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Background: Characterized by aggressive proliferation, extensive stromal fibrosis, and result-

ing drug resistance, peritoneal dissemination in gastric cancer remains associated with poor 

prognosis. Interaction between cancer and stromal cells accelerates tumor progression via 

epithelial–mesenchymal transition (EMT), which is one of the major causes of tissue fibrosis, 

and human peritoneal mesothelial cells (HPMCs) play important roles as cancer stroma in 

peritoneal dissemination. Transforming growth factor-β (TGF-β) has a pivotal function in the 

progression of EMT, and Smad proteins play an important role in the TGF-β signaling pathway. 

Eribulin mesylate (eribulin), a nontaxane microtubule dynamics inhibitor used for the treat-

ment of advanced breast cancer, inhibits EMT changes in triple-negative breast cancer cells. We 

examined its ability to inhibit tumor progression and EMT changes resulting from the interaction 

between gastric cancer cells and HPMCs and to act synergistically with 5-fluorouracil (5-FU), 

a key drug for gastric cancer. 

Materials and methods: Proliferation of gastric cancer cells and HPMCs isolated from 

healthy omentum was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

assay. Following gastric cancer cell/HPMC coculture, EMT markers were detected by immu-

nofluorescence, immunohistochemistry, and Western blotting; invasion assays were performed; 

and TGF-β and Smad phosphorylation were assessed by Western blotting and enzyme-linked 

immunosorbent assay. A mouse fibrotic tumor xenograft model was established using gastric 

cancer cell/HPMC cocultures. The effect of eribulin and/or 5-FU was tested in each case.

Results: Eribulin significantly suppressed gastric cancer cell proliferation and EMT changes 

in MKN-45 gastric cancer cells and HPMCs induced by their interaction in vitro. Eribulin 

inhibited EMT at much lower concentrations (≥0.5 nM for MKN-45 and ≥0.1 nM for HPMCs) 

than its half maximal inhibitory concentrations (2.2 nM for MKN-45 and 8.1 nM for HPMCs), 

and this resulted, at least partly, from the downregulation of TGF-β/Smad signaling. Eribulin 

administration of ≥0.1 mg/kg suppressed tumor progression (0.1 mg/kg, p=0.02), and fibrosis 

was inhibited by lower dose (0.05 mg/kg, p=0.008) in the xenograft model. Furthermore, 0.05 

mg/kg administration with 5-FU brought about synergistic antitumor effects (p=0.006).

Conclusion: Low-dose eribulin combined with 5-FU might be a promising therapy for peri-

toneal dissemination in gastric cancer.

Keywords: peritoneal dissemination, cancer–stromal interaction, human peritoneal mesothelial 

cell, TGF-β, Smad, synergism
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Introduction
Gastric cancer is one of the most common malignancies 

worldwide, with estimated 951,600 new cases and 723,100 

associated deaths in 2012.1 Peritoneal dissemination is the 

most common mode of metastasis in gastric cancer and 

a critical indicator of poor prognosis.2,3 Although various 

approaches to the treatment of peritoneal dissemination have 

been assessed, including systemic and/or intraperitoneal 

chemotherapy, extensive intraoperative peritoneal lavage, 

and aggressive surgery, satisfactory outcomes have not been 

achieved.4–9 Peritoneal dissemination is characterized by rapid 

cancer cell infiltration and proliferation accompanied by 

extensive stromal fibrosis, causing potentially fatal disorders 

such as bowel obstruction, hydronephrosis, and jaundice 

and acquired drug resistance.10,11 Therefore, new treatment 

strategies addressing proliferation and fibrosis in peritoneal 

dissemination of gastric cancer are needed.

Recently, tumor progression has been recognized as 

the product of an evolving cross talk between cancer cells 

and the surrounding tissue or tumor stroma.12 Fibroblasts 

in cancer stroma, known as cancer-associated fibroblasts 

(CAFs), express receptors of several cytokines and chemo-

kines and can produce growth factors as well as cytokines 

and chemokines themselves, including transforming growth 

factor-β (TGF-β), vascular endothelial growth factor, and 

hepatocyte growth factor, which affect the invasiveness of 

cancer cells.13–16 Simultaneously, cancer cells also produce 

stroma-modulating growth factors, including members of 

the fibroblast growth factor family, platelet-derived growth 

factor, epidermal growth factor receptor (EGFR), interleu-

kins, and TGF-β, stimulating stromal cell proliferation and 

fibrosis.17,18 Moreover, fibroblast activation protein (FAP), a 

transmembrane serine protease highly expressed in CAFs and 

>90% of human epithelial neoplasms, supports tumorigenesis 

mechanisms such as tissue remodeling and immunosup-

pression.19 We previously reported that human peritoneal 

mesothelial cells (HPMCs), a monolayer of mesothelial cells 

covering the peritoneal cavity, play important roles as CAFs 

of peritoneal dissemination in gastric cancer and contribute 

to cancer cell growth and fibrosis via epithelial–mesenchymal 

transition (EMT).20

EMT, originally identified as a central process in early 

embryonic development, is characterized by the loss of the 

epithelial marker, together with increased expression of 

mesenchymal markers.21,22 EMT correlates well with tumor 

progression, fibrosis, chemoresistance, and metastasis in many 

cancers.22–24 TGF-β is a common initiator of EMT.25 In the 

tumor microenvironment, gastric cancer cell–derived TGF-β 

stimulates CAF proliferation and fibrosis of the stroma, while 

the production of this cytokine by fibroblasts increases the 

invasiveness and migration of gastric cancer cells.26,27 Fur-

thermore, TGF-β-mediated activation of HPMCs induces an 

EMT-like process to adopt the fibroblast- or myofibroblast-like 

phenotype with FAP expression on the cell membrane, and 

fibrotic tumors with characteristics of advanced progres-

sion have been established by the injection of cocultured 

gastric cancer cells and HPMCs in a subcutaneous xenograft 

model.20,28 Thus, controlling EMT is considered a promising 

therapeutic strategy to suppress cancer progression and organ 

fibrosis, which is often found in metastatic lesion.

Eribulin mesylate (eribulin) is a nontaxane microtubule 

dynamics inhibitor and has been approved for locally recur-

rent or metastatic breast cancer and malignant soft tissue 

tumors.29–31 Eribulin prevents normal mitotic spindle forma-

tion, leading to irreversible mitotic blockage in G2/M phase 

and subsequent cell death by apoptosis. Interestingly, two 

separate phase III clinical trials involving metastatic breast 

cancer patients have suggested that eribulin has more pro-

nounced effects on overall survival (OS) than on progression-

free survival.32,33 It has recently been reported that eribulin 

triggers a shift from mesenchymal to epithelial phenotype 

via reversal of EMT to mesenchymal–epithelial transition 

(MET) in triple-negative breast cancer, which might lower 

the incidence of new metastases and prolong OS.34

The purpose of the present study was to evaluate eribulin’s 

inhibitory effects on proliferation and EMT changes induced 

by interaction between gastric cancer cells and HPMCs and 

to assess its influence on tumor growth and fibrosis using 

our established fibrotic tumor model. Moreover, we tested 

for synergistic effects resulting from the administration of 

eribulin together with another antitumor agent.

Materials and methods
Patients and cell lines
Surgical specimens of human omentum were obtained from 

patients with no evidence of peritoneal inflammation and/or 

malignancy who underwent surgery in Kanazawa University 

Hospital between April and December 2015. Donors were 

not subjected to chemotherapy or radiation treatment prior 

to surgery. All patients provided written informed consent 

prior to participation in the study. The study was approved 

by the Research Ethics Committee of Kanazawa University. 

HPMCs were isolated from surgical specimens of human 

omentum as previously described.35 Briefly, small pieces 

of omentum were surgically resected and incubated in 

prewarmed phosphate-buffered solution (PBS) containing 
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0.125% trypsin–EDTA (Gibco®/Invitrogen®; Thermo Fisher 

Scientific, Waltham, MA, USA) for 30 minutes at 37°C. The 

resulting suspension was then centrifuged at 1500 rpm for 

5 minutes, and the collected cells were cultured in Roswell 

Park Memorial Institute (RPMI)-1640 medium (Gibco/Invi-

trogen) containing 20% heat-inactivated fetal bovine serum 

(FBS; Nichirei Biosciences Inc., Tokyo, Japan) at 37°C in 

a humidified atmosphere of 5% CO
2
 in air. Cells from the 

second or third passage after primary culture were used in 

subsequent experiments.

The human gastric cancer cell lines MKN-45, MKN-74, 

and MKN-7 were purchased from the Japanese Collection of 

Research Bioresources Cell Bank (Osaka, Japan). MKN-45 

cells were derived from a hepatic metastatic tumor with a 

microscopic phenotype of a solid type of poorly differentiated 

adenocarcinoma (por1), MKN-74 cells from a hepatic meta-

static tumor with a microscopic phenotype of a moderately 

differentiated tubular adenocarcinoma (tub2), and MKN-7 

cells from metastatic foci to lymph nodes with a microscopic 

phenotype of a well-differentiated tubular adenocarcinoma 

(tub1).36,37 OCUM-2MD3, a human scirrhous gastric cancer 

cell line with high peritoneal-seeding activity, was kindly 

provided by the Department of Surgical Oncology of Osaka 

City University of Medicine (Osaka, Japan).38 MKN-45, 

MKN-74, and MKN-7 cells were maintained in RPMI-1640 

medium supplemented with 10% FBS, and OCUM-2MD3 

cells were cultured in Dulbecco’s modified Eagle’s medium 

(Thermo Fisher Scientific) containing 10% FBS.

Chemicals
Eribulin was kindly provided by Eisai Co. (Tokyo, Japan), 

and 5-fluorouracil (5-FU) was purchased from Sigma-Aldrich 

Co. (St. Louis, MO, USA). Each was reconstituted in PBS 

to the desired concentrations. 

Cell proliferation assay
The viability of gastric cancer cells and HPMCs treated 

with eribulin or 5-FU was determined with a standard 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide (MTT) assay. Briefly, 4×103 gastric cancer cells or 8×103 

HPMCs per well were seeded on 96-well plates and incubated 

for 24 hours at 37°C in a humidified environment containing 

5% CO
2
. The supernatant was then discarded and replaced 

with fresh serum-free medium. Eribulin or 5-FU was added 

to the medium at various concentrations (eribulin, 0.01–100 

nM; 5-FU, 0.01–100 μM), and 72 hours later, the supernatant 

was discarded, and MTT solution was placed in each well 

(500 μg/mL final concentration). Following incubation at 

37°C for 3 hours, the supernatant was removed, and 150 

μL of dimethyl sulfoxide (Wako, Osaka, Japan) was added. 

The absorbance of each well at 535 nm was measured using 

a microplate reader (Model 550; Bio-Rad, Tokyo, Japan). 

Percentage inhibition was determined by comparing the 

density of drug-treated cells with that of untreated controls. 

All experiments were repeated at least three times.

Combination effect of eribulin and 5-FU 
in vitro
To evaluate the combined effect of eribulin and 5-FU on 

cell proliferation in vitro, the combination index (CI) was 

calculated using MTT assays of MKN-45 cells, according 

to the following formula:39 CI = (D)1/(Da)1 + (D)2/(Da)2, 

where (Da)1 and (Da)2 are the concentrations required for 

single agents to achieve a drug effect of a% (in this experi-

ment, a = 50), and (D)1 and (D)2 are the concentrations 

of eribulin and 5-FU, respectively, used in combination to 

achieve the same effect. The CI values of <1, 1, and >1 indi-

cate, respectively, synergism, additivity, and antagonism of 

drug combinations.

Indirect coculture and serum-free 
conditioned medium (SF-CM)
Indirect cocultures were established as follows: One cell type 

(MKN-45 cells or HPMCs) was seeded on a 6-well plate, 

while the other was seeded in 1-μm-pore Boyden chambers 

(BD Falcon, Franklin Lakes, NJ, USA), both at a density of 

1×105 cells per well or chamber in RPMI medium containing 

10% FBS. After 2 days, the cells were washed twice with 

PBS, the chambers were placed into the wells of the plates, 

and the plates were incubated for 5 days in 2 mL of serum-free 

RPMI medium with or without 0.05–1.0 nM eribulin or 10 

μM 5-FU. Both cell types were also cultured alone (control) 

and exposed to eribulin or 5-FU under the same conditions. 

The SF-CM was harvested and centrifuged at 1500 rpm for 5 

minutes, passed through a 0.45-μm filter, and stored at −80°C 

until needed. The cells were used in subsequent experiments.

Phase-contrast microscopy
Changes in HPMC morphology were visualized by phase-

contrast microscopy. Images were collected using an inverted 

microscope (Nikon Corporation, Tokyo, Japan).

Immunofluorescence
To visualize E-cadherin and vimentin in MKN-45 cells and 

E-cadherin and α-SMA in HPMCs the cells were fixed in 

a 1:1 mixture of methanol and acetone for 10 minutes and 
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incubated at 4°C overnight with anti-E-cadherin (H-108, rab-

bit polyclonal IgG; Santa Cruz Biotechnology, Inc., Dallas, 

TX, USA), anti-vimentin (V9, mouse monoclonal IgG; Santa 

Cruz Biotechnology, Inc.), and anti-α-SMA (1A4, mouse 

monoclonal IgG; DakoCytomation, Glostrup, Denmark) 

antibodies, diluted at a ratio of 1:100. Following three PBS 

washes, slides were incubated with anti-mouse IgG-Alexa 

Fluor 488 and anti-rabbit IgG-Alexa Fluor 546 (diluted 1:400; 

Molecular Probes/Invitrogen) antibodies for 1 hour at room 

temperature. The slides were then stained with Hoechst 33258 

for 5 minutes to aid visualization of nuclei, before being 

observed under a fluorescence microscope (BX50/BX-FLA; 

Olympus, Tokyo, Japan). The mean fluorescence intensity 

of α-SMA was calculated in five different fields, randomly 

taken from three different experiments using a BZ-9000 BZII 

microscope (Keyence, Osaka, Japan).

Western blotting
Approximately 5×106 cells were lysed in RIPA buffer con-

taining 1% protease inhibitor cocktail (Sigma-Aldrich Co.). 

Proteins from each sample were subjected to sodium dodecyl 

sulfate–polyacrylamide gel electrophoresis on 12.5% gels 

and transferred to polyvinylidene difluoride membranes 

(Bio-Rad Laboratories Inc., Hercules, CA, USA), which 

were blocked with blocking solution (EzBlock containing 

0.1% Tween 20; ATTO Corporation, Tokyo, Japan) at room 

temperature for 30 minutes. Blots were incubated over-

night at 4°C with each primary antibody (see below) and 

subsequently exposed for 1 hour to appropriate horseradish 

peroxidase (HRP)-conjugated secondary antibodies. The 

immunoblots were visualized using ECL Plus reagents (GE 

Healthcare Japan Ltd., Tokyo, Japan) and the light capture 

system (ATTO Corporation) and were then quantified using 

the CS Analyzer system (ATTO Corporation). Primary 

antibodies against the following proteins were used (diluted 

1:200 and supplied by Santa Cruz Biotechnology, Inc., unless 

otherwise stated): E-cadherin (G-10, mouse monoclonal 

IgG), N-cadherin (8C11, mouse monoclonal IgG), vimentin 

(as above), Snail2 (H-140, rabbit polyclonal IgG), TGF-β1 

(TB21, mouse polyclonal IgG), α-SMA (as above, diluted 

1:5000), Smad2/3 (E-20, goat polyclonal IgG), and β-actin 

(AC-15, mouse monoclonal IgG, diluted 1:10,000; Sigma-

Aldrich Co.). Western blotting was also used to determine 

whether modulation of TGF-β1 transcriptional activity by 

eribulin correlated with a change in the phosphorylation 

state of Smad2. Subconfluent HPMCs were incubated with 

0.05–1 nM eribulin for 1 hour and then exposed to 5 ng/

mL recombinant human TGF-β1 (Sigma-Aldrich Co.) for 1 

hour, before Western blotting was performed using an anti-

phospho-Smad2 antibody (Ser467, rabbit polyclonal IgG, 

diluted 1:200; Santa Cruz Biotechnology, Inc.). 

Invasion assay
The effects of coculture on MKN-45 cell invasion were estab-

lished using BD BioCoat Matrigel® Invasion Chambers for 

24-well plates (BD Biosciences, Franklin Lakes, NJ, USA), 

following the manufacturer’s instructions. First, the Matrigel 

was rehydrated using 750 μL of serum-free medium, after 

which 750 μL of fresh medium containing 10% FBS was 

added to the lower chamber. Next, 0.5 mL of MKN-45 cells 

or MKN-45 cells + HPMCs (1×105
 cells/mL) in serum-free 

medium were seeded into the upper chamber (both the control 

membrane and Matrigel membranes were seeded with cells). 

After 24 hours, cells in the upper chamber were removed, 

and those having invaded through the Matrigel were fixed in 

100% methanol and stained with hematoxylin. Membranes 

were removed from inserts and mounted on slides. Using 

three membranes per group, invading cells were counted 

in several fields under a microscope with a 10× objective. 

Enzyme-linked immunosorbent assay 
(ELISA)
TGF-β1 concentration in SF-CM was measured using a 

Quantikine ELISA (R&D Systems, Wiesbaden, Germany) 

according to the manufacturer’s instructions.

Mouse xenograft model
All animal experiments were performed in accordance with 

the standard guidelines of Kanazawa University. Female 

immunodeficient BALB/c-nu/nu mice (Charles River 

Laboratories, Inc., Yokohama, Japan) of 4–6 weeks of age 

were maintained in a sterile environment. HPMCs were first 

stained with 4 μM PKH26 red fluorescent dye using a cell 

linker kit (Sigma-Aldrich Co.) following the manufacturer’s 

protocol. MKN-45 cells were cocultured with an equivalent 

number of HPMCs for 5 days, and a total of 5×106 cells in 

100 μL of RPMI-1640 medium were then subcutaneously 

injected into the dorsal side of each mouse on day 0. Eribulin 

(0.05, 0.1, 0.5, and 1.0 mg/kg) was administered on day 8 and 

5-FU (20 mg/kg) every 3 days from day 8 into the tail vein. 

Animals were carefully monitored, and tumor volumes and 

body weights were measured every 4 days. Tumor volume 

(V) was calculated according to the formula V = AB2/2, 

where A is the length of the major axis, and B is that of the 

minor axis. On day 28, tumor specimens were collected for 

histology and immunohistochemistry.
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Histology and immunohistochemistry
Tumor specimens obtained from subcutaneous tumors were 

shock-frozen in liquid nitrogen for fluorescence microscopy. 

Specimens were cryosectioned and mounted on a glass 

slide, air-dried, and immediately analyzed by fluorescence 

microscope (Olympus) using a standard filter setup for 

visualization of PKH26. Tumor specimens were then fixed 

in 10% neutral-buffered formalin and embedded in paraffin. 

Sections were treated with hematoxylin and eosin (H&E) and 

azan stain for the assessment of fibrosis, while antibodies 

against E-cadherin (H-108, as above, diluted 1:100), vimentin 

(IS630, mouse monoclonal IgG, ready-to-use; DakoCyto-

mation), and α-SMA (as above, diluted 1:100) were used 

for the immunohistochemical assessment of expression. 

Deparaffinized sections were pretreated by autoclaving in 

10% citric acid buffer (pH 8.0) at 120°C for 15 minutes. 

Following treatment with protein block serum (DakoCy-

tomation, Kyoto, Japan) for 10 minutes and 2% skim milk 

for 30 minutes to block nonspecific reactions, the sections 

were incubated with primary antibody at 4°C overnight. The 

EnVision polymer solution (HRP; DakoCytomation) was 

then applied for 1 hour. Proteins were visualized with 0.02% 

3,3’-diaminobenzidinetetrahydrochloride solution. The sec-

tions were then lightly counterstained with hematoxylin and 

examined using a fluorescence microscope (Olympus). The 

degree of fibrosis was calculated as a percentage of fibrosis 

within the whole section in all samples using a BZ-9000 BZII 

microscope (Keyence).

Statistical analysis
All data are expressed as means ± SD. Statistical analyses 

were conducted using SPSS Version 11.0 (SPSS Inc., Chi-

cago, IL, USA). Comparisons of drug effects were made 

using one-way analysis of variance or Student’s t-test. 

p-Values <0.05 were considered significant.

Ethics approval and consent to 
participate
All procedures followed were in accordance with the ethical 

standards of the responsible committees on human experi-

mentation (institutional and national) and with the Helsinki 

Declaration of 1964 and later versions. Written informed 

consent was obtained from all the patients.

All institutional and national guidelines for the care 

and use of laboratory animals were followed. Animals were 

treated in accordance with the Fundamental Guidelines for 

Proper Conduct of Animal Experiment and Related Activi-

ties in Academic Research Institutions, under the jurisdiction 

of the Ministry of Education, Culture, Sports, Science and 

Technology of Japan. All animal experiments were approved 

by the Committee on Animal Experimentation of Kanazawa 

University.

Results
Effects on cellular proliferation of eribulin 
alone or with 5-FU
The growth inhibitory effects of eribulin and 5-FU on gastric 

cancer cells and HPMCs were examined using MTT assays 

(Figure 1). Half maximal inhibitory concentration (IC
50

) 

values of 0.5–2.2 nM for eribulin and 4.9–9.7 μM for 5-FU 

were recorded with respect to cancer cells (those for MKN-45 

cells were 2.2 nM and 9.7 μM, respectively). Values of 8.1 nM 

and 17.9 μM, respectively, were observed using HPMCs. The 

CI was significantly <1 at all tested concentrations, revealing 

a synergism between these drugs in their effect on MKN-45 

cells (Table 1). 

Coculture-induced EMT changes in 
HPMCs and MKN-45 cells are inhibited 
by eribulin
Control HPMCs had a polygonal and cobblestone-like 

appearance, whereas HPMCs cocultured with MKN-45 cells 

demonstrated a spindle-shaped fibroblastic morphology. 

These morphological changes effected by coculture were 

attenuated by treatment with ≥0.1 nM of eribulin (Figure 2A). 

Immunofluorescence staining of HPMCs showed that the 

expression of the mesenchymal marker α-SMA increased 

due to coculture with MKN-45 cells (p<0.001) and was 

subsequently suppressed by ≥0.1 nM of eribulin treatment 

(0.1 nM p=0.01, 0.5 nM p<0.001; Figure 2A and B). West-

ern blotting also demonstrated that the increase in α-SMA 

(p=0.02) and decrease in E-cadherin expression in HPMCs 

cocultured with MKN-45 cells were mitigated by ≥0.1 nM 

of eribulin treatment (0.05 nM p=0.18, 0.1 nM p=0.03, 0.5 

nM p<0.001, 1 nM p<0.001; Figure 2C and D). 

Although no morphological changes in MKN-45 cells 

were observed (data not shown), those cocultured with 

HPMCs showed mesenchymal changes, which were reversed 

by eribulin administration. Immunofluorescence showed 

that the expression of vimentin was increased (p<0.001) 

and that of E-cadherin was decreased in MKN-45 cells 

cocultured with HPMCs and that these changes were attenu-

ated by ≥0.1 nM of eribulin (vimentin 0.1 nM p=0.03, 0.5 

nM p<0.001; Figure 3A and B). Western blotting revealed 

increased N-cadherin, vimentin (p=0.009), and Snail2 
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levels and diminished E-cadherin expression in MKN-45 

cells cocultured with HPMCs. Treatment with ≥0.5 nM of 

eribulin prevented these EMT-like changes (vimentin 0.05 

nM p=0.68, 0.1 nM p=0.16, 0.5 nM p=0.008, 1 nM p=0.007; 

Figure 3C and D). Furthermore, the invasiveness of MKN-45 

cells was enhanced by coculture with HPMCs (p=0.02) and 

attenuated by ≥0.1 nM of eribulin (MKN-45 0.1 nM p=0.02, 

0.5 nM p<0.001, 1 nM p<0.001; MKN-45 + HPMCs 0.1 nM 

p<0.001, 0.5 nM p<0.001, 1 nM p<0.001; Figure 3E). The 

reduced expression of EMT markers was not observed with 

10 μM 5-FU treatment (Figures 2C and D and 3C and D).

Eribulin regulates the TGF/Smad pathway
To examine the mechanism by which eribulin inhibits cellular 

EMT changes, the effects of coculturing cancer cells with 

HPMCs and eribulin treatment on the TGF-β/Smad pathway 

were investigated. ELISA demonstrated that TGF-β1 concentra-

tions were higher in supernatants from MKN-45 cell/HPMC 

Figure 1 Antiproliferative effects of eribulin and 5-FU on gastric cancer cell lines and HPMCs. 
Notes: Proliferation in the presence of eribulin or 5-FU was measured by MTT assay. Values shown are means ± SD of three experiments. Respective IC50 values of eribulin 
and 5-FU were 2.2 ± 0.6 and 9.7 ± 3.7 μM for MKN-45 cells (A), 0.7 ± 0.2 and 9.2 ± 0.9 μM for MKN-74 cells (B), 0.5 ± 0.1 and 4.9 ± 1.8 μM for MKN-7 cells (C), 1.7 ± 0.4 
and 9.1 ± 0.2 μM for OCUM-2MD3 cells (D), and 8.1 ± 0.6 and 17.9 ± 6.4 μM for HPMCs (E).
Abbreviations: 5-FU, 5-fluorouracil; HPMCs, human peritoneal mesothelial cells; IC50, half maximal inhibitory concentration; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide.
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Table 1 CI values for combinations of eribulin and 5-FU at 
different ratios, with respect to the MKN-45 cell line

Combination ratio: 5-FU (μM)/ 
eribulin (nM)

CI valuea

1:0.01 0.83
1:0.05 0.71
1:0.1 0.44
1:0.5 0.66
1:1 0.63

Notes: aCI values of <1, 1, and >1 indicate synergism, additivity, and antagonism, 
respectively.
Abbreviations: CI, combination index; 5-FU, 5-fluorouracil.
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Figure 2 Coculture with MKN-45 cells induces EMT-like changes in HPMCs that are diminished by pretreatment with eribulin. 
Notes: (A) Morphological changes in HPMCs observed by phase-contrast microscopy at 40× magnification and immunofluorescence staining of E-cadherin (red) and α-SMA 
(green; original magnification of 400×). (B) Quantitative evaluation of mean α-SMA intensity in immunofluorescence images. (C) Western blotting of E-cadherin, α-SMA, and 
Smad2/3; β-actin was used as a loading control. (D) Densitometry analyses of α-SMA expression were performed from three independent experiments. Data are expressed 
as means ± SD. **p<0.01 vs control (HPMCs + MKN-45, 0 nM eribulin), *p<0.05, ns: not significant.
Abbreviations: EMT, epithelial–mesenchymal transition; 5-FU, 5-fluorouracil; HPMCs, human peritoneal mesothelial cells.
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Figure 3 Coculture with HPMCs induces EMT-like changes in MKN-45 cells that are diminished by pretreatment with eribulin. 
Notes: (A) Immunofluorescence staining of E-cadherin (red) and vimentin (green) (original magnification of 400×). (B) Quantitative evaluation of mean vimentin intensity in 
immunofluorescence images. (C) Western blotting of E-cadherin, N-cadherin, vimentin, Snail2, and TGF-β1; β-actin was used as a loading control. (D) Densitometry analyses 
of vimentin expression were performed from three independent experiments. (E) Invasion assay using Matrigel invasion chambers. Values shown are means ± SD of three 
experiments. **p<0.01 vs control (MKN-45 + HPMCs, 0 nM eribulin), *p<0.05, ***p<0.01 vs control (MKN-45, 0 nM eribulin), #p<0.05, ns: not significant.
Abbreviations: EMT, epithelial–mesenchymal transition; 5-FU, 5-fluorouracil; HPMCs, human peritoneal mesothelial cells; TGF-β, transforming growth factor-β.
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cocultures than in those from separate cultures of each cell line 

(MKN-45 p=0.03, HPMCs p<0.001). Moreover, the suppres-

sion of TGF-β1 production in MKN-45 cell/HPMC cocultures 

was only detected by ≥0.5 nM of eribulin treatment (0.05 nM 

p=0.49, 0.1 nM p=0.06, 0.5 nM p=0.03, 1 nM p=0.03), which 

reduced proliferation of MKN-45 cells and HPMCs (Figures 

1 and 4A). Total expression of Smad2/3 of HPMCs was not 

affected by coculture with MKN-45 cells (Figure 2C). In con-

trast, TGF-β1 induced increased Smad2 phosphorylation in 

HPMCs (p<0.001), and pretreatment with ≥0.1 nM of eribulin 

significantly decreased this effect (0.05 nM p=0.22, 0.1 nM 

p=0.04, 0.5 nM p=0.01, 1 nM p=0.009; Figure 4B and C).

Effects of eribulin alone or with 5-FU in a 
subcutaneous fibrotic xenograft model
Consistent with our previous report, tumors derived from 

MKN-45 cell/HPMC cocultures without eribulin treatment 

were significantly larger than those formed by MKN-45 

cells alone 28 days postinoculation, and the implantation 

of HPMCs in coculture groups was confirmed by PKH26 

labeling (Figure 5A and C). H&E and azan staining revealed 

that fibrotic areas in tumors from cocultures were larger than 

those generated by MKN-45 cells alone (p=0.02; Figure 5C 

and D). Furthermore, the expression of α-SMA and vimentin 

was increased and that of E-cadherin was decreased in tumors 

derived from cocultures compared with those resulting from 

MKN-45 cells alone (Figure 5C). 

Coculture tumors in the ≥0.1 mg/kg of eribulin treat-

ment groups were significantly smaller than those in the 

untreated group (0.1 mg/kg p=0.02, 0.5 mg/kg p=0.001, 1 

mg/kg p<0.001; Figure 5A; concentrations ≥0.5 mg/kg not 

shown). To confirm the combination effect of eribulin and 

5-FU in vivo, 0.05 mg/kg eribulin and/or 20 mg/kg 5-FU 

was administered to nude mice carrying fibrotic xenograft 

tumors derived from MKN-45 cell/HPMC cocultures. 

Although tumor volume in the 0.05 mg/kg eribulin group 

was no less than that in the untreated group (p=0.59), 20 

mg/kg 5-FU alone inhibited tumor growth (p=0.002), and 

combining these drugs did so to an even greater extent 

(5-FU vs 5-FU + eribulin 0.05 mg/kg p=0.006; Figure 5A). 

No body weight loss was observed due to treatment with 

eribulin and/or 5-FU (eribulin 0.05 mg/kg p=0.49, eribulin 

Figure 4 Eribulin downregulates the TGF/Smad pathway by inhibiting Smad2 phosphorylation.
Notes: (A) ELISA of TGF-β1 levels in the SF-CM from eribulin-treated MKN-45 cell and HPMC cultures and cocultures. Values shown are means ± SD of three experiments. 
*p<0.05 vs control (0 nM eribulin), #p<0.05, ##p<0.01. (B) Western blotting of phosphorylated Smad2 (p-Smad2) in HPMCs after TGF-β1 exposure and pretreatment with 
eribulin at the indicated concentrations; β-actin was used as a loading control. (C) Densitometric analyses were performed from three independent experiments. Data are 
expressed as means ± SD. *p<0.05 vs control (coculture, 0 nM eribulin), ***p<0.01 vs control’ (TGF-β1+, 0 nM eribulin), **p<0.05, ns: not significant.
Abbreviations: ELISA, enzyme-linked immunosorbent assay; HPMCs, human peritoneal mesothelial cells; SF-CM, serum-free conditioned medium; TGF-β, transforming 
growth factor-β.
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Figure 5 Eribulin inhibits growth and EMT of MKN-45 cell/HPMC coculture-derived subcutaneous fibrotic xenograft tumors and demonstrates synergism with 5-FU. 
Notes: (A) Volumes of tumors derived from MKN-45 cell/HPMC cocultures in mice treated with eribulin and/or 5-FU. Each tumor volume was measured every fourth 
day (n=5). (B) Body weights of mice carrying tumor xenografts, expressed in relation to preinoculation weights. (C) H&E and azan staining, fluorescent labeling, and 
immunohistochemical staining of subcutaneous xenograft tumors 28 days after inoculation (original magnification of 200×). (D) The fibrotic area was measured and shown as 
percentage (fibrotic area/whole section area) of azan staining in (C). Data are expressed as means ± SD. ##p<0.01, #p<0.05, ns: not significant.
Abbreviations: EMT, epithelial–mesenchymal transition; 5-FU, 5-fluorouracil; H&E, hematoxylin and eosin; HPMCs, human peritoneal mesothelial cells; TGF-β, transforming 
growth factor-β.
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0.1 mg/kg p=0.74, 5-FU p=0.38, 5-FU + eribulin 0.05 mg/

kg p=0.39; Figure 5B). Furthermore, eribulin treatment 

increased E-cadherin expression, decreased α-SMA and 

vimentin expression, and substantially reduced fibrotic areas 

in coculture xenograft tumors (control vs eribulin 0.05 mg/

kg p=0.008, 5-FU vs 5-FU + eribulin 0.05 mg/kg p=0.03; 

Figure 5C and D).

Discussion
In the present study, we examined the effects of eribulin on 

proliferation and fibrosis in malignant gastric tumors in the 

context of cancer cell/HPMC interaction in vitro and in vivo. 

Furthermore, we revealed that combining eribulin with 5-FU, 

a key drug for gastric cancer, results in synergistic antitumor 

effects. Therefore, eribulin demonstrates the potential to be 

an important drug for the treatment of peritoneal dissemina-

tion in gastric cancer.

Diffusely infiltrating gastric cancer is characterized 

by cancer cell infiltration and proliferation accompanied 

by extensive stromal fibrosis. In peritoneal dissemination, 

cancer cells initially adhere to HPMCs and then to subme-

sothelial connective tissue after HPMC exfoliation. In the 

process, cancer cell–derived TGF-β activates and induces 

EMT-like changes in HPMCs, leading cancer cell infiltration 

into the submesothelial stroma.40 CAFs, including activated 

HPMCs, themselves also produce TGF-β, inducing EMT 

and promoting invasion and migration of cancer cells in the 

microenvironment.41 Via TGF-β signaling, stromal fibroblasts 

upregulate gastric cancer cell expression of CD44, which 

mediates adhesion to HPMCs, and α2 and α3 integrins, 

key molecules enabling adhesion to submesothelial compo-

nents.42,43 Moreover, activated HPMCs adopt a myofibroblast-

like phenotype and infiltrate the submesothelial basement 

membrane together with cancer cells, promoting proliferative 

and fibrotic processes as CAFs.20 It has been approved that 

even MKN-45, which is not derived from a scirrhous cancer 

and shows medullary tumor in vivo when implanted alone, 

demonstrated much fibrous and large xenograft tumor after 

coculturing with HPMCs.20 Thus, interaction between gas-

tric cancer cells and CAFs through TGF-β and EMT signals 

results in rapid progression of peritoneal dissemination with 

extensive stromal fibrosis, contributing to the poor prognosis 

associated with disseminated gastric cancer. 

Accordingly, new strategies based on cancer–stromal 

interactions should be urgently sought. We previously showed 

that angiotensin II receptor type 1 blockers, protein-bound 

polysaccharide K, tranilast, and low-dose paclitaxel can sup-

press EMT in vitro and in vivo by inhibiting TGF-β signaling 

or the TGF-β/Smad pathway, a major mechanism underlying 

EMT.28,44–46 Smad proteins normally bind microtubules in the 

absence of TGF-β and dissociate from them upon TGF-β 

stimulation. Dissociated Smad2 and Smad3 proteins become 

phosphorylated and form complexes with Smad4, before 

translocating from the cytoplasm to the nucleus, where they 

activate the transcription of EMT-related genes, including 

TWIST1, SNAIL1, SNAIL2, and ZEB1, among others.47

Taxanes such as paclitaxel stabilize polymerized microtu-

bules and enhance microtubule assembly by extensively bind-

ing to their inner surface, leading to cell cycle arrest and cell 

death.48 At doses much lower than that causing cytotoxicity, 

it appears that by inhibiting microtubule dynamics, paclitaxel 

can exert cytostatic effects, including the inhibition of Smad2 

phosphorylation.46 In contrast, eribulin irreversibly binds to 

the plus ends of microtubules with high affinity and selectiv-

ity to suppress dynamic instability by inhibiting microtubule 

growth with little or no effect on shortening.49 This mechanism 

is thought to explain the much stronger antitumor activity of 

eribulin on various cancer cell lines and its association with 

fewer clinical adverse effects, notably peripheral neuropathy, 

compared with other tubulin inhibitors.29,32,33 In this study, 

eribulin mesylate shows growth inhibitory effects for various 

gastric cancer cell lines derived from well, moderately, and 

poorly differentiated adenocarcinomas.

Interaction between MKN-45 cells and HPMCs mediated 

by humoral factors enhanced EMT changes in both cell types 

(cancer cell and CAF), altering HPMC morphology and 

intensifying MKN-45 cell invasiveness, as well as decreas-

ing expression of epithelial markers and increasing that of 

mesenchymal markers in both. Eribulin strongly suppressed 

such changes in both cell lines at lower concentrations than 

its IC
50

 and decreased TGF-β1 production in MKN-45 cell/

HPMC cocultures. However, eribulin’s restriction of TGF-β1 

production seemed insufficient to explain its inhibitory effect 

on EMT. Next, the TGF-β/Smad pathway was examined in 

TGF-β1-stimulated HPMCs. Eribulin pretreatment signifi-

cantly decreased TGF-β1-induced Smad2 phosphorylation. 

Thus, the inhibition of EMT by eribulin appears to occur, at 

least in part, via downregulation of the TGF-β/Smad pathway, 

and is chiefly based on decreased Smad2 phosphorylation, 

rather than on reduction of TGF-β1 synthesis in cancer cells 

and HPMCs. Further investigation may reveal that the mecha-

nism by which eribulin inhibits Smad phosphorylation differs 

from that of paclitaxel, owing to the different microtubule 

sites to which these molecules bind, as mentioned above. 

Using a subcutaneous fibrotic xenograft tumor model, we 

revealed that eribulin can suppress tumor growth and fibrotic 
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changes in vivo. Furthermore, 5-FU and eribulin affected 

MKN-45 cells synergistically, a phenomenon that resulted 

in remarkably reduced tumor growth in mice without body 

weight loss, even using an eribulin dose that failed to inhibit 

tumor progression when administered alone. Therefore, com-

bination therapy comprising low-dose eribulin and cytotoxic 

antineoplastic agents, such as 5-FU, may be a powerful tool 

for the treatment of peritoneal dissemination in gastric cancer. 

EMT has come to be recognized as an important factor in 

increased invasiveness and metastasis during cancer progres-

sion. In addition, recent evidence indicates that EMT changes 

result in resistance to several anticancer agents, including 

EGFR tyrosine kinase inhibitors, cisplatin, gemcitabine, 

and 5-FU.50–54 TGF-β-mediated EMT processes in a triple-

negative breast cancer cell line have been shown to bring 

about remarkable resistance to 5-FU and eribulin treatment 

to weaken this resistance by inducing MET.55 Moreover, 

recent reports have demonstrated that eribulin could induce 

remodeling of abnormal tumor vasculature and improve the 

perfusion of hypoxic inner tumor areas in breast cancer and 

soft tissue sarcoma.56,57 In general, microtubule stabilizers 

including taxane have antiangiogenic actions, and micro-

tubule destabilizers such as vinca alkaloids show vascular 

disrupting activities associated with collapse of existing 

vasculature.58,59 However, eribulin increases inner tumor 

core perfusion by vascular remodeling, which is caused by 

altered expression of genes regulating tumor vasculature, 

such as D114, NOTCH4, and EFNB2, in tumor stroma.56 

Following peritoneal dissemination, gastric cancer cells sur-

rounded by extensive stromal fibrosis are also exposed to a 

hypoxic environment, which promotes malignancy through 

upregulation of TGF-β signaling and the hypoxia-inducible 

factor pathway.60 Eribulin could remove the hypoxic stress 

associated with abnormal tumor microenvironments and 

increased ability of subsequently administered drugs to 

reach tumor areas that had previously been poorly perfused 

in peritoneal dissemination. Thus, the synergism between 

eribulin and 5-FU might be explained partially by allevia-

tion of 5-FU resistance via not only EMT inhibition, but also 

elimination of hypoxic stress associated with abnormal tumor 

microenvironments and improved drug delivery. 

A limitation of this study was the possibility that eribulin 

and 5-FU delivery differed between the subcutaneous fibrotic 

tumor model and the orthotopic implantation model. Further 

studies are therefore required to investigate the xenograft 

model of peritoneal dissemination with organ invasion and 

fibrosis.

Conclusion
Our findings indicated that eribulin can significantly suppress 

EMT changes resulting from interaction between gastric 

cancer cells and peritoneal cells by inhibiting the TGF-β/

Smad pathway and can restrict tumor growth and fibrosis in a 

mouse xenograft model. In addition, eribulin and 5-FU exert 

synergistic effects on tumor growth. Therefore, a combination 

of low-dose eribulin and 5-FU might be a promising therapy 

for peritoneal dissemination in gastric cancer. 
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