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Introduction

Gastric cancer is the third leading cause of cancer-associated 
mortalities worldwide and is a major cause of mortality in 
Asia (1-3). According to a survey, the mortality rate of gastric 
cancer was ranked second in overall cancer mortality (4-6).  

Accordingly, therapeutic strategies for treating gastric 
cancer are in demand (7-9).

In recent years, natural products have gained increasing 
attention from a therapeutic point of view and have become 
promising sources of potential new drugs (10-12). O. 
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japonicus is an evergreen, sod-forming perennial plant that 
is widely used in traditional Chinese medicine (TCM). The 
root tuber is the medicinal part of O. japonicus and exerts 
its antitumor activity by enhancing the immune response 
of the body against cancer (13-15). Extensive studies have 
revealed that the major active ingredients in O. japonicus 
are polysaccharides, which can not only reduce the toxicity 
caused by chemotherapy drugs, but also possess synergistic 
antitumor activity (16,17).

An endophyte is an endosymbiont that lives within a 
healthy plant in its extracellular space or inside the cell. A 
large number of studies have reported that the medicinal 
active ingredients produced by endophytes isolated 
from medicinal plants showed anti-tumor, antibacterial, 
antiviral and anti-oxidant activities (18-20). Microbial 
exopolysaccharides (EPSs) are metabolic products of 
entophytes that accumulate on the microbial cell surface (21).  
Numerous studies have reported its biological functions, 
such as protection against environmental stressors and as a 
component of mucous membranes (22).

In a previous study, our group investigated an entophytic 
microorganism isolated from O. japonicus and was the first to 
discover the antitumor exogenous polysaccharide from the 
entophytic microorganism (23). In this study, we explored 
the effect of EPSs extracted from the O. japonicus endophyte 
MD4 on the proliferation and migration of the gastric 
cancer cell line MC-4.

Methods 

Cell culture

The human gastric cancer cell line MC-4 was obtained 
from the Zhejiang Provincial Center for Disease Control 
and Prevention (Zhejiang CDC). MC-4 cells were cultured 
in RPMI-1640 culture medium (Genome Biotechnology, 
Hangzhou, China) supplemented with 10% (v/v) fetal 
bovine serum (Zhejiang Tianhang Biotechnology Co., Ltd., 
Hangzhou, China), 100 U/mL penicillin and 100 μg/mL 
streptomycin under 37 ℃, 5% CO2, and water saturated 
humidity conditions.

Isolation of the endophytic bacteria MD4 from O. japonicus

The fresh roots of O. japonicus were rinsed with sterile water 
to remove the sediment from the root surface. Then, the 
root surface was washed with 75% ethanol for 30 s, and 
rinsed with sterile water 3 times, followed by 0.1% mercuric 
chloride for 5 min. The root samples were sectioned into 

4–6 mm slabs using a sterile scalpel and then transferred 
onto lysogeny broth (LB) plates, followed by incubation 
at 37 ℃ for 14 days. This length of time allows the 
growth of endophytic bacteria from the sections. A single 
bacterial colony was picked from an LB medium plate for 
purification. The purifying process was repeated several 
times. The purified bacteria, temporarily named MD4, were 
inoculated into 5 mL LB liquid medium in conical flasks 
maintained at 37 ℃ and cultured 12 h prior to use.

Identification of the endophytic bacteria MD4

After 12 h cultured, the bacteria in LB liquid medium 
were separated by centrifugation (12,000 rpm, 1 min). 
After removing the supernatant, the bacterial pellet was 
scraped into a 2 mL centrifuge tube, washed with TE buffer  
(1 mL, 1 M Tris-HCl, 0.5 M EDTA; pH 8.0) and 
centrifuged (12,000 rpm, 1 min). After discarding the 
supernatant, the isolated endophytic bacteria were 
resuspended in 200 μL TE buffer with 50 μL lysozyme and 
incubated at 37 ℃ for 60 min with gentle agitation. A total of 
10 μL of proteinase K was added to the suspension, followed 
by incubation at 37 ℃ for 30 min with gentle agitation. The 
suspension was then supplemented with 40 μL 10% SDS 
and incubated at 37 ℃ for 30 min with gentle agitation. 
Subsequently, the suspension was mixed with NaCl (100 μL,  
5 M) and sodium acetate solutions (200 μL, 3 M). Equal 
volumes of chloroform and isoamylol were added to the 
suspension, and the sample was gently shaken for seconds. 
Following incubation at room temperature for 5 min, 
the mixture was centrifuged (8,000 rpm, 10 min), and the 
supernatant was transferred into precooled isopropanol and 
maintained for 5 min. Following centrifugation (12,000 rpm,  
10 min), the deposit was washed with 1 mL 70% ethanol 
and dried by evaporation at room temperature. The final 
deposits (dissolved in 30 μL high-salt TE buffer) were 
collected for the following analysis. After electrophoresis 
was conducted in a 1% (w/v) agarose gel, the gel was 
stained with ethidium bromide and visualized with UV. 
PCR was conducted using the universal primers (forward, 
5 ' -AGAGTTTGATCCTGGCTCAG-3' ;  reverse , 
5'-AAGGAGGTGATCCAGCCGCA-3') to determine the 
16S rDNA gene sequence. PCR amplification consisted of an 
initial denaturation at 94 ℃ for 5 min followed by 30 cycles  
(denaturation at 94 ℃ for 1 min, annealing at 55 ℃  
for 1 min and extension at 72 ℃ for 2 min) and a final 
extension at 72 ℃ for 8 min. Amplified DNA was sequenced 
by Takara Biotechnology Co., Ltd. The sequence of 16S 
rDNA was subjected to BLAST analysis with the NCBI 
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database and aligned by using the multiple sequence 
alignment program, CLUSTAL X. A phylogenetic analysis 
was performed using MEGA 5.0. The evolutionary history 
was inferred using the neighbor-joining method.

EPSs extraction

The endophyte MD4 was seeded in beef extract peptone 
medium (3.0 g beef extract, 10.0 g peptone and 5.0 g NaCl 
dissolved in 1,000 mL) and incubated at 37 ℃ for 48 h while 
shaking, to increase the bacterial concentration. Following 
centrifugation (3,600 rpm, 30 min), the supernatant of 
the bacterial suspension was treated with activated carbon 
(Huadong Medicine Co. Ltd., Hangzhou, China) to 
bleach the medium and incubated at 40 ℃ for 30 min. 
After the removal of the activated carbon, the supernatant 
was concentrated by rotary evaporation, then the Sevag  
(4:1 ratio of chloroform to normal butanol) method was used 
to dislodge the proteins. EPSs were extracted by ethanol 
precipitation, and the final precipitate was dissolved in PBS and 
then dialyzed with PEG 20000 (Sinopharm Chemical Reagent 
Co. Ltd., Shanghai, China) to obtain the desired MD4-EPS 
for our further experiments. The total carbohydrate content, 
as well as MD4-EPS concentrations in the precipitated EPSs, 
was evaluated using the phenol-sulfuric acid method.

MTT assay

The MTT test was used to assay cell proliferation. The 
succinate dehydrogenase in the mitochondria of living 
cells reduces the exogenous MTT to the water-insoluble 
blue-purple crystalline formazan and deposits in the 
cells, whereas dead cells have no such function. Within a 
certain number of cells, the amount of crystallization of 
MTT was proportional to the number of cells. MC-4 cells  
(2×105 cells /mL) were seeded onto a 96-well plate and 
incubated for 24 h. Subsequently, the cells were treated 
with different concentrations of MD4-EPS (0.84, 1.26, 1.68, 
2.10, 2.52, 2.94 and 3.36 μg/μL) and incubated at 37 ℃ with 
5% CO2 for 24 h. MTT solution (20 μL) was added to each 
well, the samples were and incubated for 4 h. The optical 
density (OD) was measured at a wavelength of 492 nm in a 
Labsystems Multimode Reader (Labsystems, Finland), and 
the viability rate was calculated from three independent 
biological replicates. The control group was used as the 
reference group with cell viability set at 100%.

Wound healing assay

MC-4 cells (2×105 cells/well) were seeded onto 12-well 

plates. The cells were cultured under standard conditions 
for approximately 24 h. When the cells reached a 
confluence of approximately 80%, scratch wounds were 
made by scraping a line with a sterile 200 μL pipette tip, and 
then the cells were washed 3 times with PBS. The cells were 
then treated with three different concentrations of MD4-
EPS (0.84, 1.68 and 3.36 μg/μL) and incubated at 37 ℃ and 
5% CO2 for 24 h to allow the migration into the cell-free 
areas from the surrounding monolayer. After incubation 
for 24 h, the wound closure was photographed with a light 
microscope at 40× magnification. Relative quantitation of 
the cell migration index was quantified using Image-Pro 
Plus 6.0 analysis software.

Gelatin zymography assay

MMP2 and MMP9 enzymatic activities were analyzed 
using gelatin zymography. MC-4 cells (2×105 cells/well) 
were plated in 6-well plates and treated with different 
concentrations of MD4-EPS (0.84, 1.68 and 3.36 μg/μL) 
in the wound healing assay. After incubation for 24 h, the 
culture media were collected and centrifuged (1,000 rpm, 
10 min) at 4 ℃ to remove cell debris. The supernatant 
was collected and mixed with sample loading buffer  
(50 mM Tris-HCl pH 6.8, 10% glycerol, 1% SDS, 0.01% 
bromophenol blue) without DTT to denature MMPs. The 
samples were loaded onto a 7.5% SDS-polyacrylamide gel 
(containing 0.1% gelatin). Then, the gel was soaked twice 
for 30 min in 2.5% Triton-X-100 to remove SDS and 
transferred into the incubation buffer (50 mM Tris-HCl pH 
7.5, 5 mM CaCl2, 1 μM ZnCl2 and 0.05% NaN3) at 37 ℃  
for 18–20 h. The gel was immersed in staining solution 
(0.05% Coomassie blue RR-250, 30% methanol and 10% 
acetic acid in dH2O) for 3 h and subsequently in destaining 
solution (5% methanol and 10% acetic acid in dH2O) for  
30 min. After the action of MMP2 and MMP9, the gel was 
decomposed, and the sites affected by the enzyme showed 
transparent bands. The visualized bands indicated the presence 
of MMPs with gelatinolytic activity. The comparison with 
standard protein marker bands indicated that MMP2 was 
detected by the clear band at 72 kDa and MMP9 at 92 kDa.

Enzyme-linked immunosorbent assay (ELISA)

MC-4 cells were seeded as previously described in 
the wound healing assay and treated with different 
concentrations of MD4-EPS for 24 h. After incubation, 
the cell culture medium was collected and centrifuged 
(1,000 rpm, 10 min) to remove the cells. The supernatant 
was transferred to new tubes and stored at −80 ℃. 
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MMP9 and MMP2 ELISA kits (ExCell Biology, Inc., 
Shanghai, China) were used to detect MMP9 and MMP2 
concentrations in the cell culture supernatants, according 
to the manufacturer’s protocol. The OD was measured at 
450 nm in the Labsystems Multimode Reader (Labsystems, 
Finland), and each group was analyzed in triplicate. MMP9 
and MMP2 concentrations were determined by a reference 
curve plotted using the kit-provided standards.

Statement of ethics approval

This manuscript does not need any ethics approval because 
the experimental materials are MC-4 cells.

Statistical analysis

All experiments were performed in triplicate. Data are 

shown as the mean ± standard deviation (SD). The 
Windows-based SPSS software (version 16.0) was used 
for statistical analysis. The MTS cell viability, migration 
rate, enzymatic activity and protein secretion level data 
were subjected to one-way analysis of variance (ANOVA), 
followed by Fisher’s least significant difference (LSD) 
post hoc test. P<0.05 indicated a statistically significant 
difference.

Results

Isolation and identification of endophytic bacteria from  
O. japonicus

As shown in Figure 1A, endophytic bacteria were isolated 
from slices of the tuberous roots of O. japonicus on LB plates. 
A single bacterial colony was picked from LB medium plates 
for purification (Figure 1B). A gram-positive bacterium, 

Staphylococcus cohnii isolate CV38 (AJ717378.1) 
Staphylococcus sp. 401C7-4 (HM222651.1)

Staphylococcus cohnii isolate B1 (HG941657.1) 
Staphylococcus sp. JGTA-R4 (KT805412.1)
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Staphylococcus cohnii strain NM7-1 (HM218041.1)

Staphylococcus sp. JY04 (EU798945.1)
Endophytic bacterium MD4 (HM14040412.1)

Staphylococcus cohnii subsp. urealyticus strain CK27 (NR 037046.1)
Staphylococcus sp. KL8 (JN695710.1)
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Figure 1 Isolation and evolutionary relationships of endophytic bacteria from O. japonicus. (A) Growth of endophytic bacteria from slices 
of the tuberous roots of O. japonicus on LB plates. (B) Sticky colonies of the endophytic bacteria growing throughout the LB medium.  
(C) Evolutionary analyses were conducted in MEGA5. The evolutionary history of the endophytic bacterium MD4 was inferred using the 
neighbor-joining method based on 16S rDNA gene sequences. LB, lysogeny broth.
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named MD4, with sticky colony characteristics was isolated 
from the inner section of O. japonicus and confirmed as 
Staphylococcus sp. A partial sequence of the 16S rDNA gene 
was identified and deposited in GenBank at NCBI (Figure 1,  
Accession No. HM140412.1). Evolutionary analyses were 
conducted in MEGA5. As shown in Figure 1C, BLAST 
analysis revealed that MD4 demonstrated the highest 
similarity (99%) with Staphylococcus sp. A neighbor-joining 
dendrogram was constructed for the phylogenetic analysis of 
the endophyte bacterium MD4. The percentage of replicate 
trees in which the associated taxa clustered together in the 
bootstrap test (500 replicates) is shown above the branches. 
The evolutionary distances were computed using the 
maximum composite likelihood method and are reported as 
the number of base substitutions per site.

Concentrations of EPSs extracted from the endophyte MD4

Using the phenol-sulfuric acid method, MD4-EPS 
concentrations were obtained by a standard curve using a 
glucose solution. The results of the phenol sulfuric acid 

method showed that the purified EPS concentration from 
MD4 was 28.068 μg/μL.

Effects of MD4-EPS on MC-4 cell proliferation

Cell viability was evaluated by MTT assay after 24 h of 
treatment with EPS. The statistical analysis of cell viability 
is shown in Figure 2A,B,C. When MC-4 cells were treated 
for 24 h with graded concentrations of MD4-EPS (0.84, 
1.26, 1.68, 2.10, 2.52, 2.94 and 3.36 μg/μL), the cells 
decreased in size and presented a spherical appearance. 
Besides, MC-4 cell viability gradually decreased with 
increasing MD4-EPS concentration. In addition, the IC50 
value of the MD4-EPS was 0.891 μg/μL. Therefore, the 
results of MTT assay showed that MC-4 cells treated with 
MD4-EPS inhibited cell proliferation in a concentration-
dependent manner.

Effect of MD4-EPS on migration

The effect of the EPSs extracted from the endophyte MD4 
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Figure 2 Effect of MD4-EPS on the inhibition of proliferation in vitro. (A) Untreated MC-4 cells in the control group cultured for  
24 h and visualized using microscopy. (B) MC-4 cells treated with 0.84 μg/μL MD4-EPS for 24 h and visualized using microscopy. (C) The 
results of the MTT assay showed that MD4-EPS treatment inhibited MC-4 cell proliferation in a concentration-dependent manner. Cell 
viability rates of MC-4 cells treated with 0.84, 1.26, 1.68, 2.10, 2.52, 2.94 and 3.36 μg/μL MD4-EPS for 24 h and analyzed by MTT assay  
(**, P<0.01). EPS, exopolysaccharide. (B,C) The staining method is water-insoluble blue-purple crystalline formazan.
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on the migration of MC-4 cells was quantified using the cell 
wound healing assay. The effect of MD4-EPS on cell migration 
was assessed with wound margin analysis (Figure 3A,B).  
As shown in Figure 3C, at high EPS concentrations, 
the cells became round, and some of them were shed 
and suspended in culture medium. Microscopic analysis 
indicated that MD4-EPS decreased the migration rate 
of MC-4 cells in a dose-dependent manner compared 
with normal cells and cells in the PBS negative control 
group. The migration of MC-4 cells was significantly 
inhibited at the MD4-EPS concentration of 1.68 μg/μL, 
whereas the cells of the control group and the negative 
control PBS group did not show any inhibition in their 
migration ability. It can be seen from the results of the 
wound healing assays that EPSs exhibited a strong ability 
to inhibit migration. When EPSs were added to the cells, 
they inhibited cell migration, while the cells in the control 
group and the PBS group maintained their original 
migration ability.

Effect of MD4-EPS on MMP2 and MMP9 enzymatic 
activities

The gelatin zymography analysis results showed that the 
migration-related enzymatic activities of MMP2 and MMP9 
were decreased after EPS treatment. As shown in Figure 4A,  
the results indicated that MMP2 enzymatic activity 
decreased as the concentration of MD4-EPS increased. 
MMP9 also showed decreased enzymatic activity due to 
MD4-EPS treatment, but the inhibitory effect on MMP9 
was stronger than the effect on MMP2.

Effect of MD4-EPS on MMP2 and MMP9 protein 
secretion levels

ELISA assays evaluated MMP2 (Figure 4B) and MMP9 
(Figure 4C) protein concentrations in the cell culture 
medium after MD4-EPS treatment. Our results showed 
that MMP2 and MMP9 protein levels were gradually 

Figure 3 Effect of MD4-EPS on the inhibition of migration in vitro. The results of the cell wounding assay showed that MD4-EPS 
treatment inhibited MC-4 cell migration in a concentration-dependent manner. MC-4 cells were treated with 0.84, 1.68 and 3.36 μg/μL 
MD4-EPS, and the gap was visualized using microscopy at 0 h (A) and 24 h (B) (20×). (C) The cell migration index was quantified, showing 
the changes in migration levels with increasing MD4-EPS concentration (**, P<0.01). EPS, exopolysaccharide. 
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Figure 4 Effect of MD4-EPS on the activation and the protein secretion levels of MMP2 and MMP9. The gelatin zymography analysis demonstrated 
that the activation levels of MMP2 and MMP9 were reduced after EPS treatment. (A) MMP2 enzymatic activity decreased as the concentration 
of MD4-EPS increased, and the enzymatic activity of MMP9 was markedly downregulated compared to that of the control. The concentrations 
of MMP9 and MMP2 in the cell culture supernatants as detected by ELISA after the MD4-EPS treatments at different concentrations for 24 h.  
The gel was immersed in staining solution (0.05% Coomassie blue RR-250, 30% methanol and 10% acetic acid in dH2O) for 3 h and subsequently in 
destaining solution (5% methanol and 10% acetic acid in dH2O) for 30 min. (B) The levels of MMP2 gradually decreased after treatment with EPSs 
(*, P<0.05; **, P<0.01). (C) Compared with the PBS group, the secretion of MMP9 was also suppressed significantly by a low concentration of EPSs  
(*, P<0.05; **, P<0.01). There were no significant differences between the control group and the PBS group. (*, P<0.05; **, P<0.01). EPS, 
exopolysaccharide. 

reduced in a concentration-dependent manner with the 
increasing concentration of MD4-EPS compared with the 
PBS group. Moreover, there were no significant differences 
between the control group and the PBS group.

Discussion

In the present study, we explored the antitumor effect 
of EPSs extracted from the endophyte MD4, which was 
identified as Staphylococcus sp. based on 99% similarity in the 
partial sequence analysis of 16S rDNA. According to the 
most recent publications, the antitumor ability of EPSs from 
endophytes is mainly due to the effect of EPS on the immune 
system and on the induction of tumor cells apoptosis (24).

The main biological characteristics of tumor cells are 
uncontrolled proliferation and high migration ability (25,26).  
The proliferation of MC-4 cells was reduced in a 

concentration-dependent manner by MD4-EPS. According 
to the results of wound healing assays, EPSs exhibited 
strong abilities to inhibit migration. When EPSs were 
added to the cells, they inhibited cell migration, while 
the cells in the control and PBS groups maintained their 
original migration ability. These results suggested that 
MD4-EPS significantly reduced MC-4 cell proliferation 
and further affected migration.

MMPs degrade collagen type IV in the basement 
membrane, and they have a close relation with malignant 
tumor infiltration and migration (27-29). In this study, the 
antitumor effect of EPSs was exerted by the inhibition of 
MMP2 and MMP9 protein activation and secretion. Indeed, 
the results of the gelatin zymography assay showed that 
MMP2 and MMP9 enzymatic activities were suppressed 
by the gradual increase in MD4-EPS concentration. 
ELISA showed the same trend in the secretion of MMP2 
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and MMP9 protein into the basement membrane after 
treatment with MD4-EPS. It seems that the MD4-EPS 
inhibition of MC-4 cell proliferation was mediated by 
decreasing the secretion of MMP2 and MMP9. In other 
words, MC-4 cell migration was inhibited by EPSs that 
were also linked to the downregulation of MMP2 and 
MMP9. Furthermore, MMP2 and MMP9, two important 
members of the MMP family involved in the degradation of 
the extracellular matrix, exist in various bodily tissues (30).

In this study, we found that the enzymatic activities of 
MMP2 and MMP9 protein were significantly suppressed by 
MD4-EPS. This result can be explained by the abnormally 
high levels of MMP2 and MMP9 in gastric cancer cells that 
increase the degradation of the ECM and break the basal 
membrane, thereby leading to tumor migration (31,32). 
Our results also provide evidence for additional treatments 
targeting the pathogenesis of gastric cancer migration 
and for the development of drugs that target MMP2  
and MMP9.

Cell proliferation is a normal physiological process 
occurring in every tissue of the body (33). Under normal 
conditions, cell proliferation and programmed cell death 
exist in a balance (34). However, in gastric cancer cells, this 
balance is disrupted by uncontrolled cell proliferation (35).  
Therefore, inhibiting cell proliferation is considered to 
be an effective approach to cancer therapy. Numerous 
signaling pathways have been reported to be involved in 
the cell proliferation of cancer cells, such as the Wnt, JAK/
STAT, PI3K/Akt and MAPK signaling pathways (36,37). 
The MAPK signaling pathway is the key signaling pathway 
in gastric cancer cells, and it manipulates cell proliferation 
and migration by regulating MMPs or other proteins (38). 
In this study, MMPs in MC-4 human gastric cancer cells 
were significantly downregulated by MD4-EPS treatment, 
suggesting the potential effects of MD4-EPS on the MAPK 
signaling pathway, which will be studied in the future.

Conclusions

In summary, EPSs clearly showed an antitumor effect via 
MD4-EPS treatment by inhibiting cell proliferation and 
migration. 
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