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Abstract
Sanguinarine (SAN), a quaternary benzophenanthridine alkaloid extracted from the root of Papaveraceae plants, has shown 
antitumour effects in multiple cancer cells. However, the therapeutic effects and the underlying mechanisms of SAN in gas-
tric cancer (GC) remain elusive. In this study, the in vitro proliferation inhibition effect of SAN in GC cells was determined 
using CCK-8 assay, the in vivo antitumor effect of SAN was evaluated in mice with xenotransplanted tumor. The mechanism 
underlying the antitumor activity of SAN was explored by gene microarray assay and bioinformatics analysis. The levels 
of differentially expressed miRNAs and target genes were verified by real-time RT-PCR and immunohistochemistry. SAN 
inhibited the proliferation of BGC-823 cells in a concentration-dependent manner in vitro and in vivo. The miR-96-5p and 
miR-29c-3p were significantly upregulated in untreated BGC-823 cells and significantly downregulated in SAN treated cells. 
The mRNA and protein expression of their target gene MAP4K4 were upregulated in SAN treated xenotransplanted tumors, 
and pMEK4 and pJNK1 proteins in the MAPK/JNK signaling pathway were also upregulated by SAN. These indicate that 
SAN may inhibit the proliferation of BGC-823 cells through the inhibition of miR-96-5p and miR-29c-3p expression, and 
subsequent activation of the MAPK/JNK signaling pathway.
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Introduction

Gastric cancer (GC) is the fourth common malignancy 
and the second leading cause of cancer death worldwide, 
although the incidence and mortality of GC have signifi-
cantly declined in recent decades [1]. Over 70% of GC and 

GC-related deaths occur in developing countries [2], and 
almost 50% of the patients are Chinese [3]. Unfortunately, 
the symptoms of GC are non-specific at the early stage 
[4], and more than 80% of the patients were diagnosed at 
advanced stages [5]. Currently, combination chemothera-
peutic regimens (two or three-cytotoxic drug regimens) are 
available for the treatment of advanced GC [6]. However, 
the objective response rate is unsatisfactory. Therefore, 
developing more effective chemotherapeutic agents for GC 
is urgently needed.

Sanguinarine (SAN) [13-methyl(1,3) benzodioxolo(5,6-
c)-1,3-dioxolo(4,5) phenanthridinium] is a benzophenan-
thridine alkaloid (Fig. 1) that is extracted from the root of 
Sanguinaria canadensis and other poppy-fumaria species 
[7]. It has been used in many over-the-counter products such 
as toothpaste and mouthwash [8] due to its broad-spectrum 
pharmacological properties such as antimicrobial, anti-
inflammatory, and antioxidative activities [9]. Studies have 
indicated that SAN possesses cytotoxic and cytostatic effects 
in a variety of human cancer cells, including lung adeno-
carcinoma cells, bladder cancer cells, prostate cancer cells, 
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colorectal cancer cells, melanoma, and pancreatic cancer 
cells [10–14]. Notably, the antiproliferative and apoptotic 
induction activity of SAN is cancer cell-specific and SAN is 
harmless to normal cells. A study found that SAN exhibited 
antiproliferative effect in human epidermoid carcinoma cells 
(A431), but not in normal human epidermal cells [15]. Simi-
larly, mouse lymphocytic leukemic cells are more sensitive 
to SAN than normal spleen cells [16]. Therefore, as a poten-
tial chemotherapeutic agent, SAN has gained more and more 
attention. However, little is known about the effects of SAN 
in GC, and the precise mechanism of SAN-induced antican-
cer effect has not been completely elucidated [17]. We found 
that SAN inhibits the proliferation of BGC-823 human GC 
cells through regulating the expression of miR-96-5p and 
miR-29c-3p and the MAPK/JNK signaling pathway. Our 
findings may facilitate the discovery of diagnostic markers 
and therapeutic targets for gastric cancer and provide useful 
information for the development of new therapeutic agents.

Materials and methods

Cell culture

Human gastric cancer MGC-803, BGC-823 and SGC-7091 
cell lines and the human gastric mucosa epithelial GES-1 
cell line were purchased from Cancer Hospital Chinese 
Academy of Medical Sciences (Beijing, China). MGC-803, 
BGC-823 and SGC-7901 cells were cultured in RPMI-1640 
medium (HyClone, USA) supplemented with 10% heat-
inactivated fetal bovine serum (FBS; HyClone, USA), and 
GES-1 cells were cultured in DMEM medium (HyClone, 
USA) supplemented with 10% heat-inactivated FBS in a 
humidified cell incubator with 5%  CO2 at 37 °C.

In vitro cell viability assay

MCF-7, LS-180, Hela, HepG2, BGC-823, MGC-803 and 
SGC-7901 cells were seeded in 96-well plates at 3000 cells/
well in 90 μL 10% RPMI-1640. The cells were cultured 

overnight and treated with SAN (National Institutes for Food 
and Drug Control, China) at six concentrations: 0, 50, 100, 
200, 300, and 400 μmol/L for 24/48 h and the correspond-
ing blank control of reagents was also set. Each concentra-
tion was repeated in four wells. Cell viability was assessed 
using the Cell Counting Kit-8 (CCK-8; Biosharp, Beijing, 
China) according to the manufacturer’s protocol. After the 
cells were incubated with CCK-8 for 4 h, the optical den-
sity of the cells was measured using an 1420-012 Multilabel 
Counter (PerkinElmer, USA) at a wave length of 450 nm. 
All reactions were run in triplicate. The inhibition rate was 
calculated by the optical density value, and the anti-prolif-
erative effect of SAN was expressed as  IC50 value. All data 
are presented as mean ± SE.

Tumor xenograft

BGC-823 cell line was used to establish a subcutaneous 
xenotransplanted tumor model in BALB/c-nude mice [Bei-
jing Vital River Laboratories, Beijing, China; License No: 
SCXK (Jing) 2016-0006]. The animals were maintained 
under a 12/12 h light–dark cycle in a temperature and humid-
ity-conditioned environment, and had free access to food 
and water. Then 1.5 × 106 BGC-823 cells were suspended 
in 0.2 mL serum free RPMI-1640 medium, and implanted 
subcutaneously into the foreleg of nude mice. One week 
after implantation, the mice were randomly divided into 
five groups: model group, positive control group [5-fluo-
rouracil (5-FU) (Xudonghai Pharmaceutica CO, Shanghai, 
China) 50 mg/kg], SAN low dose group (2.5 mg/kg), SAN 
medium dose group (5 mg/kg) and SAN high dose group 
(10 mg/kg). SAN was administered intraperitoneally every 
other day. The tumor length and width were measured once 
every other day, the volume of tumor was calculated by the 
formula (L ×W

2)∕2 (L: tumor length, W: tumor width). The 
tumor weight was measured at sacrifice and recorded. HE 
staining was performed to determine the changes of patho-
logical morphology of transplanted tumor tissue.

Gene microarray assay

To reveal miRNA profiling in response to SAN treatment 
in BGC-823 cells, we examined the expression of miRNAs 
in BGC-823 cells after SAN treatment using microarrays. 
GES-1 and BGC-823 cells were seeded at a density of 
2 × 106 cells/well in 6-well plates and cultured at 37 °C in a 
humid environment containing 5%  CO2 overnight. One well 
of BGC-823 cells was treated with SAN at a concentration of 
250 μmol/L for 24 h. After 24 h of treatment, total RNAs of 
GES-1, untreated and treated BGC-823 cells were extracted 
using Trizol reagent (Invitrogen, USA) according to the 
manufacturer’s instructions. The quality of the total RNA 
was assessed by SAM3000 spectrophotometry (Meriton, 

Fig. 1  Chemical structure of SAN
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Beijing, China) and electrophoresis on 1.5% agarose formal-
dehyde denaturing gels (Biorad, USA). The samples were 
labeled using the  FlashTag® Biotin HSR RNA Labeling 
Kit and WT Terminal Labeling Kit (Affymetrix, USA) and 
hybridized to the miRNA and mRNA chip in a Hybridiza-
tion Oven 640 (Affymetrix, USA). The arrays were scanned 
with Affymetrix GeneChip Scanner 3000 7G (Affymetrix, 
USA) to generate the data.

Bioinformatics studies

Differential expression analyses (GES-1 vs untreated BGC-
823, untreated BGC-823 vs SAN treated BGC-823) were 
performed, P value < 0.05 and Fold change ≥ 1.2 were cho-
sen as the thresholds to screen the differentially expressed 
miRNAs. Gene intersections in the three types of cells were 
obtained. The target genes of differentially expressed miR-
NAs were predicted using miRanda algorithms, and screened 
for fold change ≥ 2.5 or ≤ − 2.5. Significant pathways were 
selected by Pathway-analysis. Differentially expressed genes 
were used for Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway analyses between groups. Fisher exact test 
was used in Pathway analyses. Benjamini–Hochberg step-up 
method was applied to calculate the P value of each pathway, 

which was then rectified using false discovery rate (FDR) 
method. P < 0.05 was considered statistically significant. 
Besides, the enrichment level of each pathway was assessed 
by enrichment score.

Validation of differentially expressed gene 
by RT‑PCR

RT-PCR was performed to validate the expression level of 
selected differentially expressed genes identified by micro-
array. Gene-specific primers are listed in Table 1 (AUGCT, 
Beijing, China). Total RNA for RT-PCR was extracted from 
GES-1, untreated and 250 μmol/L SAN treated BGC-823, 
MGC-803 and SGC-7901 cells using Trizol reagent and 
reverse transcribed to cDNA using miRcute Plus miRNA 
First-Strand cDNA Synthesis Kit (TIAN GEN, Beijing, 
China) at 42 °C for 60 min and 95 °C for 3 min. Real-time 
quantitative PCR was performed in 25 μL reaction solu-
tion containing 2 μL the first strand cDNA, 1 μL forward 
and 0.5 μL reverse primers at 200 nM, 12.5 μL 2 × miRcute 
Plus miRNA Premix and 9 μL  ddH2O. The PCR process 
consisted of template denaturation, miRNAs enrichment and 
45 cycles of 20 s denaturation at 94 °C and 34 s annealing 
at 60 °C. All reactions were run in triplicate. Reaction and 

Table 1  The primer sequences 
of miRNAs and mRNAs

Name Sequence Long

U6-F 5′-AAT CTA GCT GCT GCG GTT CC-3′ 20
has-miR-454-3p-F 5′-TCT GTT TAT CAC CAG ATC CT-3′ 20
has-miR-18b-5p-F 5′-TAA GGT GCA TCT AGT GCA GTTAG-3′ 23
has-miR-148b-3p-F 5′-TCA GTG CAT CAC AGA ACT TTG-3′ 21
has-miR-330-5p-F 5′-TCT CTG GGC CTG TGT CTT AGG-3′ 21
has-miR-26b-5p-F 5′-TTC AAG TAA TTC AGG ATA GGT-3′ 21
miR-29c-3p-F 5′-ACA CTC CAG CTG GGT AGC ACC ATT TGA AAT -3′ 30
miR-96-5p-F 5′-TTT GCT TGT GTC TCT CCG CT-3′ 20
miR-194-3p-F 5′-CCT GTA ACA GCA ACT CCA TG-3′ 20
GAPDH-175F 5′-GTG GAG TCC ACT GGC GTC TT-3′ 20
GAPDH-175R 5′-GTG CAG GAG GCA TTG CTG AT-3′ 20
CPS1-F 5′-GCC AAG GGG CCA TTG AAA AG-3′ 20
CPS1-R 5′-ACC TTG GTG GCC ACA TCA AT-3′ 20
MAP4K4-F 5′-GAG GAA GGC CAG AGG TTG AAA-3′ 21
MAP4K4-R 5′-TGG ATC ATA GAG TGT GGG TTCT-3′ 22
PDE1A-F 5′-GCT GGA AAG AAT CAG GAG TAGC-3′ 22
PDE1A-R 5′-GCT TAA CAT TGT GGA GCC CAG-3′ 21
PDE8B-F 5′-CAC GAG GCA CTA CAC CAA GT-3′ 20
PDE8B-R 5′-GCA CAA CAT ACT GCA TGG GC-3′ 20
TLL-F 5′-GTA TCA GAA CGG GGC TCT CG-3′ 20
TLL-R 5′-AAA TCT CTT CTG GTG GCC CG-3′ 20
FRZB-F 5′-TCA TCA AGT ACC GCC ACT CG-3′ 20
FRZB-R 5′-ATC AGC TCC GTC CGC AGT AA-3′ 20
PTGS2-F 5′-CTG CCC TTC TGG TAG AAA AGC-3′ 21
PTGS2-R 5′-GCT TCC AGT AGG CAG GAG AAC-3′ 21
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signal detection were measured using RT-PCR Detection 
system (Bio-Rad, USA). The cDNA synthesis and PCR of 
mRNAs were performed using iScriptTM cDNA Synthesis 
and SsoFastTM EvaGreen Supermix Kits (Bio-Rad, USA). 
The reaction procedure was set according to the manufac-
turer’s instructions. The CT values of miRNAs and mRNAs 
were converted into absolute copy numbers using standard 
curves of GAPDH and U6 miRNA.

Determination of protein expression 
by immunohistochemistry

The expression levels of MAP4K4, pJNK1, and pMEK4 
proteins in paraffin-embedded xenotransplanted GC tumor 
tissue slices were examined by immunohistochemistry. 
The tissue slices were incubated in 3% hydrogen peroxide 
solution at room temperature in dark for 25 min to inhibit 
the activity of endogenous hyperoxidase. The slices were 
washed three times with PBS for 5 min. After the inactiva-
tion of hyperoxidase, the slices were incubated in 3% BSA 
for 30 min at room temperature, and further incubated with 
the primary antibodies of MAP4K4 (Abcam (ab155583)), 
pMEK4-(phospho S80, Abcam (ab39403)), and pJNK1-
(phospho T183+Y185, Abcam (ab46821)) at certain dilution 
(MAP4K4, 1:1000; pMEK4, 1:500; pJNK1, 1:500) over-
night at 4 °C. Afterword, the samples were washed with PBS 
for three times, with 5 min each time. The secondary anti-
body, goat anti-rabbit horseradish peroxidase (HRP) (KPL), 
was added to the tissue slices dropwise and incubated for 
50 min at room temperature. After the slices were washed 
three times with PBS, a few drops of freshly prepared DAB 
solution was added to the slices for color reaction. Subse-
quently, the slices were washed with PBS to stop coloring. 
The nuclei of the cells were stained with haematin for 3 min. 
After a standard dehydratation procedure, the samples were 
observed under the microscope.

Statistical analysis

All statistic analysis was accomplished using SPSS 17.0 and 
GraphPad prism 5.0 software (GraphPad Software Inc, San 
Diego, CA). All independent experiments were performed 
in triplicate. The data are expressed as mean ± SE, and were 
analyzed by t test. P value < 0.05 was considered statistically 
significant.

Results

SAN reduced the viability of GC cells in vitro 
and in vivo

We first evaluated the effect of SAN on the viability of five 
different tumor cell lines. For 48 h treatment, BGC-823 was 
the most sensitive to SAN among the five cancer cell lines 
(Fig. 2a). Then the proliferation inhibition activities of SAN 
and 5-FU were determined in three GC cell lines (MGC-803, 
BGC-823 and SGC-7901). A significant dose-dependent 
proliferation inhibition effect of SAN was observed in all 
three GC cell lines after 24 h/48 h treatment (Fig. 2b, c).

To determine whether SAN inhibits tumor growth in vivo 
as it did in vitro, we subcutaneously implanted SAN sensi-
tive BGC-823 cells into nude mice. We found that 4 weeks 
administration of SAN reduced the tumor volume and weight 
in a dose-dependent manner (Fig. 2d, e). HE staining showed 
that the tumor tissue samples of the five groups contained 
different degrees of necrosis. SAN-induced necrosis was 
dose-dependent and was larger in treated groups than in the 
model group. In the 10 mg/kg SAN treated group, the necro-
sis area showed obvious calcification (Fig. 2f).These results 
demonstrated that SAN had antitumor activity in BGC-823 
cells in vivo.

Differentially expressed miRNAs and mRNAs in GC 
cells treated with SAN

SAN exhibited proliferation inhibition effect in BGC-823 
cells in vitro and in vivo. Thus, we further investigated 
the underlying molecular mechanism of the anti-tumor 
activity of SAN by gene microarray analysis. The absorb-
ance ratios  OD260/OD280 of the total RNAs extracted from 
GES-1, untreated BGC-823 cells and SAN (250 μmol/L) 
treated BGC-823 cells were between 1.8 and 2.1. We found 
that eight miRNAs and seven mRNAs were differentially 
expressed in BGC-823 cells following SAN treatment 
(Fig. 3a, b). Levels of eight miRNAs including miR-194-3p, 
miR-148b-3p, miR-96-5p, miR-330-5p, miR-454-3p, miR-
29c-3p, miR-18b-5p and miR-26b-5p (Fig. 3c–j), and seven 
mRNAs including CPS1, MAP4K4, PDE1A, PTGS2, 
PDE8B, TLL, and FRZB (Fig. 4a–g) were verified by PCR. 

Fig. 2  SAN inhibited the proliferation of GC cells in  vitro and 
in  vivo. a Proliferation inhibition effect of SAN in five tumor cell 
lines after 48  h treatment evaluated by CCK-8 assay. b, c Inhibi-
tion rates and  IC50 values of SAN in three GC cell lines evaluated 
by CCK-8 assay. MGC-803, BGC-823, and SGC-7901 cells were 
incubated with 0, 50, 100, 200, 300, 400 μmol/L SAN for 24 h (b) 
or 48  h (c). The proliferation inhibition rate and  IC50 values were 
determined at the end of the treatments. d, e Effect of SAN on the 
growth of BGC-823 xenograft tumor in nude mice. One week after 
the implantation of BGC-823 cells, the mice were randomly divided 
into five groups: three groups received different doses of SAN, one 
group received 5-FU as the positive control, and a model group as the 
negative control. The effect of SAN on tumor weight (d) and tumor 
volume (e) were detected, n = 10. f HE staining of xenograft tumor 
tissues. HE staining was performed to identify the effect of SAN on 
the pathomorphology of GC cells. Original magnification: ×100. 
Each data represented the mean ± SD from three independent experi-
ments. *P < 0.05, **P < 0.01, compared with the model group

◂
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Compared with that in untreated GES-1 cells, the expression 
of miR-96-5p and miR-29c-3p was significantly upregulated 
in untreated BGC-823 cells and significantly downregulated 
in SAN treated cells, which indicated that miR-96-5p and 

miR-29c-3p were closely related to the proliferation of BGC-
823 cells and was involved in the anti-tumor effect of SAN.

The expression of MAP4K4, CPS1 and PDE1A were con-
sistent with the microarray results. Compared with that in 

Fig. 3  Analysis of differentially expressed miRNAs in GES-1, 
untreated and SAN treated BGC-823 cells. a Cluster analysis of dif-
ferentially expressed miRNAs between GES-1 and untreated BGC-
823 cells and between untreated and SAN treated BGC-823 cells 
by microarray assay. b Cluster analysis of differentially expressed 
mRNAs between GES-1 and untreated BGC-823 cells and between 
untreated and SAN treated BGC-823 cells by microarray assay. Each 
column represents a sample and each row represents the expression 
level of a gene. Green color represents low expression and red color 

represents high expression. There was c–j RT-PCR analysis of the 
expression of eight differentially expressed miRNAs. The relative 
expression levels of miR-18b-5p (c), miR-26b-5p (d), miR-29c-3p 
(e), miR-96-5p (f), miR-148-3p (g), miR-194-3p (h), miR-330-5p (i), 
and miR-454-3p (j) in GES-1, untreated and SAN treated BGC-823 
cells were determined by RT-PCR. #P < 0.05, ##P < 0.01, compared 
with GES-1; *P < 0.05, **P < 0.01, compared with untreated BGC-
823
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GES-1 cells, the expression of CPS1 and PDE1A mRNAs 
were significantly upregulated in untreated BGC-823 cells 
and significantly downregulated in SAN treated BGC-823 
cells; the expression of MAP4K4 mRNA was significantly 
downregulated in untreated BGC-823 cells and significantly 
upregulated in SAN treated BGC-823 cells. These findings 
indicated that MAP4K4, CPS1 and PDE1A mRNAs were 
closely related to the anti-tumor effect of SAN. Effects of 
SAN on the levels of miR-96-5p, miR-29c-3p and MAP4K4 
mRNA in MGC-803 and SGC-7901 cells showed the same 
trend (Fig. 5).

Possible target genes and enriched pathways 
of miR‑29c‑3p and miR‑96‑5p

To explore possible target genes and signaling pathways 
involved in the response of BGC-823 cells to SAN, we 
used miRanda to predict the targets of miR-96-5p and 
miR-29c-3p, which were up-regulated in untreated BGC-
823 cells and down-regulated by SAN, compared with 

their expression in GES-1 cells. The results showed that 
miR-96-5p and miR-29c-3p had 1805 possible targets. 
We further analyzed the enriched KEGG pathways for 
these 1805 targets and found 149 pathways. Among these 
targets and pathways, six targets (Fig. 6a) and eight path-
ways (Fig. 6c) were related to cancer, including the mito-
gen-activated protein kinase (MAPK) signaling pathway 
and the calcium signaling pathway.

We performed bioinformatic analysis using TargetScan 
and miRanda software to identify the target genes for miR-
96-5p and miR-29c-3p, and found that MAP4K4 and TLL1 
were two potential common target genes of these two miR-
NAs (Fig. 6a). The potential binding sites of miR-96-5p 
and miR-29c-3p on MAP4K4 and TLL1 mRNAs were also 
predicted (Fig. 6b). Previous analysis of MAP4K4 showed 
that the expression of MAP4K4 was negatively correlated 
with the expression of miR-96-5p and miR-29c-3p, sug-
gesting that MAP4K4 was the target gene of miR-96-5p 
and miR-29c-3p.

Fig. 4  RT-PCR analysis of the expression of seven differentially 
expressed mRNAs. The relative expression levels of PDE8B (a), TLL 
(b), FRZB (c), CPS1 (d), MAP4K4 (e), PDE1A (f), and PTGS2 (g) 

in GES-1, untreated and SAN treated BGC-823 cells were determined 
by RT-PCR. ##P < 0.01, compared with GES-1; *P < 0.05, compared 
with untreated BGC-823
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SAN increased the expression of MAP4K4, pMEK4 
and pJNK1 proteins

The impact of SAN on the protein expression of MAP4K4, 
pMEK4 and pJNK1 in gastric tumors were detected by 
immunohistochemistry analysis. We found that SAN treat-
ment up-regulated the three proteins in a dose-dependent 
manner (Fig. 7a–f). The expression of MAP4K4, pMEK4 
and pJNK1 in SAN treated tumors were in a similar pat-
tern. Compared with those in the model group, the levels 
of MAP4K4, pMEK4 and pJNK1 were unchanged in SAN 
low dose (2.5 mg/kg) group, but were markedly up-regu-
lated in SAN medium dose (5 mg/kg) group and high dose 
(10 mg/kg) group (P < 0.05).

Discussion

Gastric cancer is one of the most common malignancies 
worldwide, with poor prognosis and high mortality rate 
[18]. Although much effort has been made to improve the 
diagnosis and treatment of GC, the treatment outcome of 
gastric cancer is unsatisfactory [19]. Inhibiting proliferation 
and inducing apoptosis in tumor cells are effective strate-
gies to prevent tumor growth and eliminate cancers [20]. 
Although plenty of active ingredients of traditional Chinese 
medicine exhibit antitumor activities [21–23], their applica-
tions as antitumor agents are largely limited by the unknown 
mechanisms of action [24]. Previous studies have shown that 
SAN could induce apoptosis and inhibit the proliferation and 

Fig. 5  RT-PCR analysis of the expression of miR-29c-3p, miR-96-5p 
and MAP4K4 mRNA in MGC-803 and SGC-7901 cells. The relative 
expression levels of miR-29c-3p (a), miR-96-5p (b), and MAP4K4 
mRNA (c) in MGC-803 cells and miR-29c-3p (d), miR-96-5p (e) and 

MAP4K4 mRNA (f) in SGC-7901 cells were determined by RT-PCR. 
#P < 0.05, ##P < 0.01, compared with GES-1; *P < 0.05, compared 
with untreated MGC-803 or untreated SGC-7901 cells
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migration of tumor cells in multiple cancers, and is harm-
less to normal cells [16, 25–27]. However, so far the exact 
mechanism of the antitumor action of SAN has not yet been 
elucidated. Therefore, the present study aimed to determine 
the effect of SAN on the proliferation of GC cells and to 
elucidate the possible mechanism of its action, in hopes of 
proving experimental evidence for the clinical application 
of SAN in the treatment of GC.

The inhibitory effect of SAN on the viability of human 
GC cells in vitro was confirmed by CCK-8 assay. MGC-
803 is originated from poorly differentiated human gastric 
mucinous adenocarcinoma, BGC-823 is originated from 
poorly differentiated human gastric adenocarcinoma, and 
SGC-7901 is originated from moderately differentiated 
human gastric adenocarcinoma with lymph node metasta-
sis. SAN elicited concentration-dependent inhibition of the 
proliferation in MGC-803, BGC-823 and SGC-7901 cells, 
which was consistent with the proliferation inhibition effects 
of SAN in other cancers [28]. We chose the BGC-823 cell 
line to establish a subcutaneous xenograft tumor model in 
nude mice to evaluate the in vivo antitumor effect of SAN. 
Because the bioavailability of SAN was low via oral delivery 

[29, 30], we administered SAN to the mice by intraperi-
toneal injection in the xenograft tumor model. We found 
that SAN also exhibited tumor growth inhibition effect in 
BGC-823 xenograft tumors in a dose-dependent manner. We 
further explored the molecular mechanism underlying the 
tumor growth inhibitory effect of SAN by gene microar-
ray assay and identified eight differentially expressed miR-
NAs, including miR-194-3p, miR-148b-3p, miR-96-5p, 
miR-330-5p, miR-s454-3p, miR-29c-3p, miR-18b-5p, and 
miR-26b-5p. RT-PCR results showed that the expression 
of miR-96-5p, miR-29c-3p and their target gene MAP4K4 
were consistent with gene microarray analysis results. Bio-
informatics analysis of these differentially expressed genes 
showed that the pathways of these miRNAs and their target 
genes, such as MAPK signaling pathway and calcium signal-
ing pathway, were closely related to cancer. KEGG pathway 
enrichment analysis revealed that MAP4K4 participates in 
the MAPK/JNK (c-Jun N-terminal kinase) signaling path-
way. Subsequently, we found that SAN increased the expres-
sion of MAP4K4, pMEK4, and p-JNK1 proteins in tumors, 
suggesting that SAN may activate the MAPK/JNK pathway 
in these tumors.

Fig. 6  Bioinformatic analysis of miR-29c-3p and miR-96-5p. (a) Pos-
sible target genes of miR-29c-3p and miR-96-5p. (b) Potential target-
ing (binding) sites of miR-96-5p and miR-29c-3p on MAP4K4 and 

TLL1 mRNAs predicted by TargetScan and miRanda software. (c) 
Possible enriched KEGG pathways of miR-29c-3p and miR-96-5p 
and their target genes
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As a member of the serine threonine kinase family, 
MAPK is an important player of the major cell prolif-
eration signaling pathway [31]. Activation of MAPK is 
associated with cell cycle arrest and apoptosis induc-
tion [32]. MAPK contains three major subfamilies: the 

extracellular-signal-regulated kinases (ERK), the JNK, 
and MAPK14 [33]. JNK is activated by environmental and 
genotoxic stresses and plays a key role in inflammation, cell 
proliferation, differentiation, survival, and migration of vari-
ous cancer cells [34, 35]. The JNK pathway is crucial for the 

Fig. 7  Protein levels of MAP4K4, pMEK4 and pJNK1 in SAN 
treated BGC-823 xenograft gastric tumor tissues. The protein levels 
of MAP4K4, P-MEK4, and P-JNK1 in BGC-823 gastric tumor tis-
sues following SAN treatment were determined by immunohisto-

chemical staining using antibodies against MAP4K4, P-MEK4, and 
P-JNK1. Original magnification: ×400. *P < 0.05, **P < 0.01, com-
pared with the model group
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activation of the mitochondria-mediated apoptotic pathway, 
which triggers the translocation of apoptotic protein Bax to 
mitochondria and the induction of apoptosis [36, 37]. Our 
study suggested that increased expression of MAP4K4 may 
promote the phosphorylation of MEKK1, which activates 
the downstream proapoptotic protein MKK4 through a cas-
cade reaction, and subsequently activates the JNK pathway, 
resulting in proliferation inhibition. Previous studies have 
demonstrated that curcumin could activate JNK in cancer 
cells and induce a cascade reaction, leading to the BGC-823 
cell apoptosis [38, 39]. Cyclin-dependent kinase 5 regula-
tory subunit associated protein 1 (CDK5RAP1) deficiency 
could cause cell cycle arrest and apoptosis in MCF-7 human 
breast cancer cells via the generation of ROS, thus activating 
JNK to induce apoptosis [40]. The role of JNK pathway in 
cancers is highly controversial. Studies have shown that the 
JNK signaling pathway is a dual functional one. It exerts 
both anti-tumor and pro-tumor activities, and the conver-
sion depends on Ras [41]. The detailed mechanism of the 
anticancer action of SAN in gastric cancer remains to be 
further studied.

Conclusions

The present work demonstrated that SAN induced prolif-
eration inhibition in BGC-823 gastric cancer cells through 
inhibiting miR-96-5p and miR-29c-3p expression and acti-
vating MAPK/JNK signaling pathway. Our finding provides 
a new insight into the molecular mechanism of SAN for can-
cer intervention and a reference for the discovery of novel 
diagnostic and therapeutic markers in gastric cancer.
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