The ChIP assay protocol was performed as described previ-

ously (Lai et al., 2014). Briefly, cells were fixed with formalde-

hyde, and were then homogenized and sonicated. The

resulting supernatant was divided into aliquots for 10-fold

dilution in ChIP dilution buffer and pre-cleared with protein

AeSepharose that contained salmon sperm DNA for 1 h. The

antibodies were added and incubated for 12e18 h at 4 �C,
and the complexes were collected with 50% slurry of protein

AeSepharose for 3 h. The beads were washed, and chromatin

complexes were eluted from the beads. After performing

reversal of cross-linking, DNA was purified, and 4 ml of input

control or ChIP samples were used as a template in PCR using

the primer sets for region. In the experiments using cells, 1 ml

1 � 106 cells were fixed with formaldehyde, harvested, and

then sonicated as described above. A fragment of the

(260 bp) Snail promoter contained putative PPARg-binding

sites. The primer used was 50-GGAGTGTGTACCGCCATCTT-
30. The PPARg consensus binding sequence binding to the

CRT promoter was predicted in silico by Transcriptional Regu-

latory Element Database and double confirmed by NCBI data

base.

2.13. In vitro proteolysis of PPAR-g or CRT by calpain

Cleavage of PPAR-g or CRT by calpain-2 was analyzed by a

modified procedure as described previously (Pan et al.,

2013a,b).

2.14. Invasion assay

Transfection with siRNA-CRT or CRT overexpressed plasmid

to AGS or MKN45 cells was measured as reported previously,

with some modification (Lee et al., 2013; Pan et al., 2013a).

Briefly, 5 � 104 cells were suspended in 500 ml of serum-free

medium in the absence or presence of Honokiol and placed

onto the upper compartment of Matrigel-coated polycarbon-

ate filters (Transwell, BD Biosciences; 8 mm pore size). The
lower compartment was filled with 500 ml of medium contain-

ing 5% FBS in the absence or presence of Honokiol. After 20 h,

cells on the upper surface of the filter were carefully removed

with a cotton swab, and the membranes were fixed in meth-

anol and stained with crystal violet. The cells that had

migrated through the membrane to the lower surface of the

filter were counted using a microscope.

2.15. Animal model

All animal care and experimental procedures were approved

and conducted by the Committee for Animal Experiments of

National Chung Hsing University (Approval Document

NCHU-100-26). In carcinogenesis assay, male and female

BALB/c and C57BL/6 mice, 4e6 weeks old were used. Mice

were injected intraperitoneally with MNNG (5 mg/kg, twice/

weekly, i.p.) for 1, 3, and 6 months. In some experiments,

mice were injected with MNNG for 3 months and then divided

into the control and Honokiol-treated (5 mg/kg, twice/weekly,

i.p.) groups for 3 months. The body organs were examined for

tumor growth, and various tissues were processed for histo-

logical examination. The peritoneal dissemination assay was

conducted as previously described. Transfections of siRNA-

CRT or shRNA-CRT (data not shown) into MKN45 cancer cells

were performed using Lipofectin. The MKN45 siRNA CRT

(1 � 106) cells were transected for 24 h and then each of the

mice received one of the cell types via intraperitoneal injec-

tion to the abdominal cavity for 30 days. Quantification of

the tumor mass was evaluated by one slide section and ves-

sels were estimated by counting five randomly chosen high-

power fields.

2.16. Statistical analyses

The study statistical analyses were performed with SAS soft-

ware (SAS Institute, Cary, N.C.). The values were presented

as mean � SEM. Analysis of variance, followed by Fisher’s

least significant difference test, was performed for all data.

Statistical significance was set at p < 0.05.
3. Results

3.1. Up-regulation of CRT in gastric tissues and gastric
cancer cell lines and Honokiol triggers early surface exposure
of CRT in immunogenic cell death and later down-regulation
of CRT

Comparative evaluation of 40 paired gastric cancer tissues by

immunohistochemical staining analysis, with each compared

with benign tissue adjacent to the tumor from the same pa-

tient, showed that the CRT protein level was higher in all

gastric cancer samples compared with their corresponding

begin adjacent tissues (Figure 1A). The percentage of positive

tumor cells and the staining intensity for each sample were

recorded. A significant statistical difference was found be-

tween the positive expression rate of the CRT in tumor tissues

and para-neoplastic tissues in two groups (Table 1). The level of

CRT expression was closely correlated with gastric cancer clin-

ical staging as well as clinical classification and distant
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Figure 1 e Calreticulin (CRT) expression in gastric tissues and Honokiol trigger early surface exposure of CRT in immunogenic cell death, lately

down-regulation of CRT. (A) aeb. Representative immunohistochemical staining of CRT expression in a human normal gastric mucosa. ced.

Moderately differentiated intestinal type adenocarcinoma. eef. Poorly differentiated intestinal type adenocarcinoma. geh. Diffused type

adenocarcinoma in mucosa. Scale bar: 10 mm. (B) CRT protein expression differed in various gastric cancer cell lines AGS (A), MKN45 (M), N87

(N), and SCM-1 (S), mouse tumors mass (T), primary human endothelial cells (HUVECs, H), and primary mouse gastric epithelial cells (E).

(CeD) Western blot analyses for CRT in MKN45 cells treated with Honokiol for timeeresponse manner and doseeresponse manner. (E) Cancer

cells were pretreated with Honokiol followed by stimulation with Transforming growth factor-b1 (TGF-b1) or N-methyl-N0-nitro-N-

nitrosoguanidine (MNNG) for 24 h. The results shown are representative of at least four independent experiments. HK, Honokiol. (F) Confocal

microscope image for translocation of CRT in MKN45 cells treated with Honokiol for time-course dependent. Cells were fixed on glass coverslips

and labeled with Hoechst 33342 to stain nuclei and Texas red conjugated secondary antibody to anti-CRT primary antibody (red ).
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metastasis of in Tumor-Node-Metastasis classification, respec-

tively. Furthermore, protein level CRT expression differed in

various gastric cancer cell lines AGS (A), MKN45 (M), N87 (N)

and SCM-1 (S), mouse tumor mass (T), primary human
endothelial cells (HUVECs, H) and primary mouse gastric

epithelial cells (E) shown in Figure 1B. Highly invasive cells

MKN45 expressed higher CRT. Normal cells lower CRT expres-

sion pattern.We then examinedwhether CRT down-regulation

http://dx.doi.org/10.1016/j.molonc.2014.12.009
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Figure 2 e Real-time monitoring of MKN45 cell phagocytosis by macrophages. Red florescence label positive THP-1 macrophages (red) and

fluorescently labeled MKN45 gastric cancer cells (green) were co-cultured in the presence of control (A), Honokiol-treated 2e4 h (B), Honokiol-

treated 16e24 h (C) or silencing CRT (D) and were imaged using video microscopy. (Movies S1, control; S2, Honokiol-treated 4 h; S3, Honokiol-

treated 18 h and S4, transfection si-CRTD Honokiol-treated 4 h). These time-lapse movie images showed the dynamic properties of cellecell

interaction as indicated by arrows. Results shown are representative of at least six independent experiments.
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was controlled by Honokiol. In addition, we investigated

whether Honokiol reduced tumorigenesis inducer TGFb or

carcinogenesis inducer MNNG induced CRT production. We

found that Honokiol significantly down-regulated CRT, and

up-regulated calpain-II expression but not calpain-I in a time-

course and dose-dependent manner (Figure 1CeD). Honokiol

was also shown to suppress TGFb or MNNG-induced CRT

(Figure 1E). Furthermore, we investigated whether stimulation

with Honokiol inhibited expression of CRT. Unexpectedly, we

found that Honokiol triggered early surface exposure of CRT

to cell membrane in 2e8 h, followed later by down-regulation

of CRT (Figure 1F) at 12e24 h by confocal microscopy detection.

Therefore, Honokiol is unique in its ability to reduce CRT via a

classic ER stressecalpain-II activation mechanism thereby

enhancing early immunogenic response.

3.2. Honokiol promotes early phagocytosis by dictating
CRT exposure

In experimental models of gastric cancer cells, ecto-CRT trans-

located to plasma membrane surface and mediated immuno-

genic cell death signaling by Honokiol induced phagocytosis of
tumor cells and THP-1 macrophages. Given the hypothesis as-

sociationofTAMs inMKN45and theconfirmation thatHonokiol

probably exerts therapeutic effects, we developed an in vitro

assay to study the interaction between tumor cells and macro-

phages based on the hypothesis that Honokiol may enhance

immunogenicity and enable phagocytosis of MKN45 cells by

macrophages. To observe the interaction in real-time using

live-cell imaging, red fluorescent dye label with macrophage-

positivemacrophageswere derived using phorbolmyristate ac-

etate (PMA)-induced cell differentiation model of the human

monocytic cell line THP-1 and MKN45 tumor cells were incu-

bated with green fluorescently labeled MKN45 cells, which

had been treated with Honokiol or parallel treatment with

silencing of CRT transfection. Consistent with the results

(Figure 1F) observed with humanmacrophages, the red fluores-

cent mouse macrophages were able to efficiently perform

phagocytosis in Honokiol-treated cells in 2e4 h, in contrast to

PBS- or DMSO-treated control cells (data not shown), which

were not phagocytosed by the macrophages. Following ecto-

CRT down-regulation, in which Honokiol treatment at 16e24 h

retarded the phagocytosis effect. As expected, gene silencing

targeting CRT abolished the immunogenic cell death (Figure 2

http://dx.doi.org/10.1016/j.molonc.2014.12.009
http://dx.doi.org/10.1016/j.molonc.2014.12.009
http://dx.doi.org/10.1016/j.molonc.2014.12.009
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and Movies S1, S2, S3, S4). These time-lapse movies show that

the cellsecells interaction dynamic properties of the arrows as

indicated. These data provide strong evidence that Honokiol

promote early phagocytosis by dictating CRT exposure.

Supplementary movies related to this article can be found

online at http://dx.doi.org/10.1016/j.molonc.2014.12.009.
Figure 3 e Honokiol-induced calpain activation, cleavage PPAR-g expressio

detection. ERSE reporter is designed to measure activity of endoplasmic r

transfected with ERSE reporter, negative control and positive control (for

were pre-incubated with calpain inhibitors, Honokiol, or transfected with

Honokiol. Tunicamycin (0.1 mg/ml) taken as the positive control. Dual Lu

activity values are expressed as arbitrary units using a Renilla reporter for

standard deviation is indicated. (B) Cancer was pre-treated with calpain in

followed by stimulation with Honokiol for 24 h. Data shown are represent

were transiently transfected with the PPRE luciferase reporter plasmid and

transiently transfected with siRNA-Calpain-II, or siRNA-PPARg or contro

measured by luciferase assay as described in the Materials and methods sectio

determinations.
3.3. Honokiol induces ER stress via calpain-II activation,
which control PPARg and CRT expression

Calpain activation is a critical step during the ER stress

response (Kepp et al., 2013; Krysko et al., 2012; Liu et al.,

2010b, 2012; Pan et al., 2013a,b; Sheu et al., 2007). In order to
n regulates CRT production. (A) ER stress activity by ERSE reporter

eticulum (ER) stress signaling. Cancer cells AGS or MKN45 were

transfection protocol refers our user material methods). Cancer cells

siRNA-Calpain-II or scramble siRNA for 18 h, and the treated with

ciferase assay was performed 36 h after transfection, and promoter

internal normalization. Experiments were done in triplicates, and the

hibitor or transfected with siRNA-Calpain-II or scrambled siRNA

ative of at least three independent experiments. (C) Cancer cells that

a thymidine kinase promoter-driven Renilla-luciferase vector were

l scrambled RNA and treated with Honokiol. The relative activity was

n. Means ± SEM of luciferase activities were calculated from triplicate

http://dx.doi.org/10.1016/j.molonc.2014.12.009
http://dx.doi.org/10.1016/j.molonc.2014.12.009
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Figure 4 eHonokiol regulates PPARg binds to CRT promoter sequences in vitro. The synthetic dsDNA representing PPARg-binding sites in the

promoter of CRT gene was examined by electrophoretic mobility shift assay (EMSA) using nuclear extracts of control or Honokiol following

stimulation of cells. The unbound excess radiolabeled probe migrated out of the gel and is shown bottom. (A) Cancer cells AGS or MKN45 were

treated with Honokiol at various time courses, and nuclear PPARg DNA binding activity was analyzed by EMSA. Cancer cells were pretreated

with calpain inhibitor or transfected with siRNA-Calpain-10, scrambled siRNA or siRNA-PPARg followed by stimulation with Honokiol for 8 h.

The results shown are representative of at least three independent experiments. Arrow indicates specific PPARg sequences located on CRT

promoter DNA binding. The PPARg DNA binding labeled probe as indicated. All experiments were repeated at least three times. (B) PPARg

binds to the CRT promoter in vivo. ChIP assay was carried out with control, Honokiol or calpain inhibitor. After formaldehyde cross-linking, the

PPARg-binding DNA fragments were recovered by immunoprecipitation using PPARg antibodies. Purified precipitates or input DNA was

analyzed by PCR using primers specific for CRT promoters. The cross-links were reversed and the recovered DNA population was analyzed by

PCR with primers designed for detecting CRT. An amplified PCR fragment is visible in the DNA immunoprecipitated with PPARg antibody in

CRT promoters. There is slim visible CRT band in the Honokiol-treated that could be reverse by Calpain inhibitors. PCR products were

subjected to gel electrophoresis and visualized by ethidium bromide staining. 10% aliquot of the pre-cleared chromatin was taken as input. This

experiment has been replicated at least four times with independently assay. All experiments were repeated at least four times. (C) AGS were

treated with or without Honokiol as indicated for 10 h. Calpain-II was immunoprecipitated by anti-Calpain-II antibody from cell lysates and the

immunoblot was probed with the antibodies for PPARg or CRT. The results shown are representative of three independent experiments. (D)

Proteolysis of PPARg or CRT in the presence of Calpain-II enzymatic activity. Purified PPARg or CRT was digested by the indicated
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determine if activation of calpain-II was subsequent to ER

stress, we explored whether the Honokiol and selective ER

stress inducer tunicamycin (TUN), a protein N-glycosylation

inhibitor, triggered activation of calpain-dependent ER stress

signaling pathways by ERSE reporter assay. As shown in

Figure 3A, Honokiol or TUN significantly induced ERSE re-

porter activity as indicated. Pharmacological calpain inhibi-

tors or siRNA-calpain-II transfection indeed blocked the

luciferase activity. Calpain-II recombinant protein served as

the positive control. Promoter regulation in the CRT

promoter-flanking region (�4700/�4670) containing the cis-

acting elements PPARg binding activity in silico was predicted.

Our previous study showed that Honokiol inhibits gastric

tumorigenesis via inhibition of PPAR-g and COX-2-

dependent signals (Liu et al., 2010a). Indeed, hyper-

activation of transcriptional factor PPAR-g stimulates the

growth and metastatic potential in human cancer. Impor-

tantly, up-regulation of PPAR-g and CRT expression in tumors

were correlated with poor outcomes. Thus, in the present

study we investigated PPAR-g, CRT expression, and PPARg ac-

tivity. As shown in Figure 3B, Honokiol-induced calpain-II ac-

tivity (data not shown) and protein expression reproducible

previous results. Both calpain inhibitors and siRNA-calpain-

II knockdown effectively blocked Honokiol-induced PPAR-g,

CRT protein depression. Moreover, Honokiol-suppressed

PPAR-g activity markedly reversed following exposure to cal-

pain inhibitors and siRNA-calpain-II transfection (Figure 3C).

Interference of PPAR-g and recombinant protein calpain-II

takes as the negative control. Scramble per se didn’t any effect.

These results suggest that Honokiol-induced calpain-II activa-

tion and ER stress control PPARg and CRT expression.

3.4. Honokiol regulates CRT expression via PPARg

The binding sites for PPARg in the CRTpromoterwere predicted

in silico and tested experimentally by EMSA and ChIP analyses.

EMSAwas performed to determine if the PPARg protein directly

bound to the CRT promoter region containing the PPARg-bind-

ing sequence. Thus, a DNAprobe spanning the�4700/�4670 re-

gion at the CRT promoter containing the canonical PPARg

consensus site was generated. As shown in Figure 4A, a band

shift was detected for PPARg expression in a time dependent

manner when the �4700/�4670 probe was used in the assay.

The binding of the PPARg to the labeled probe could be compet-

itively inhibited by 100-fold molar excess of unlabeled probes

(data not shown). Furthermore, both pharmacological calpain

inhibitor and siRNA-calpain-II transfection could effectively

reverse the down-regulation of PPARg DNA binding activity by

Honokiol, supporting the hypothesis that PPARg binds to CRT

promoter region. Silencing PPARg could also abolish the intense

bandand showedagreatereffect thanHonokiol-treatedper se. A

similar effect in the shift was reported for PPARg knockdown it-

self. Importantly, an ER stress response element (ERSE) also

adjacent to the TATA box is present in the CRT promoter of
concentrations of recombinant Calpain-II at 37 �C for 4 h in the presence of

with Coomassie blue. Data shown are from one experiment representative

Purified PPARg protein D recombinant Calpain-II, 0.1 U/ml; Lane 3, Puri

Lane Purified CRT protein D recombinant Calpain-II, 0.1 U/ml. The im
most species. Moreover, the application of ChIP using an anti-

PPARg antibody in MKN45 gastric cancer cells compared with

pharmacological calpain inhibitors or si-calpain-II transfection

cells showed thatCRTpromoter segments, a fragment spanning

nucleotides�4700 to�4670 bp (�4700/�4670) containing the ca-

nonical consensus PPARg-binding sequence bound most

robustly to the PPARg protein (Figure 4B). Immunoprecipitation

of the PPARg-containing DNA segment seemed to be specific, as

ChIPusingcontrolhumanIgG insteadofantibodydidnot reduce

this fragment (datanot shown).ChIPresults revealed thatPPARg

exhibited higher basal binding activities at predicted binding

sites, and Honokiol potently reduced PPARg binding to this site

by calpainactivity. Inaddition,Honokiol-decreasedPPARgbind-

ing activity could be reversed by pharmacological calpain inhib-

itors or gene silencing. These findings support the hypothesis

that PPARg directly regulates CRT promoter region. The relative

quantificationwas evaluated by densitometry (Figure 4B, Lower

panel). We next investigated the direct interaction of calpain-II

and PPARg. As shown in Figure 4C, Honokiol significantly en-

hances calpain-II/PPARg interaction. Furthermore exposure to

pharmacological calpain inhibitorsor transfectedsi-RNAtarget-

ing for calpain-II significantly blocked the interaction. Unex-

pectedly, we found that calpain-II also interacted with CRT.

That may be explained by the rapid down-regulation of CRT

quickly down-regulation. Furthermore, we examined whether

calpain-II cleaved PPARg or CRT, by digesting concentrated

PPARgorCRTwith recombinant calpain-II in vitro (Figure 4D). In-

cubation of PPARg or CRTwith recombinant calpain-II for 1 h at

30 �C led to the complete digestion of full-length PPARg or CRT,

as determinedby in vitro cleavage assay. These results indicated

that PPARg or CRT could be cleaved and calpain-II and provide

evidence thatHonokiol-induced calpain activation thereby con-

trolling PPARg and CRT expression.

3.5. CRT regulates cell invasion and EMT marker
characteristics

To determine whether CRT enhances human gastric cancer

cells invasion and whether it modulates the actions of either

carcinogen inducer MNNG or tumorigenesis inducer TGF-b,

over-expressed plasmid CRT and siRNA-CRT were transfected

into two human gastric cancer cells. In AGS and SCM-1 cells,

Honokiol significantly suppressed cell invasion; combined

with siRNA-CRT exhibited more suppression (data not

shown). However, CRT over-expressed plasmid (pcDNA-CRT)

overcame the effect and exerted a greater more invasion ef-

fect (Figure 5A). Moreover, MNNG (0.1 mM) or TGF-b1 (10 ng/

ml) enhanced invasion, and targeting of CRT decreased inva-

sion in AGS cells and thwartedMNNG- or TGF-b1-mediated in-

vasion in both AGS and SCM-1 cells (Figure 5B). Combined

with pcDNA-CRT was greater than that of either inducing

alone (Figure 5C). Moreover, the combination of both MNNG-

and TGF-b1 exerted a significantly greater stimulatory effect

on invasion in cells with high CRT levels (data not shown),
0.5 mMCaCl2. Samples were analyzed by 8% SDS-PAGE and stained

of at least three performed. Lane 1, Purified PPARg protein; Lane 2,

fied PPARg protein D Ca2D 0.5 mM; Lane 4, Purified CRT protein;

ages are representative of at least five independent experiments.

http://dx.doi.org/10.1016/j.molonc.2014.12.009
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Figure 5 e CRT regulates cell invasion and EMTmarker characteristics. Cancer was transfected with pcDNA3-CRT, pcDNA3 for overexpression

CRT or siRNA-Calpain-II or scrambled siRNA for knockdown CRT protein, followed by stimulation with Honokiol, TGFb1 or MNNG for

24 h. Cells were evaluated for invasion by Boyden’s Transwell assay (AeC) or EMT markers were evaluated by Western blotting (DeF). Silencing

CRT inhibited TGFb1- or MNNG-induced cell invasion (B) and EMT marker E-cadherin (E-cad) (E) by CRT constraint in gastric cancer cells.

Overexpression of CRT enhanced TGFb1- or MNNG-induced cell invasion (C) and E-cad (F) by CRT augmentation in gastric cancer cells. AGS

cells were treated with Honokiol for 24 h and whole-cell lysates were evaluated protein expression as indicated. The results shown are

representative of at least five independent experiments. HK, Honokiol.
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which is potentially important clinically given that CRT, under

MNNG- and TGF-b were all over-expressed in gastric cancer

cells.

We then examined whether CRT regulated mesenchymal

(metastatic) properties were controlled by Honokiol. In addi-

tion, whether MNNG or TGF-b1 reduced epithelial cell signa-

ture and induced mesenchymal characteristics was not
determined. We found that Honokiol significantly down-

regulated Snail, CRT and up-regulated E-cadherin expression

(Figure 5D). Additionally, knockdown with siRNA-CRT yielded

results consistent with those of the Honokiol-treated findings

(Figure 5E). Moreover, transfection of pcDNA-CRT was

observed (Figure 5F). These results revealed that CRT regulates

cell invasion and EMT marker characteristics.

http://dx.doi.org/10.1016/j.molonc.2014.12.009
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3.6. CRT over-expression in carcinogen MNNG-induced
tumor mass and knockdown of CRT inhibits in vivo
metastasis of gastric tumors

To validate the contribution of CRT to gastric tumor produc-

tion by carcinogens, an in vivo study was conducted in an

MNNG-induced animal model using BL/6 and BALB/c mice

(data not shown). MNNG (5 mg/kg, twice/weekly, i.p.) was

used to test used for hypothesis as indicated at 1, 3, 6 months,

that there would be high express tumor mass (Figure 6AeC),

intense PCNA staining, and dense CRT levels. Additionally, af-

ter 3months, five to eight animals in each group of theMNNG-

induced animals were then randomly assigned to either with

or without treatment with Honokiol (5 mg/kg Honokiol), and

MNNG-induced tumor growth was periodically monitored

for up to 6 months. As shown in Figure 6AeC, Honokiol sub-

stantially reduced the primary tumor mass, PNCA staining,

compact CRT levels compared with those of the control tumor

group. Moreover, we also confirmed that metastatic capacity

was blocked by silencing CRT. Transfection with siRNA-CRT

into MKN45 by intra-peritoneal injection was performed. As

shown in Figure 6DeF, in the control group, tumors migrated

to the abdominal, lung and liver, whereas siRNA-CRT groups

showed less migration. Quantification of siRNA-CRT groups

showed inhibition of metastatic organs of gastric tumor cells

as shown in Figure 6E. These in vivo studies indicate significant

inhibitions of tumor cell growth and metastasis. Thus, CRT

exertsmultiple deleterious actions in intestinal tissues, which

include carcinogen MNNG-induced tumor mass signaling,

decreased expression of metastasis by knockdown of CRT,

thereby contributing to tumor proliferation and invasion.
4. Discussion

Our results support the hypothesis that CRT plays a key role in

gastric cancer cell peritoneal dissemination and tumor

growth, which can be modulated by Honokiol-induced ER

stress. In addition, Honokiol confers immunogenicity by

dictating CRT exposure inhibiting EMT. We showed that CRT

is evidently over-expressed in both gastric tissues and gastric

cancer cell lines. Pathologic investigation of human gastric

cancer tissues demonstrated a significant correlation between

CRT expression and clinical staging, as well as Tumor-Node-

Metastasis classification of CRT. In the analysis of clinical

samples of omentum or distal metastasis and lymph node

metastasis clinical sample, we found that high CRT expres-

sion withmarkedly dense staining was a poor prognostic indi-

cator in gastric patients. In animal experiments, carcinogen

MNNG-induced tumorigenesis and CRT overexpression in tu-

mor mass, that could be thwarted by Honokiol-treated. Addi-

tionally, down-regulation of CRT through siRNA inhibited the

metastatic capability of CRT cells in the nude mice abdominal

capacity, liver and lung, further demonstrating the potential

function of CRT in promoting gastric cancer cell invasion.

These data indicate that CRT detection could provide useful

information about treatment strategy and prognosis, and

could be provided histo-pathological diagnosis.
Calreticulin (CRT) as a multi-functional chaperone protein

located in ER and is involved in a spectrum of cellular pro-

cesses which have been implicated in calcium homeostasis,

promotion of folding, oligomeric assembly, chaperoning to

cell adhesion and malignant formation and progression

(Wang et al., 2012b). CRT is known to be a characteristic

expression pattern, which differentially expressed in various

mammal cell types, suggesting the specific roles in each organ

or tissue (Hayashida et al., 2006; Wang et al., 2012a). And pre-

vious studies have shown a contributing role for CRT in a

range of different clinical cancers, such as gastric cancer,

bladder cancer, pancreatic cancer and esophageal squamous

cell carcinoma (Chen et al., 2009a, 2009b; Du et al., 2009; Lu

et al., 2011; Obeid et al., 2007; Sheng et al., 2014; Suzuki

et al., 2012; Wang et al., 2012a, 2013), although other studies

demonstrated opposing findings, with down-regulation of

CRT in neuroblastoma and prostate cancer (Alur et al., 2009;

Hsu et al., 2005). In line with results reported by with Chen

et al., CRT was shown to enhance angiogenesis, and facilitate

proliferation and migration of gastric cancer cells, which is

consistent with the association of CRT with MVD, tumor inva-

sion, lymph node metastasis, and survival in gastric cancer

patients (Chen et al., 2009a, 2009b). Indeed, our immuno-

histochemical studies are consistent with the aforementioned

findings and demonstrated that increased CRT protein levels

confer a worse clinical outcome in gastric cancer patients.

Epithelial-to-mesenchymal transition (EMT) is critical during

multiple stages of tumor development, facilitating cancer

cell proliferation, angiogenesis, invasion and metastasis. Pre-

vious reported by Yasushi et al. showed that CRT is related to

an EMT-like change of cellular phenotype and indicated over-

expression of CRT repressed E-cadherin gene production via

up-regulation of its repressor, Slug, via altered Ca2þ homeo-

stasis in MDCK cells (Hayashida et al., 2006). In addition, Lu

and colleagues found alteration of CRT expression levels

might affect bladder cancer growth and metastasis in vitro

and in vivo via Fak and Paxillin signaling (Lu et al., 2011).

Kageyama et al. observed that higher expression of calreticu-

lin was demonstrated in the urine of patients with bladder

cancer and proposed calreticulin as a biomarker in bladder

cancer (Kageyama et al., 2009). Recently, Sheng et al. also re-

ported that IHC showed both CRT and p53 expression was

significantly increased in pancreatic cancer, compared to

that in paired non-cancerous pancreatic tissues (Sheng

et al., 2014). Moreover, overexpression of CRT contributed to

the development and progression of pancreatic cancer

through MEK/ERK-signaling pathway but independently of

p53. A study by Wang conducted an immunohistochemical

analysis of CRT and PTP1B expression in ESCC tissues, and

found a strong correlation (Wang et al., 2013). Although previ-

ous studies suggest that CRT possesses different functions,

the roles of CRT in invasion, peritoneal dissemination and in

regulating EMT progression remain poorly understood. In an

in silico study, we found that CRT promoter regions �4700 to

�4670 bp (�4700/�4670) containing the canonical consensus

PPARg-binding site. It is important to note that Honokiol-

induced ER stress and activated specific calpain-II activity,

but not specific calpain-I demonstrated in our previous report

(Sheu et al., 2007). Honokiol could also inhibit PPARg expres-

sion (Liu et al., 2010a). Moreover, we simultaneously

http://dx.doi.org/10.1016/j.molonc.2014.12.009
http://dx.doi.org/10.1016/j.molonc.2014.12.009
http://dx.doi.org/10.1016/j.molonc.2014.12.009


Figure 6 e CRT overexpression in carcinogen MNNG-induced tumor mass and knockdown CRT inhibits in vivometastasis of gastric tumors. (A)

Carcinogen MNNG-induced gastrointestinal tract tumor mass formation 1, 3, 6 months individually after intra-peritoneal injection (5 mg/kg) in

administration to BL/6 mice. Another groups for therapy, which sustained for 3 months MNNG-induced and then derived two groups, then

following with injected intraperitoneally with Honokiol (5 mg/kg/twice per week). Three months after Honokiol treatment, mice were sacrificed

for tumor mass histology examination of the distribution of RT. (B) Microscopic hematoxylin and eosin staining appearance of the tumor growth

of gastrointestinal tract of BL/6 mice after Carcinogen MNNG-induced tumor cells. At the end of the experiment, gastrointestinal tract along with

the primary tumor from the control and Honokiol-treated mice were carefully excised and counted. The results are presented as a bar graph

(n [ 5). (C) Immunohistochemistry analysis of tumor mass stained with anti-PCNA (upper panel), anti-CRT (lower panel) of tumor burden. (D)

Inhibition of gastric cancer growth favored in vivo by siRNA-CRT and siRNA-scramble. Transfections of siRNA-CRT and siRNA-scramble into

MKN45 were performed using Lipofectin. Twenty-eight days after implantation in abdominal cavity administration to nu/nu mice, the animals

were euthanized and their tumors were dissected. Distance of the secondary tumors that migrated from stomach was shown. Image photographic

illustration of metastasize to peritoneal tumor, liver and lung. (E) Quantifications of numbers of metastases in different organs (counts/field) were

calculated. All data are presented as mean ± SEM (n [ 7). (F) Tissues analysis of tumor mass stained with anti-PCNA (upper panel), anti-CRT

(lower panel) of tumor burden and CD31, an endothelial cell marker.
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demonstrated that Honokiol-induced calpain-II activation

and involve both PPARg and CRT. Both of inhibition of calpain

activity by calpain inhibitors and siRNA-calpain-II transfec-

tion dampen Honokiol-enhanced calpain-II activity, thwart

phagocytosis effects (Supplementary Figure 2) and sustain

longer at the membrane (Supplementary Figure 3). Further-

more, the present study showed that CRT inhibition by Hono-

kiol dramatically suppressed tumor peritoneal dissemination

and depressed mesenchymal characteristics. Overexpression

of CRT promotes cell invasion. Other evidence demonstrated

in animal model that CRT inhibition by Honokiol or gene tar-

geting by siRNA-CRT causes a reduction in tumor mass and

thwarts tumor growth within 4 weeks. These changes are in

line with the results of PET/CT imaging detection and nodule

counts in the present study. Furthermore, the specific func-

tion in carcinogen MNNG-induced tumor growth has been

demonstrated to bemarkedly effective in the progression pro-

cess until 6 months. Honokiol strictly reduced carcinogen

MNNG-induced tumor promotion and progression which is

consistent with anti-tumorigenesis function. Therefore, inhi-

bition of high levels of CRT may offer new targets for thera-

peutic intervention to abolish tumor invasion and block

EMT, eventually dampening peritoneal dissemination.

Initiating stimulus cancer cell death can be derived immu-

nogenic or non-immunogenic. The immunogenic characteris-

tics of immunogenic cell death (ICD) are mainly mediated by

damage-associated molecular patterns (DAMPs), including

ecto-CRT, secreted ATP and released high mobility group pro-

tein B1 (HMGB1), which are vital for the ICD of cancer cells. It

is noteworthy that CRT is paradoxically found at the in the

cytosol of living cancerwhich facilitates adhesionandexposure

in dying cell surface that is involved in ICD, whereas promotes

cellularphagocyticuptake.Gardai et al. demonstratedecto-CRT

andphosphatidylserine serves as a crucial recognition, initiates

clearance of viable or ligand on apoptotic cells by UVB-light-

induced (Gardai et al., 2005, 2006). A recent in vitro binding study

indicated that nitrosative stress causes CRT externalization in

association with PS on the inner leaflet of the plasma mem-

brane, thereby allowing CRT to become exposed during

apoptosis (Tyurina et al., 2007). Activation of ecto-CRTof cancer

cell lines undergoing ICD in response to certain chemothera-

peutics (such as mitoxantrone, oxaliplatin) also facilities their

engulfment by dendritic cells, which leads to tumor antigen

presentation and tumor-specific cytotoxic T lymphocyte (CTL)

responses (Obeid et al., 2007; Panaretakis et al., 2009; Tesniere

et al., 2010). Another recent study showed that the immuno-

modulatory functions of ecto-CRT reside in the amino terminal

lectin domain, which can bind various glycosylated protein

moleculesexhibitinga fairlyhighbindingaffinity tovariousgly-

cans, including carrageenan, alginic acids, and hyaluronic

acids. That demonstrated that a recombinant N-terminal frag-

ment of CRT (39-272) is a potent inducer of activation, macro-

phages maturation of B cells and can trigger Ig class switching

by B cells without T cell help both in vitro and in vivo (Hong

et al., 2010). In addition, the ability of these anticancer drugs

and treatments to induce ICD was shown to rely on the induc-

tion of ER stress (Fucikova et al., 2014; Garg et al., 2012, 2014;

Inoue and Tani, 2014; Kepp et al., 2013; Luo and Lee, 2013;

Martins et al., 2011; Zitvogel et al., 2010). ER stress-inducing ca-

pabilities are mostly unexplored. Chemotherapy-induced CRT
translocation pathway is dependent on PERK mediated phos-

phorylation of the translation initiation factor eIF2alpha, the

secretory pathway and followed by partial activation of

caspase-8 (but not caspase-3)-mediated B cell receptor associ-

ated protein 31 (BCAP31)-dependent conformational activation

of BAX and BAK proteins has been proved by Panaretakis et al.

(2009). Induction of CRT surface exposure by hypericin-PDT-

induced ER stress is coordinated by a pathway that is different

from the one induced by chemotherapeutics reported by Garg

and Agostinis (2014). These novel findings may be speculated

ER stress pathway plays an important part in inducing ICD by

enabling pre-apoptotic surface exposure of CRT. Moreover, we

demonstrated that Honokiol-induced ER stress and pre-

apoptotic ecto-CRTmight dockwith cell membrane on the sur-

faceof cancer cellsundergoing ICD inearly stage. Subsequently,

that follows the calpain-II activation cleavage CRT expression.

Lastly, Honokiol dampens peritoneal dissemination. The pre-

sent study demonstrates that the induction of ICDby the prom-

ising anticancer drug Honokiol was shown to depend on the

induction of ER stress. In the present study, the precise molec-

ular relationship between ER stress and the process of EMT in

the induction of ICD by Honokiol warrants further study to bet-

ter understand the relevance of these processes and the path-

ways that they regulate.
5. Conclusion

Inviewof the fact thatperitonealdissemination remainsahigh-

ly challenging and mortal cancer, there is an urgent need for

novel therapeutic agents, and thus it imperative that efficient

biomarkers for gastric cancer diagnosis and prognosis be iden-

tified. In addition, it is necessary to determine to what extent

level of CRT expression correlates with clinicopathological fea-

tures and disease progression in gastric cancer whether it pro-

motes gastric cancer cell invasion. Importantly, the quick and

effective inductionofCRT translocationbyHonokiolwasshown

to be correlated with ER stress, which confers immunogenic

response. A schematic diagram of a potential molecular mech-

anism of Honokiol targets is presented in Supplementary

Figure 1 which suggests that Honokiol may have potential in

the development of pharmaceutical drugs for ICD. Moreover,

our findings revealed a novel role ofHonokiol-induced ER stress

and calpain-II activation that involves both PPARg and CRT in

the regulation of cancer cell migration and invasion.

Carcinogen-MNNG induced CRT in tumorigenesis process that

could be suppressed byHonokiol. Thus, Honokiol may have po-

tential in the development of pharmaceutical drugs owing to its

immunogenic effect as well as its ability to attenuate EMT pro-

gression, and peritoneal dissemination in intervention-

dependent human diseases such as tumors.
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