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Abstract
Background  Gastrokine 1 (GKN1) is a stomach-specific tumor suppressor that is secreted into extracellular space as an 
exosomal cargo protein. The objective of this study was to investigate the uptake and tumor-suppressive pathways of exosome-
associated GKN1 protein in gastric epithelial cells.
Methods  Immunofluorescent and Western blot analysis were used to investigate gastric-specific uptake of HFE-145-derived 
exosomes. Binding affinity of HFE-145 derived exosomes with integrin proteins was examined using protein microarray 
chip. Tumor suppressor activities of exosome-carrying GKN1 protein were analyzed using transwell co-culture, MTT assay, 
BrdU incorporation, immunoprecipitation, and Western blot analysis.
Results  HFE-145-derived exosomes were internalized only into HFE-145 gastric epithelial cells and gastric cancer cells. 
Gastric-specific uptake of stomach-derived exosomes required integrin α6 and αX proteins. Clathrin and macropinocytosis 
increased the uptake of exosomes into gastric epithelial cells, whereas caveolin inhibited the uptake of exosomes. Transwell 
co-culture of AGS cells with HFE-145 cells markedly inhibited viability and proliferation of AGS cells. Following uptake 
of HFE-145-derived exosomes in recipient cells, GKN1 protein bound to HRas and inhibited the binding of HRas to b-Raf 
and c-Raf which subsequently downregulated HRas/Raf/MEK/ERK signaling pathways in AGS, MKN1 cells, and MKN1-
derived xenograft tumor tissues. In addition, exosomal GKN1 protein suppressed both migration and invasion of gastric 
cancer cells by inhibiting epithelial–mesenchymal transition.
Conclusions  Gastric-specific uptake of exosomes derived from gastric epithelial cells requires integrin α6 and αX proteins 
in both gastric epithelial cells and exosomes. Exosomal GKN1 protein inhibits gastric carcinogenesis by downregulating 
HRas/Raf/MEK/ERK signaling pathways.
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Introduction

Exosomes are membrane-bound extracellular vesicles of 
40–100 nm in diameter. They are secreted from all most cell 
types into the extracellular environment [1, 2]. In general, 
exosomes enclose a variety of contents, such as DNA, mRNA, 
miRNA, proteins, and bioactive lipids [3, 4], suggesting that 
exosomes play an important role in intercellular communica-
tion. Because exosomal cargo is a potential communicative 
agent, normal cell-derived exosomes are known to block key 
signaling pathways involved in cancer by tumor-suppressive 
contents, whereas oncogenic contents of tumor exosomes 
cause malignant transformation of recipient cells [5, 6]. Nota-
bly, proteins on the surface of exosomes have been reported 
to affect the uptake rate of exosomes into recipient cells [7]. 
Due to high organotropism of exosomes, exosome-based drug 
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delivery systems could resolve insufficient targeting efficiency 
and translation difficulty. Previously, Hoshino et al. [8] have 
reported that integrins in exosomes can induce organ-specific 
colonization in a tissue-specific fashion. Integrins play a role 
in exosome adhesion to target cells by forming heterobimo-
lecular complexes with tetraspanins such as CD9, CD63, and 
CD81 [9, 10]. Recent study has demonstrated that integrin 
αv and β4 are increased in exosomes from cancer patients 
with liver metastasis and lung metastasis, respectively, sug-
gesting that integrin expression pattern is closely correlated 
with organotropism of exosome uptake [8]. In addition, the 
biological activity of exosomes that can interact with and 
be absorbed by specific cells is adjusted by various types of 
endocytosis such as phagocytosis [11], macropinocytosis 
[12], clathrin-mediated [13], caveolin-mediated [14], clath-
rin/caveolin-independent [15], and lipid raft-mediated [16] 
endocytosis. Although many studies have revealed the role 
of exosomes in cancer development and progression, the cell 
type-specific uptake pathways of exosomes are still unclear. 
Elucidating the mechanism underlying exosome internaliza-
tion is important for understanding organ-specific targeting 
process of exosomes.

Human gastrokine 1 (GKN1), a stomach-specific protein, is 
produced by gastric mucosal epithelium, stored in cytoplasmic 
granules, and released into the extracellular environment as an 
exosomal cargo protein [17–19]. Notably, the role of GKN1 
consists of maintaining mucosal integrity and regulating cell 
differentiation [20, 21]. We have previously demonstrated 
frequent absence of GKN1 expression in gastric cancer cells 
and tumor-suppressive activities of GKN1 by inhibiting cell 
proliferation, epithelial–mesenchymal transition (EMT), and 
cell migration [21–24]. In particular, GKN1-positive exosomes 
isolated from HFE-145 immortalized gastric epithelial cells 
can dramatically suppress cell growth and lead to cell cycle 
arrest and apoptotic cell death of AGS and MKN1 gastric can-
cer cells in vitro and in vivo studies [18]. Because exosomal 
secretion of proteins is expected to alter the phenotype and 
function of recipient cells, it is very important to understand 
roles of exosomal proteins in normal physiological processes 
and tumorigenesis.

Here, we focused on how exosomes derived from normal 
gastric epithelial cells and gastric cancer cells were specifi-
cally internalized into gastric cells and molecular pathways 
underlying tumor suppressor activity of exosomal GKN1 
protein.

Materials and methods

Cell culture and transfection of integrins

AGS gastric cancer cells, MKN1 gastric cancer cells, HT29 
colon cancer cells, H460 lung cancer cells, and SNU449 

hepatocellular carcinoma cells were grown in RPMI-1640 
medium (Lonza, Basel, Switzerland) supplemented with 
10% heat-inactivated fetal bovine serum at 37 °C with 5% 
CO2. These cells did not express GKN1 protein. HFE-145 
immortalized gastric epithelial cells with expression of 
GKN1 protein were also cultured in RPMI-1640 medium 
(Lonza, Basel, Switzerland) supplemented with 10% heat-
inactivated FBS at 37 °C with 5% CO2. Complete integ-
rin α6-, αX- and caveolin 1-cDNA were cloned into the 
expression vector pcDNA3.1 expression vector (Invitro-
gen, Carlsbad, CA, USA). AGS, HT29, H460 and SNU449 
cells were transiently transfected in 60 mm-diameter dishes 
with expression plasmids (5 μg total DNA), using Lipo-
fectamine Plus transfection reagent (Invitrogen) accord-
ing to the manufacturer’s recommendations. In addition, 
AGS and MKN1 cells were transfected with siIntegrin α6, 
siIntegrin αX, siClathrin and siCaveolin 1. To clarify the 
binding domain of GKN1 protein, we produced four dele-
tion-formed plasmids, pGKN1∆68–199 containing the NH2-
terminal hydrophophic region, pGKN1∆1–67, 165–199 with the 
BRICHOS domain, pGKN1∆1–164 with the COOH-terminus 
and pGKN1∆1–67 with the BRICHOS and COOH-terminus 
[25]. We also generated stably GKN1 knockdown HFE-
145 cells (HFE-145shGKN1) as well as non-targeting shRNA 
transfectant, HFE-145shCtrl cells, as described previously 
[26]. Pitstop 2, genistein, and amiloride were purchased 
from Sigma-Aldrich (St. Louis, MO, USA).

Co‑culture of HFE‑145 and AGS cells in transwell 
systems

To determine the effect of exosomes derived from HFE-145 
gastric epithelial cells on viability and EMT of AGS gastric 
cancer cells, we developed a transwell cell-culture system as 
follows. First, we plated 3 × 103 AGS cells onto the bottom 
of a six-well transwell cell-culture system (Pore size 0.4 μm; 
Costar Corp., USA) with complete media and culture envi-
ronment as described above. We seeded 3 × 103 HFE-145 
cells onto the membrane of the transwell cell-culture inserts 
and allowed them to grow overnight under the above-men-
tioned condition. The next day, we washed these cells with 
serum-free media and cultured them for 24 h in serum-free 
medium without growth factors. For co-culture, we moved 
a membrane transwell insert containing HFE-145 cells into 
the six-well transwell cell-culture system containing 1 × 104 
AGS cells and cultured them for 24 h in serum-free media. 
We performed cell viability, migration and invasion experi-
ments after 10 days of culture using the complete media.

Human samples

A total of five patients with sporadic gastric cancer who 
underwent a gastrectomy were included. Gastric cancer 
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and corresponding non-cancerous gastric mucosae remote 
(≥ 5 cm) from the tumor were used in this study. In addition, 
normal liver (n = 5), lung (n = 5) and colon (n = 5) tissues 
were enrolled. The Institutional Review Board of The Catho-
lic University of Korea, College of Medicine approved this 
study (MC16SISI0132).

Exosome isolation

We isolated exosomes from supernatants from HFE-145 
immortalized gastric epithelial cells as described previously 
[18]. Briefly, cells at passages 3–8 were incubated in serum-
free culture medium and supplemented them with 10% FBS 
and 1% penicillin/streptomycin at 37 °C in a humidified 
atmosphere with 5% CO2 for 48 h before harvesting the 
medium. To remove cell debris, the medium was centri-
fuged at 2000g for 10 min at 4 °C and then passed through 
a 0.22 μm filter. The cleared supernatant was transferred to 
a new glass tube and placed on ice. The supernatant was 
mixed with A/B/C solution (101Bio company, CA, USA; 
2 ml supernatant with 0.75 ml A/B/C solution) in a new 
tube, vortexed it for 30 s, and incubated it at 4 °C for 30 min. 
The mixture separated into two layers. After removing the 
top layer, the bottom layer was transferred to a microcentri-
fuge tube and spun it at 5000g for 3 min. The middle fluff 
layer was transferred to a new tube and we spun it at 5000g 
for 3 min. The cap was left open to air dry for 10 min at 
room temperature. We added 4 × volumes of 1 × PBS to the 
tube, vigorously pipetted it, placed the tube on a horizontal 
shaker at high speed for 15 min, and then spun it at 5000g 
for 5 min. We carefully transferred the supernatant to a Pure-
Exo® Column (101Bio company, CA, USA) and spun it at 
1000g for 5 min. The flow-through fraction containing the 
isolated pure exosome suspended in PBS.

Exosome labeling

We labeled exosomes with PKH26 (Sigma) as described 
previously [18]. Briefly, we resuspended exosome pellets 
in 1 mL of Diluent C. 1 mL of Diluent C was mixed with 
4 μL of PKH26 and we then mixed the exosome suspension 
with the stain solution followed by incubation for 20 min 
at 37 °C. We stopped the labeling reaction by adding an 
equal volume of 1% bovine serum albumin. We isolated the 
labeled exosomes using a Total Exosome Isolation kit (Inv-
itrogen) according to the manufacturer’s protocol. Briefly, 
we added 0.5 volumes of the isolation reagent to labeled 
exosomes and vortexed the mixture to mix well. We incu-
bated these labeled exosomes at 4 °C overnight and sub-
sequently centrifuged them at 10,000g for 1 h at 4 °C. We 
discarded the supernatant and resuspended each pellet in 
100 µL of PBS.

Active Ras detection assay

We seeded gastric cancer cells (AGS and MKN1) into six-
well plates at density of 3 × 105 per well in RPMI-1640 
medium. After 24 h, cells were treated with exosomes carry-
ing GKN1 for 48 h. We harvested cells under non-denaturing 
conditions and rinsed them with cold PBS. Cells were lysed 
in lysis buffer. An active Ras detection assay kit (Cell Sign-
aling Technology) was used to perform affinity precipitation 
of active Ras, according to the manufacturer’s protocol. We 
treated cell lysates (500 μg) with GTPγS for activation of 
Ras, acting as a positive or negative control, respectively. 
Subsequently, GST–Raf1–RBD fusion protein and cell 
lysate in glutathione resin were incubated. Electrophoresed 
and immunoblotting were performed with Ras mouse mono-
clonal antibody.

Statistical analysis

Student’s t test was used to analyze effects of GKN1 on cell 
viability and proliferation. We carried out all experiments 
in duplicate to verify the reproducibility of findings. The 
results are expressed as means ± S.D. from two independent 
experiments. When P value was less than 0.05, the results 
were considered statistically significant.

Other methods are described in detail in the Supplemen-
tary materials and methods section.

Results

Cellular uptake of exosomes derived from gastric 
epithelial cells depends on the origin of the cells

To investigate whether exosomes derived from gastric epi-
thelial cells were internalized into gastric and non-gastric 
cells, we isolated exosomes from cultured supernatants 
from HFE-145 immortalized gastric epithelial cells, AGS 
and MKN1 gastric cancer cells, H460 non-small-cell lung 
cancer cells, SNU449 hepatocellular carcinoma cells, and 
HT29 colorectal adenocarcinoma cells. Intact exosomes with 
the presence of vesicles ranging in size from 30 to 100 nm 
were seen in TEM analysis (Fig. 1a) and the expression of 
exosomal markers such as CD9, 63, and 81 was observed 
in exosomes (Fig.  1b). Interestingly, the expression of 
GKN1 was detected only in exosomes derived from HFE-
145 immortalized gastric epithelial cells (Fig. 1b). When 
we treated HFE-145 immortalized gastric epithelial cells, 
AGS and MKN1 gastric cancer cells, H460 non-small-cell 
lung cancer cells, SNU449 hepatocellular carcinoma cells, 
and HT29 colorectal adenocarcinoma cells with exosomes 
derived from HFE-145 cells, exosomes were seen only in 
cytoplasms of HFE-145, AGS, and MKN1 cells (Fig. 1c). In 
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immunofluorescence study, co-localization of GKN1 protein 
with PKH26 labeled exosomes derived from HFE-145 cells 
was found in cytoplasms of AGS and MKN1 cells treated 
with PKH26 labeled exosomes (Fig.  1d). Western blot 
analysis showed that GKN1 proteins were expressed only 
in HFE-145, AGS, and MKN1 cells treated with exosomes 
derived from HFE-145 cells (Fig. 1e), suggesting that HFE-
145-derived exosomes were only internalized into HFE-145, 
AGS, and MKN1 cells (Fig. 1e).

Specific uptake of exosomes derived from gastric 
epithelial cells into the cytoplasm of gastric cells 
depends on integrin α6 and αX

To elucidate whether gastric-specific uptake of exosomes 
derived from gastric epithelial cells was associated with inte-
grin proteins, we analyzed the binding affinity of exosomes 
derived from HFE-145 cells with integrin proteins includ-
ing integrin β1, α6 and αX in a protein microarray chip. 
As shown in Fig. 2a, exosomes had high binding affinity 
with integrin α5, α11, αX, βL1, and β1 (Table 1). In addi-
tion, we examined integrin protein compositions in HFE-
145 immortalized gastric epithelial cells, AGS and MKN1 
gastric cancer cells, HT29 colorectal adenocarcinoma cells, 

H460 non-small-cell lung cancer cells, SNU449 hepato-
cellular carcinoma cells, and exosomes derived from these 
cells. In HFE-145, AGS, and MKN1 cells, expression levels 
of integrin α5, α6, α10, αε, and αX were higher than those 
in cancer cells of other tissue origins, although there was no 
significant difference in integrin protein composition among 
HFE-145, AGS, and MKN1 cells (Fig. 2b). In particular, 
integrin α6 and αX were expressed only in HFE-145, AGS, 
and MKN1 cells (Fig. 2b). To further confirm these results, 
we examined the expression levels of integrin α6 and αX in 
normal stomach, liver, lung and colon tissues. Consistently, 
the expression of integrin α6 and αX proteins was observed 
only in normal stomach tissues, but not in normal liver, lung 
and colon tissues (Fig. 2c). There was no significant dif-
ference in expression level of integrin α6 and αX proteins 
between non-cancerous gastric mucosae and gastric cancer 
tissues (Fig. 2d). Thus, these results indicate that integrin 
α1, α4, αε, β1 and β6 are required for membrane binding of 
exosomes derived from gastric epithelial cells. In addition, 
gastric-specific uptake of exosomes derived from gastric epi-
thelial cells suggests that they are associated with different 
expression levels of integrin proteins such as integrin α6 and 
αX in both gastric cells and exosomes. 

Fig. 1   Cellular uptake of exosomes derived from gastric epithelial 
cells depends on the origin of the cells. a TEM image of exosomes 
isolated from supernatants of HFE-145, AGS, MKN1, H460, HT29, 
and SNU449 cells. b In Western blot analysis, the expression of exo-
somal markers such as CD9, 63, and 81 was observed in exosomes 
derived from HFE-145, AGS, MKN1, H460, HT29, and SNU449 
cells. However, the expression of GKN1 was only detected in HFE-
145 cells. c In immunofluorescent and FACS analysis of HFE-145, 
AGS, MKN1, HT29, H460, and SNU449 cells treated with exosomes 

derived from HFE-145 cells, exosomes were only detected in cyto-
plasms of HFE-145, AGS, and MKN1 cells. d Co-localization of 
PKH26 labeled exosomes with GKN1 protein in cytoplasms of AGS 
and MKN1 gastric cancer cells. e In HFE-145, AGS, MKN1, HT29, 
H460, and SNU449 cells treated with exosomes derived from HFE-
145 cells, expression of exosomal GKN1 proteins was observed in 
HFE-145, AGS, and MKN1, but not in HT29, H460, and SNU449 
cells
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Next, we examined the effect of integrin α6 and αX 
on uptake of exosomes derived from HFE-145 gastric 
epithelial cells in AGS and MKN1 cells. Knockdown 
of integrin α6 and αX with siIntegrin α6 and siIntegrin 
αX in AGS and MKN1 cells markedly reduced expres-
sion levels of integrin α6 and αX, respectively (Fig. 2e). 
When AGS and MKN1 cells were treated with PKH26-
labeled exosomes, these exosomes were clearly localized 
in the cytoplasm of these cells. However, knockdown of 
integrin α6 and αX markedly inhibited the internalization 
of PKH26-labeled exosomes into AGS and MKN1 cells’ 
cytoplasms (Fig. 2f). In addition, level of GKN1 expres-
sion was dramatically reduced in AGS and MKN1 cells 
(Fig. 2e). We further confirmed the role of integrin α6 and 
αX in uptake of exosomes derived from gastric epithelial 
cells in non-gastric cells. In the transient transfection assay 
performed in HT29 colorectal adenocarcinoma cells, H460 

non-small-cell lung cancer cells, and SNU449 hepatocel-
lular carcinoma cells, ectopic expression of integrin α6 or 
αX slightly induced internalization of exosomes derived 
from HFE-145 gastric epithelial cells (Fig. 2g). However, 
expression of both integrin α6 and αX markedly induced 
internalization of exosomes derived from HFE-145 gas-
tric epithelial cells (Fig. 2g). In Western blot analysis, 
ectopic expression of both integrin α6 and αX dramatically 
increased expression level of GKN1 in SNU449, H460, 
and HT29 cells (Fig. 2h). Additionally, ectopic expression 
of integrin α6 and αX in SNU449, H460, and HT29 cells 
markedly increased internalization of exosomes derived 
from these cells into the AGS cells’ cytoplasm (Fig. 2i). 
Thus, these results suggest that integrin α6 and αX are 
required for organotropism of exosomes derived from gas-
tric epithelial cells.

Fig. 2   Specific cellular uptake of exosomes derived from gastric 
epithelial cells through integrin α6 and αX. a Binding affinity of 
exosomes derived from HFE-145 cells to integrin proteins including 
integrin α1, β1, α6, and αX in a protein microarray chip. b Western 
blot analysis showing expression levels of integrin proteins, including 
integrin β1, α6, and αX, in cell lysates and exosomes from HFE-145, 
AGS, MKN1, HT29, H460, and SNU449 cells. c The expression of 
integrin α6 and αX proteins in normal liver, lung, colon and stom-
ach tissues. d There was no significant difference in the expression 
of integrin α6 and αX proteins between corresponding non-cancerous 
gastric mucosae (N) and gastric cancer (T) tissues. e Knockdown of 
integrin α6 and αX in AGS and MKN1 cells treated with exosomes 
derived from HFE-145 cells reduced expression levels of integrin α6 

and αX, and GKN1 proteins. f In immunofluorescent and FACS anal-
ysis, knockdown of integrin α6 and αX inhibited the internalization 
of exosomes into AGS and MKN1 cells’ cytoplasms. g In immuno-
fluorescent and FACS analysis, ectopic expression of integrin α6 and 
αX in SNU449, H460, and HT29 cells induced the internalization of 
exosomes derived from HFE-145 cells into these cells’ cytoplasms. 
h Ectopic expression of integrin α6 and αX in SNU449, H460, and 
HT29 cells induced expression levels of integrin α6 and αX. In addi-
tion, GKN1 protein was detected in these cells treated with exosomes 
derived from HFE-145 cells. i In immunofluorescent and FACS anal-
ysis, exosomes derived from SNU449, H460 and HT29 cells express-
ing integrin α6 and αX were detected in the cytoplasm of AGS cells
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Effects of caveolin, clathrin and macropinocytosis 
on internalization of exosomes derived from gastric 
epithelial cells

We further examined whether vesicle trafficking-associ-
ated proteins including caveolin 1 and syntaxin 6 were 
associated with the internalization of exosomes derived 
from gastric epithelial cells. Vesicle trafficking-associated 
proteins in HFE-145, AGS, and MKN1 gastric epithelial 
origin cells showed expression levels similar to those in 
HT29 colorectal adenocarcinoma cells, H460 non-small-
cell lung cancer cells, SNU449 hepatocellular carcinoma 
cells (Fig.  3a). However, caveolin 1 protein was not 
expressed in HFE-145 (Fig. 3a). AGS cells showed weak 
caveolin 1 expression, whereas MKN1 and non-gastric 
cancer cells had strong expression of caveolin 1 protein 
(Fig. 3a). Next, we examined the expression levels of 
clathrin and caveolin 1 in non-cancerous gastric mucosae 
and gastric cancer tissues. The expression of clathrin was 
slightly higher in gastric cancer tissues than non-cancerous 
gastric mucosae, whereas there was no significant differ-
ence in the expression of caveolin 1 proteins between 
non-cancerous gastric mucosae and gastric cancer tissues 
(Fig. 3b).

To further evaluate whether caveolin 1, clathrin, and 
macropinocytosis contributed to the uptake of exosomes 
in gastric epithelial cells, we treated AGS and MKN1 
gastric cancer cells with genistein (an inhibitor of cave-
olin-dependent endocytosis) (27), Pitstop 2 (an inhibitor 
of clathrin-dependent endocytosis) [28], and 5-(n-ethyl-
n-isopropyl)-amiloride (EIPA), a macropinocytosis inhibi-
tor. Notably, inhibition of clathrin and macropinocytosis 
markedly reduced the uptake of exosomes into AGS and 
MKN1 cells (Fig.  3c, d), implying that the uptake of 
exosomes in gastric epithelial cells might require clathrin 
and macropinocytosis. When we treated MKN1 cells with 
strong caveolin 1 expression and AGS cells with weak 
caveolin 1 expression with exosomes carrying GKN1 pro-
tein, exosome uptake was higher in AGS cells than that in 
MKN1 cells. In contrast, caveolin 1 inhibition in MKN1 
cells increased the uptake of exosomes into MKN1 gas-
tric cancer cells (Fig. 3c, d). When we further confirmed 
the effects of clathrin and caveolin 1 expression on the 
uptake of exosomes in gastric epithelial cells, knockdown 
of clathrin inhibited the internalization of exosomes into 
AGS and MKN1 cells (Fig. 3e, f). Interestingly, ectopic 
expression of caveolin 1 in AGS cells inhibited the inter-
nalization of exosomes, whereas knockdown of caveolin 1 
in MKN1 cells increased the internalization of exosomes 
(Fig. 3e, f). These results indicating that caveolin 1 could 
inhibit the uptake of exosomes into gastric epithelial cells.
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GKN1 inhibits cell growth by downregulating Ras/
Raf/MEK/ERK pathway signaling in gastric cells

Transwell co-culture of AGS gastric cancer cells with HFE-
145 gastric epithelial cells markedly inhibited viability and 
proliferation of AGS cancer cells (Fig. 4a), suggesting that 
exosomal components of HFE-145 gastric epithelial cells 
could inhibit cancer cells’ survival and growth. Previously, 
we have reported that GKN1-positive exosomes derived 
from HFE-145 cells can significantly inhibit viability and 
proliferation of AGS and MKN1 gastric cancer cells [18]. 
To identify the molecular mechanism underlying tumor 
suppressor activity of GKN1, we here examined effects 
of GKN1 protein on the Ras/Raf/MEK/ERK kinase cas-
cade. Expectedly, AGS cells co-cultured with HFE-145 
cells showed markedly reduced expression levels of c-Myc, 
p-PI3K, p-Akt, HRas, b-Raf, c-Raf, and p-Erk (Fig. 4b). 
When AGS and MKN1 cells were treated with HFE-
145-derived exosomes, GKN1 decreased expression levels 

of c-Myc, p-PI3K, p-Akt, HRas, b-Raf, c-Raf, and p-Erk in 
AGS and MKN1 cells (Fig. 4c). In addition, knockdown of 
GKN1 with shGKN1 in HFE-145 cells increased expression 
of c-Myc, p-PI3K, p-Akt, HRas, b-Raf, c-Raf, and p-Erk 
(Fig. 4d), suggesting that GKN1 could downregulate the 
Ras/Raf/MEK/ERK kinase signaling pathway.

Next, we examined the binding of HRas and GKN1 pro-
teins to determine how GKN1 regulates the Ras/Raf/MEK/
ERK kinase signaling pathway. We observed the binding 
of GKN1 protein to HRas in HFE-145 cells by immuno-
precipitation assay (Fig. 4e). In addition, GKN1 protein 
inhibited the binding of HRas to b-Raf and c-Raf in AGS 
cells co-cultured with HFE-145 cells (Fig. 4f). Expectedly, 
Ras protein bound to both GTPγS and GST–Raf1–RBD in 
AGS cells, but not in AGS cells co-cultured with HFE-145 
cells (Fig. 4g). When we treated AGS and MKN1 cells with 
HFE-145-derived exosomes, GKN1 protein bound directly 
to HRas and completely inhibited the binding of HRas 
to b-Raf and c-Raf in AGS and MKN1 cells (Fig. 4h). In 

Fig. 3   Effects of caveolin, clathrin, and macropinocytosis on internal-
ization of exosomes. a Expression levels of vesicle trafficking-associ-
ated proteins in HFE-145, AGS, MKN1, HT29, H460, and SNU449 
cells. Cav1; caveolin 1, CLTC; clathrin, EEA1; early endosome anti-
gen 1, PTPN12; protein tyrosine phosphatase non-receptor type 12, 
APPL1; adaptor protein, phosphotyrosine interacting with PH domain 
and leucine zipper 1, MFSD2A; major facilitator superfamily domain 
containing 2A. b The expression of clathrin and caveolin 1 proteins 
in corresponding non-cancerous gastric mucosae (N) and gastric can-
cer (T) tissues. c Cellular uptake of exosomes following pre-treatment 
with 5 μM pitstop 2, 100 μM genistein, or 50 μM amiloride before 
addition of exosomes in AGS and MKN1 cells. d In AGS and MKN1 
cells, pre-treatment with 5 μM pitstop 2 and 50 μM amiloride before 

treatment with exosome derived from HFE-145 cells reduced expres-
sion levels of GKN1, whereas treatment with 100  μM genistein 
increased expression levels of GKN1. e In immunofluorescent and 
FACS analysis, knockdown of Clathrin inhibited the internalization 
of exosomes into AGS and MKN1 cells. Ectopic expression of caveo-
lin 1 in AGS cells inhibited the internalization of exosomes, whereas 
knockdown of caveolin 1 in MKN1 cells induced the internaliza-
tion of exosomes. f Knockdown of clathrin in AGS and MKN1 cells 
treated with exosomes derived from HFE-145 cells reduced expres-
sion of GKN1 protein (left). Ectopic expression of caveolin 1 in AGS 
cells reduced expression level of GKN1 protein and knockdown of 
caveolin 1 in MKN1 cells increase expression level of GKN1 protein 
(right)
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addition, binding of HRas to b-Raf and c-Raf was found in 
GKN1 knockdown HFE-145 cells (Fig. 4i). Consistently, 
Ras protein bound to both GTPγS and GST–Raf1–RBD in 
PBS-treated AGS cells and GKN1 knockdown HFE-145 
cells, whereas Ras protein did not bound to both GTPγS 
and GST–Raf1–RBD in HFE-145 cells, and AGS and 
MKN1 cells treated with exosomes derived from HFE-145 
cells (Fig. 4j, k). These findings demonstrate that normal 
exosomes containing GKN1 protein can inhibit the Ras 
activity.

When we examined the binding activity of GKN1 
domains to HRas (Fig. 5a), amino terminal hydrophobic 

region (GKN1Δ68–199) of GKN1 weakly bound to HRas, 
whereas the BRICHOS domain (GKN1Δ1–67,165–199, 
GKN1Δ1–67) strongly bound to HRas (Fig. 5b). In addition, 
Ras protein bound to both GTPγS and GST–Raf1–RBD 
in AGS cells transfected with amino terminal hydropho-
bic region (GKN1Δ68–199) or carboxyl terminal region 
(GKN1Δ1–164) of GKN1. However, Ras protein did not 
bind to both GTPγS and GST–Raf1–RBD in AGS cells 
transfected with the BRICHOS domain (GKN1Δ1–67,165–199, 
GKN1Δ1–67) of GKN1 (Fig. 5c). These findings demon-
strate that the BRICHOS domain of GKN1 may be the 

Fig. 4   GKN1 inhibits Ras/Raf/MEK/ERK signaling pathway. a Tran-
swell co-culture system of AGS gastric cancer cells with HFE-145 
immortalized normal gastric epithelial cells were used in this study. 
AGS and HFE-145 cells were separately cultured for 24 h and then 
co-cultured in serum-free medium for a further 96  h as described 
in Materials and methods (left panel). Transwell co-culture of AGS 
cells with HFE-145 cells inhibited cell viability and proliferation of 
AGS cells (right panel). b Expression levels of c-Myc, p-PI3K, p-Akt, 
HRas, b-Raf, c-Raf, and p-Erk in AGS cells co-cultured with HFE-
145 cells. c Treatment with exosomes derived from HFE-145 cells 
decreased expression levels of c-Myc, p-PI3K, p-Akt, HRas, b-Raf, 
c-Raf, and p-Erk in AGS and MKN1 cells. d Knockdown of GKN1 in 
HFE-145 cells increased expression levels of c-Myc, p-PI3K, p-Akt, 
HRas, b-Raf, c-Raf, and p-Erk. e Immunoprecipitation assay showed 

that GKN1 bound to HRas in HFE-145 cells. f In AGS cells co-cul-
tured with HFE-145 cells, GKN1 bound to HRas and inhibited the 
binding of HRas to b-Raf and c-Raf. g Detection of active Ras (Ras-
GTP) by pulldown assay in co-cultured AGS cells without or with 
HFE-145 cells. Ras activation was detected in co-cultured AGS cells 
without HFE-145 cells, but not detected in co-cultured AGS cells 
with HFE-145 cells. h Exosomes derived from HFE-145 cells inhib-
ited the binding of HRas to b-Raf and c-Raf in AGS and MKN1 cells. 
i Binding of HRas to b-Raf and c-Raf was observed in GKN1 knock-
down HFE-145 cells. j In AGS and MKN1 cells treated with PBS, 
Ras protein bound to GTPγS and GST–Raf1–RBD, but exosomes 
derived from HFE-145 cells inhibited the binding of Ras protein to 
GTPγS and GST–Raf1–RBD. k Binding of Ras protein to GTPγS 
and GST–Raf1–RBD was found in GKN1 knockdown HFE-145 cells
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physiological inhibitor of GTP binding to Ras protein 
in gastric epithelial cells. In addition, GKN1 decreased 
expression levels of c-Myc, HRas, c-Raf, b-Raf, and p-Erk 
in MKN1-derived xenograft tumors treated with exosomes 
derived from HFE-145 cells (Fig. 5d). Also, Ras protein 
bound to GTPγS and GST–Raf1–RBD in MKN1-derived 
xenograft tumors treated with PBS. However, exosomes 
derived from HFE-145 cells inhibited Ras activity 
(Fig. 5e), suggesting that GKN1 may induce Ras inacti-
vation. Taken together, these results indicate that GKN1 
protein in exosomes derived from gastric epithelial cells 
can inhibit cell growth by downregulating Ras/Raf/MEK/
ERK kinase signaling pathway.

Exosomes derived from gastric epithelial cells 
inhibit epithelial–mesenchymal transition of gastric 
cancer cells

After co-culture of AGS gastric cancer cells with HFE-145 
immortalized gastric epithelial cells, we analyzed effects of 
GKN1-positive exosomes on EMT of AGS cells. In tran-
swell microchemotaxis and Matrigel assays, AGS cells 
co-cultured with HFE-145 cells showed decreased cell 
migration and invasion activity (Fig. 6a, b). In Western blot 
analysis, AGS cells co-cultured with HFE-145 cells showed 
increased E-cadherin expression but reduced expression of 
EMT-related proteins, including N-cadherin, ZEB1, Snail, 
Slug and Rho-GTP (Fig. 6c). Next, we treated AGS and 

Fig. 5   Binding domain of GKN1 protein to Ras and inhibition of 
Ras/Raf/MEK/ERK signaling pathway by exosomes derived from 
HFE-145 cells. a Expression of GKN1f/f (full length), GKN1Δ68–199, 
GKN1Δ1–67,165–199, GKN1Δ1–164, and GKN1Δ1–67 and GAPDH were 
determined by Western blot analysis. b Amino terminal hydropho-
bic region (GKN1Δ68–199) of GKN1 weakly bound to HRas, whereas 
the BRICHOS domain (GKN1Δ1–67,165–199, GKN1Δ1–67) strongly 
bound to HRas. c In AGS and MKN1 cells transfected with amino 
terminal hydrophobic region (GKN1Δ68–199) and carboxy terminal 
region (GKN1Δ1–164) of GKN1, Ras protein bound to GTPγS and 

GST–Raf1–RBD, but the BRICHOS domain (GKN1Δ1–67,165–199, 
GKN1Δ1–67) of GKN1 inhibited the binding of Ras protein to GTPγS 
and GST–Raf1–RBD. d Treatment with exosomes derived from 
HFE-145 cells decreased expression levels of c-Myc, p-PI3K, p-Akt, 
HRas, b-Raf, c-Raf, and p-Erk in MKN1-derived xenograft tumor tis-
sues. e MKN1-derived xenograft tumor tissues treated with PBS, Ras 
protein bound to GTPγS and GST–Raf1–RBD, but treatment with 
exosomes derived from HFE-145 cells inhibited the binding of Ras 
protein to GTPγS and GST–Raf1–RBD
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MKN1 cells with exosomes derived from HFE-145 cells to 
investigate whether normal exosomes inhibited the progres-
sion of gastric cancer cells. As shown in Fig. 6d, e, migra-
tion and invasion of gastric cancer cells were dramatically 
reduced in AGS and MKN1 cells treated exosomes derived 
from HFE-145 cells, compared to those of control cells. 
Similar to co-culture of AGS with HFE-145 cells, treatment 
with exosomes derived from HFE-145 cells also showed 
increased E-cadherin expression but reduced expression 
of N-cadherin, ZEB1, Snail, Slug, and Rho-GTP in AGS, 
MKN1 cells, and xenograft tumors tissues (Fig. 6f, g). These 
findings suggest that GKN1 protein in exosomes derived 
from gastric epithelial cells can inhibit gastric cancer cell 
migration and invasion by regulating EMT-related protein 
expression.

Discussion

Here, we found that the uptake of exosomes derived from 
HFE-145 immortalized gastric epithelial cells occurred only 
in HFE-145, AGS, and MKN1 cells, but not in colon, liver, 
or lung cancer cells. In addition, expression levels of integrin 
α5, αX, α6, and αε were higher in gastric cells and exosomes 
derived from HFE-145, AGS, and MKN1 cells than those 
in exosomes derived from colon, liver, and lung cancer 
cells. In particular, integrin α6 and αX were expressed only 
in HFE-145, AGS, and MKN1 cells, and stomach tissues. 
Knockdown of integrin α6 and αX with siIntegrin α6 and 
siIntegrin αX in AGS and MKN1 cells dramatically inhibited 
the internalization of PKH26-positive exosomes into AGS 
and MKN1 cells’ cytoplasms, respectively. Furthermore, 

Fig. 6   Exosomes derived from gastric epithelial cells inhibit epithe-
lial–mesenchymal transition. a, b In transwell microchemotaxis and 
Matrigel assays, AGS cells co-cultured with HFE-145 cells showed 
decreased cell migration and invasion activity, compared to AGS 
cells cultured without HFE-145 cells. c Expression levels of E-cad-
herin, N-cadherin, ZEB1, Snail, Slug, and Rho-GTP in AGS cells co-
cultured without or with HFE-145 cells. d, e Migration and invasion 

activity of AGS and MKN1 cells were reduced in HFE-145-derived 
exosome-treated cells, compared to that of PBS-treated cells. f, g 
Expression levels of E-cadherin, N-cadherin, ZEB1, Snail, Slug, and 
Rho-GTP in AGS and MKN1 cells (f), and MKN1-derived xenograft 
tumor tissues (g) treated with PBS or exosomes derived from HFE-
145 cells
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ectopic expression of both integrin α6 and αX in HT29 
colon cancer cells, H460 lung cancer cells, and SNU449 
hepatocellular carcinoma cells markedly induced internali-
zation of exosomes derived from HFE-145 gastric epithelial 
cells. Also, exosomes derived from HT29 cells, H460 cells, 
and SNU449 cells ectopically expressing integrin α6 and 
αX were internalized into AGS cells. These results suggest 
that exosome uptake depends on the expression pattern of 
integrin proteins of recipient cells and exosomes, and that 
gastric-specific uptake of exosomes derived from gastric epi-
thelial cells requires higher expression of α6 and αX integrin 
proteins in both gastric epithelial cells and exosomes.

Next, we further investigated whether macropinocyto-
sis, clathrin-mediated endocytosis, and caveolin-mediated 
endocytosis modulated the internalization of exosomes 
derived from gastric epithelial cells. Notably, no significant 
difference was found in the expression of vesicle trafficking-
associated proteins, including syntaxin 6 or clathrin heavy 
chain 1 (CLTC), between HFE-145 gastric epithelial cells 
and cancer cells originating from stomach, lung, liver, and 
colon. Of these, caveolin 1 protein was not expressed in 
HFE-145 while AGS cells showed weak cavolin 1 expres-
sion. However, MKN1 and other cancer cells demonstrated 
strong expression of caveolin 1 protein. In human stomach 
tissues, expression of clathrin was slightly higher in gastric 
cancers than corresponding non-cancerous gastric mucosae, 
whereas there was no significant difference in the expres-
sion of caveolin 1 proteins between non-cancerous gastric 
mucosae and gastric cancer tissues. Interestingly, inhibi-
tion of clathrin and macropinocytosis markedly reduced the 
uptake of exosomes into AGS and MKN1 cells. Caveolin 
inhibition with genistein and siCaveolin 1 increased the 
uptake of exosomes carrying GKN1 protein into MKN1 gas-
tric cancer cells, whereas ectopic expression of caveolin 1 in 
AGS gastric cancer cells reduced the uptake of exosomes. 
These results are consistent with previous data showing that 
efficient exosome uptake is mediated by clathrin-dependent 
endocytosis [29] and that caveolin 1 negatively regulates 
endocytosis of exosomes [16]. Thus, we can conclude that 
the uptake of exosomes in gastric epithelial cells may require 
clathrin and macropinocytosis and that caveolin 1 can inhibit 
the uptake of exosome into gastric epithelial cells.

Cellular interactions with exosomes induce cell prolif-
eration, apoptosis, invasion, and metastasis. Previously, 
we have reported that exosome-associated GKN1 protein 
can significantly inhibit viability and proliferation of AGS 
and MKN1 gastric cancer cells and reduce tumor volume 
and tumor weight of nude mice-bearing MKN1 xeno-
graft tumors [18]. Here, co-localization of GKN1 protein 
with exosomes derived from HFE-145 cells was found in 
cytoplasms of AGS and MKN1 cells treated with PKH26 
labeled exosomes. To further study the effect of exosomes-
associated GKN1 protein on maintenance of homeostasis 

of gastric epithelium, we next sought to define the molecu-
lar pathway associated with cellular proliferation using a 
transwell co-culture system. Previously, we have reported 
that GKN1 can downregulate H. pylori CagA-induced over-
expression of Ras and Raf family proteins in gastric cells 
and human gastric mucosae [30]. It is well known that the 
Ras/Raf/MEK/ERK kinase cascade is an essential effector 
cascade required for Ras GTPase signaling [31]. To trigger 
the Ras/Raf/MEK/ERK signaling pathway, growth factor 
needs to bind to its cognate receptor which in turn activates 
Ras-GTP by binding of GRB2 and SOS to the growth fac-
tor receptor [32]. Raf, a serine/threonine protein kinase and 
Ras effector, can promote protein phosphorylation via MEK/
ERK activation [33]. Its upstream kinases MEK1/2 can acti-
vate ERK1/2 kinases known to mediate cell proliferation 
and apoptosis [34]. ERK1/2 can induce phosphorylation of 
various transcription factors such as Ets-1, c-Jun, c-Myc, 
and NF-kB [35]. p-ERK is a key downstream target of the 
Ras/Raf/MEK/ERK signaling pathway [33]. This cascade is 
involved in cell biology including cell proliferation, apopto-
sis, differentiation, and migration. Abnormal activation of 
this pathway is commonly detected in human cancers. It also 
influences chemotherapeutic drug resistance [32]. In the pre-
sent study, we uncovered a new role of exosomes-associated 
GKN1 protein for inactivation of the Ras/Raf/MEK/ERK 
signaling pathway. In the transwell system, co-culture of 
AGS gastric cancer cells with HFE-145 immortalized gastric 
epithelial cells markedly inhibited viability and prolifera-
tion of AGS cancer cells and reduced expression levels of 
c-Myc, p-PI3K, p-Akt, HRas, b-Raf, c-Raf, and p-Erk. In 
addition, GKN1, especially the BRICHOS domain, bound 
to HRas, inhibited binding of HRas to b-Raf and c-Raf, and 
finally decreased the expression of p-ERK in AGS cells, 
MKN1 cells, and xenograft tumors treated with exosomes 
derived from HFE-145 cells, indicating that GKN1 protein 
could suppress cell proliferation of gastric epithelial cells by 
inhibiting the Ras/Raf/MEK/ERK signaling pathway. The 
BRICHOS superfamily consists of four distinct regions: 
hydrophobic, linker, BRICHOS, and C-terminal [36]. GKN 
proteins contain the BRICHOS domain, a COOH-terminal 
segment and hydrophobic NH2-terminal signal peptide [37]. 
In the previous study, we found that BRICHOS domain is 
the main domain for the GKN1 tumor suppressor function 
[25]. Taken together, these findings strongly suggest that 
secreted exosomal GKN1 protein from gastric epithelial 
cells might be internalized into gastric cells, thus altering a 
set of signaling pathways involved in the regulation of cell 
growth.

Interestingly, GKN1 protein inhibited gastric cancer cell 
migration and invasion by downregulating c-Myc, RhoA, 
Snail, and Slug expression and inactivating NF-kB pathway 
[38]. Consistently, co-culture of AGS gastric cancer cells 
with HFE-145 immortalized gastric epithelial cells showed 
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dramatically decreased migration and invasion of AGS cells. 
In addition, increased E-cadherin expression and reduced 
expression of EMT-related proteins including N-cadherin, 
ZEB1, Snail, Slug, and Rho-GTP were detected in both AGS 
gastric cancer cells co-cultured with HFE-145 cells and xen-
ograft tumors treated with exosomes derived from HFE-145 
cells. These data indicate that exosome-associated GKN1 
protein can suppress migration and invasion of gastric cancer 
cells by inhibiting EMT.

In summary, gastric-specific uptake of stomach-derived 
exosomes requires integrin α6 and αX proteins in gastric 
cells and exosomes derived from gastric cells. Clathrin and 
macropinocytosis can increase the uptake of exosomes into 
gastric epithelial cells, but caveolin can inhibit the uptake 
of exosomes. In the transwell co-culture, exosomes derived 
from HFE-145 cells markedly inhibited viability and pro-
liferation of AGS and MKN1 cancer cells. GKN1 protein 
bound to HRas and downregulated PI3K/Akt and HRas/
Raf/MEK/ERK signaling pathways. In addition, exosome-
associated GKN1 protein suppressed migration and inva-
sion of gastric cancer cells by inhibiting EMT. Thus, we can 
conclude that gastric-specific uptake of exosomes derived 
from gastric epithelial cells requires integrin α6 and αX 
proteins in both gastric epithelial cells and exosomes and 
that exosome-associated GKN1 protein can inhibit gastric 
carcinogenesis by downregulating the HRas/Raf/MEK/ERK 
signaling pathway.
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