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Exosome-mediated peritoneal dissemination in gastric cancer
and its clinical applications (Review)
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Abstract. The prognosis of patients with peritoneal dissemina-
tion from gastric cancer is poor, and the underlying molecular
mechanism remains unclear. Exosomes, as macromolecular
phospholipid bilayer vesicles comprising of proteins, nucleic
acids and lipids, serve as mediators of cell-cell communica-
tion. Gastric cancer tumor-derived exosomes may be involved
in the pathological process of peritoneal dissemination by
mediating crosstalk between cancer cells and mesothelial
cells, to result in the induction of enhanced tumor growth,
migratory, adhesive and invasive abilities, peritoneal fibrosis
and apoptosis, mesothelial-to-mesenchymal transition, angio-
genesis and chemoresistance. The present review focuses on
previous studies addressing the exosome-dependent molecular
transfer in peritoneal dissemination in gastric cancer and the
potential clinical applications.
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1. Introduction

Peritoneal dissemination is detected in 14% of patients with
gastric cancer at the time of initial diagnosis, for whom the
median survival time is 4 months (1). Gastric cancer patients
with peritoneal dissemination cannot undergo radical surgery,
and the chemotherapeutic effect is limited due to inadequate
distribution of intravenous chemotherapy drugs, blocked by
the peritoneal barrier, and tumor chemoresistance (2). The
S-year survival rate of gastric cancer patients with peritoneal
dissemination is only 2% (3). Peritoneal dissemination is
among the most common patterns of recurrence in gastric
cancer patients (4). However, it remains unclear how peritoneal
dissemination exactly occurs, and there is a need to reveal the
underlying molecular mechanism, as well as to develop more
effective treatment strategies.

Exosomes are macromolecular, phospholipid bilayer
vesicles comprised of proteins, nucleic acids and lipids (5). At
40-120 nm in diameter, exosomes are smaller than other vesicles
including microvesicles (100 nm-1 ym) and apoptotic bodies
(50 nm-2 um) (6). Exosomes exist in all body fluids and are
generated by secretion and budding from various types of cells,
including tumor cells (7). They contain key biological molecules
including proteins, RNAs and lipids, which are considered
to mediate intercellular communication (6). In particular,
exosomes deliver proteins and RNAs associated with different
pathologies, including neurodegenerative diseases, HIV infec-
tion, heart disease and tumor progression, from host cells to
recipient cells (8). Tumor-derived exosomes (TEX) may have
the capacity to remodel the tumor microenvironment to make it
favorable for metastatic niches (7) and, furthermore, may alter
the extracellular matrix and attract more cancer cells to the
niches (9). Notably, increasing studies indicate that exosomes
are involved in the peritoneal dissemination of gastric cancer.
The present review focuses on how exosomes participate in
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Figure 1. Involvement of exosomes in peritoneal dissemination. Exosome-dependent molecular transfer or signaling pathway activation is crucial in the four
stages of peritoneal dissemination of gastric cancer: Exfoliation, survival, adhesion and invasion, and angiogenesis (dotted line box indicates lack of evidence).
EMT, epithelial to mesenchymal transition; HIF-1a, hypoxia inducible factor-1a; FNI, fibronectin 1; LAMCI, laminin y1; CD44, cluster of differentiation 44;
MMT, mesothelial-to-mesenchymal transition; EGFR, epidermal growth factor receptor.

the pathological process of peritoneal dissemination in gastric
cancer, and their potential clinical applications in the future.

2. Exosomes in peritoneal dissemination of gastric cancer

In Paget's ‘seed and soil’ hypothesis, the peritoneum is regarded
as the ‘soil’ and the gastric cancer cells as the ‘seeds’ (10). In
metastatic gastric cancer, direct seeding into the peritoneal
cavity occurs in more than 50% of patients (3). The develop-
ment of peritoneal dissemination occurs when gastric cancer
cells exfoliate from the serosa of the stomach into the abdom-
inal cavity, where they survive before attaching to peritoneal
mesothelial cells and invading into the basement membrane to
finally induce angiogenesis (3). Exosomes have been revealed
to be important mediators of this process, as summarized
in Fig. 1 and Table I.

Exfoliation of cancer cells. Previous studies identified that
exosomes could promote the proliferation and migration of
gastric cancer cells via the phosphatidylinositol-3 kinase/Akt,
nuclear factor-kB and Hedgehog signaling pathways (11-13).
Through this exosomal regulation, gastric cancer cells may
become more prone to invade the serosa and exfoliate into
the cavity with increased proliferative and migratory abilities.
Epithelial cells express high levels of epithelial (E)-cadherin,
while mesenchymal cells express neural (N)-cadherin,
fibronectin and vimentin (14). Dysfunction of E-cadherin
has been implicated in gastric cancer progression and may
predominantly contribute to invasion of the gastric wall and
migration of cancer cells into the free abdominal space (3).
Exosomes may induce epithelial-to-mesenchymal transition
(EMT), triggering the loss of cell-cell adhesion to facilitate
tumor cell invasion and remodeling of the extracellular matrix.

In particular, exosomes derived from gastric cancer have been
reported to promote EMT by mediating the transfer of long
noncoding RNA ZFASI (15). Furthermore, matrix metal-
loproteinases (MMPs), as the effectors of EMT, have also
been identified in exosomes (14). MMP-7 expression has been
significantly associated with serosal infiltration and TNM
stage in gastric cancer (16). Additionally, Tanaka et al (17)
identified that serosal peritoneal mesothelial cells covering
the stomach surface could infiltrate the gastric wall to create a
novel niche via exosomes containing Wnt family member 3A,
as well as guide gastric cancer invasion to the stomach subse-
rosa and facilitate peritoneal metastasis.

Cancer cell survival. Cell-cell interaction is important for
cancer cell survival in arduous environments. Protocad-
herin 3-9 may promote the formation of spheroid colonies of
gastric cancer cells, and thus aid the survival of cancer cells
in the ascites environment and prevent anoikis and apop-
tosis induced by chemotherapeutic agents (18). Additionally,
intraperitoneal mesenchymal cells may support long-distance
migration of disseminated tumor cells by maintaining direct
contract, as observed with MKN45 gastric cancer cells (19).
Exosomes exhibit another mechanism of promoting tumor
survival through hypoxia inducible factor-lo. (HIF-1a), and
hypoxia can in turn promote exosome release to increase
tumor aggressiveness (20). HIF-la itself participates in
exosome-mediated pre-metastatic effects in recipient cells. For
instance, incubation of naive breast cancer cells with exosomes
shed by hypoxic breast cancer cells promoted focal adhesion,
invasion and metastasis (21). HIF-1a promotes EMT through
upregulation of EMT-associated transcription factors, and
exosome-mediated delivery of HIF-1a has been reported to
induce changes in the expression of E- and N-cadherin associated
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with EMT in nasopharyngeal carcinoma (22). Notably, HIF-1a
expression has been positively correlated with gastric cancer
peritoneal dissemination, poor overall and disease-free survival
rates, and may be key in the adaptation of cancer cells to the
hypoxic microenvironment in the abdominal cavity (23).
Gastric cancer stem cells enter and are maintained in the milky
spots via the expression and function of HIF-1a (23). HIF-1a
may increase cancer cell adhesion via integrin f1 (ITGp1).
Conversely, dextran sulfate may inhibit peritoneal dissemination
of gastric cancer cells through a reduction in HIF-1a and ITGp1
expression (24). At present, it remains to be elucidated whether
HIF-1a is associated with exosomes in peritoneal dissemination.

Adhesion and invasion to mesothelium. The peritoneum is
composed of a single layer of flat mesothelial cells and a thin
sub-mesothelial connective tissue (25). The mesothelial cells
serve as the first barrier against tumor adhesion and inva-
sion (26). If integrity of the barrier is damaged, tumor cells
can invade more efficiently into the sub-mesothelial layer (26).

Arita et al (27) cultured mesothelial cells (MeT-5A) and
the gastric cancer cell line MKN45 with exosomes derived
from MKN45 or MKN74 cells. They observed that TEX were
internalized in both mesothelial and gastric cancer cells, which
elevated cancer cell migratory ability; furthermore, the expres-
sion of the adhesion molecules fibronectin 1 and laminin y1
was upregulated in the Met-5A cells. It was concluded that
exosomes may assist gastric cancer cells in adhering to the
peritoneum (27).

Cluster of differentiation (CD)44 is the receptor of
hyaluronan, expressed on both mesothelial cells and cancer
cells. As an adhesive molecule, it is important for cancer
cell attachment to the peritoneum (28). The expression of
CD44 was identified to be significantly increased in indi-
viduals whose gastric lesions progressed along the gastric
precancerous cascade infected with Helicobacter pylori (29).
Nakashio et al (30) observed that CD44H (standard isoform)
and integrins mediate the initial attachment of gastric cancer
cells to mesothelial cells, and that increased expression of
CD44H promotes early development of peritoneal dissemi-
nation. The expression level of CD44 mRNA has also been
correlated with peritoneal dissemination (31). CD44 expression
is upregulated under the postoperative inflammatory response,
which involves elevated levels of reactive oxygen species,
transforming growth factor-p1 (TGF-p1), interleukin-1p and
tumor necrosis factor-a, leading to enhancement of cancer
cell adhesion (32). Recently, Nakamura et al (33) co-cultured
human peritoneal mesothelial cells (HPMCs) with exosomes
derived from ovarian cancer cells and observed that HPMCs,
which internalized TEX, exhibited higher level of CD44
expression and underwent mesothelial-to-mesenchymal tran-
sition (MMT). Additionally, CD44 overexpression in HPMCs
promoted cancer invasion by inducing the HPMCs to secrete
MMP9, in order to cross the mesothelial barrier. By contrast,
by knockdown of CD44 expression, TEX exerted fewer effects
on HPMCs (33). Similarly, isolated exosomes from human
gastric cancer cells have demonstrated expression of CD44H
and CD44 variant exon 6 isoforms, which may serve a role in
the attachment of TEX to cancer cells (34).

Pathological fluid accumulation, or malignant ascites, in
the abdominal cavity, is a result of an imbalance between
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increased capillary fluid filtration and decreased fluid
clearance due to lymphatic obstruction (35). Wei et al (36)
investigated the effects of malignant ascite-derived exosomes
on the HPMC line HMrSV5. They observed that those
exosomes could increase the proliferation and migration
of the HPMCs, and induce carcinoma-associated fibroblast
transition with overexpression of fibroblast activation protein,
a-smooth muscle actin and fibronectin. TGF-B1 was also
identified to be overexpressed in malignant ascites-derived
exosomes, which was associated with peritoneal fibrosis.
Furthermore, malignant ascite-derived exosomes could
regulate xenograft tumor growth in vivo (36). Lv et al (37)
confirmed that the expression of TGF-f1 was markedly
increased during the interaction between gastric cancer
cells and peritoneal mesothelial cells, and that inhibition of
TGF-p1 by P17 peptides could attenuate peritoneal fibrosis
and prevent peritoneal dissemination.

Deng et al (38) pretreated nude mice with MGC803
cell-derived exosomes and injected MGC803 cells into the
abdominal cavity, and observed that the total weight of the
tumor nodules was significantly increased compared with in
PBS-treated mice in vivo. Mesothelial cells (HMrSV5) were
also cultured with exosomes, which revealed that exosomes
induced injury of peritoneal mesothelial cells by promoting
apoptosis and MMT, via upregulation of the extracellular
signal-regulated kinase pathway (38).

Collectively these previous studies indicate that exosomes
may not only facilitate adhesion between gastric cancer cells
and mesothelial cells, but also diminish the peritoneal barrier
by inducing peritoneal fibrosis, apoptosis and MMT.

Angiogenesis of metastatic cancers. Metastatic cancer cells
require high levels of nutrition and oxygen to be supplied
through angiogenesis. TEX have been confirmed to be crucial
in the angiogenesis of cancers (39-41). TEX induce angio-
genesis via transportation of paracrine signaling factors and
pro-angiogenic molecules including epidermal growth factor
receptor (EGFR) mRNA (42). Zhang et al (43) recently veri-
fied that gastric cancer-derived exosomes served an important
role in liver metastasis; EGFR levels were enriched in
exosomes isolated from the serum of gastric cancer patients
but not in healthy subject serum exosomes, and the number of
serum exosomes increased with the staging of gastric cancer.
In a mouse experiment, it was identified that exosomes of the
SGC7901 gastric carcinoma cell line could transport EGFR
into the liver and ultimately to the membrane of stromal liver
cells. As a consequence, SGC-exosome-derived EGFR acti-
vated liver hepatocyte growth factor (HGF) by suppressing
expression of the microRNA (miRNA/miR) miR-26a/b, estab-
lishing the liver as an ideal site for tumor cell metastasis (43).
The EGFR positivity rate of metastatic tumors in patients with
peritoneal metastasis is reportedly significantly higher (70.1%)
than that of metastatic tumors in patients with liver metastasis
(37.5%) (44), which indicates that EGFR expression is associ-
ated with peritoneal metastasis. Additionally, a study revealed
that angiogenesis was significantly increased when GC1415
cells were co-cultured with TEX for 24 h, as demonstrated
by measurement of hemoglobin content (34). However, the
phenomenon of angiogenesis induced by TEX was not well
explained and requires further investigation.
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3. Early detection by exosomal miRNAs

It has been proposed that exosomes may be used as biomarkers
of benign diseases. Furthermore, TEX may serve as potent
biomarkers for cancer diagnosis, obtained via noninvasive
tumor biopsies. At present, circulatory miRNAs are being
intensively investigated as biomarkers in different cancers.
Research has identified that miRNAs could be partially medi-
ated through exosomes, and exosomal miRNAs have appeared
promising as diagnostic molecules for tumors.

Serum exosomal miRNA-105 levels were observed to
increase in breast cancer patients upon development of
metastatic disease (45). Serum exosomal miR-17-5p and
miR-21 were highly expressed in pancreatic adenocarcinoma
patients (46). Ren ef al (47) analyzed gastric cancer-derived
exosomes by next-generation sequencing technology, and
demonstrated that these exosomes contained more proteins
and RNAs than normal gastric mucosal epithelial cell-derived
exosomes, with miRNA-21-5p and miRNA-30a-5p having
the most abundant miRNA profiles. Furthermore, six serum
miRNAs (miR-10b-5p, miR-132-3p, miR-185-5p, miR-195-5p,
miR-20a-3p and miR-296-5p) have been identified as signifi-
cantly overexpressed in gastric cancer patients compared
with in healthy controls (15). Wang et al (48) suggested that
serum exosomal miR-19b-3p and miR-106a-5p were novel
potential biomarkers for the detection of gastric cancer.
Tokuhisa et al (49) suggested that exosomal miR-21 and
miR-1225-5p from peritoneal lavage fluid were upregulated in
the later stages of gastric cancer and correlated with serosal
invasion, which could potentially predict peritoneal recurrence
following curative gastric cancer resection (50). However, it
remains unknown whether exosomal miRNAs from serum or
peritoneum lavage fluid have adequate sensitivity or specificity
to serve as novel tumor makers. Another question to address
is whether exosomes can differentiate peritoneal dissemina-
tion from other metastases including lymph node metastasis.
In addition to exosomal miRNAs, other exosomal RNAs and
proteins in this aspect require further investigation.

4. Chemoresistance and exosome-based treatment of
peritoneal dissemination cases of gastric cancer

Accumulating data indicate that exosomes are involved in
the chemoresistance of tumors including gastric cancer. For
instance, exosomes derived from human mesenchymal stem
cells conferred drug resistance in gastric cancer (51). The mecha-
nism of their function appears to be complex. Firstly, TEX may
possibly aid cancer cells to survive in the abdominal cavity,
promoting tumor invasion and establishment of pre-niches in
the sub-mesothelial layer. Furthermore, exosomes may sustain
drug resistance by inducing a microenvironment favorable for
resistance regarding aspects including EMT phenotype and
MDSC:s, fibroblast-like cell formation and angiogenesis (52,53).
Furthermore, tumor cells may either transfer mMRNA/miRNA
or receive these molecules from immune cells and stem cells to
maintain chemoresistance (54,55).

As an efficient carrier of miRNA, small interfering
RNA (siRNA) and engineered drugs, exosome-based treat-
ment is among the most promising anti-tumor therapies. For
example, engineered exosomes loaded with doxorubicin can
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be safely delivered to the tumor microenvironment, demon-
strating similar tumor growth inhibition with less adverse
effects compared with equipotent free drug (56-58). Recently,
Kamerkar et al (59) developed iExosomes (with siRNA or short
hairpin RNA targeting KRAS®'?P) which inhibited metastasis
and increased survival in a pancreatic cancer mouse model.
Zhang et al (60) demonstrated that exosomes loaded with
HGEF siRNA could inhibit tumor growth and angiogenesis in
gastric cancer. It is hoped that an exosome-based approach
for the treatment of gastric cancer with or without peritoneal
dissemination will be developed in the near future.

In conclusion, TEX may in part mediate the pathological
process of peritoneal dissemination in gastric cancer by medi-
ating crosstalk between cancer cells and mesothelial cells,
to result in the induction of enhancements in tumor growth,
migratory, adhesive and invasive abilities, peritoneal fibrosis
and apoptosis, MMT, angiogenesis and drug resistance. Early
diagnosis of peritoneal dissemination by exosomal miRNA
detection is emerging as a promising strategy. Furthermore,
exosome-based treatment of peritoneal dissemination in
gastric cancer may be an effective approach.
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