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Abstract

Background Gastrokine 1 (GKN1) plays important roles in maintaining mucosal homeostasis, and in regulating cell prolif-
eration and differentiation. Here, we determined whether GKNI1 is a potential theragnostic marker for gastric cancer.
Methods We identified GKN1 binding proteins using the protein microarray assay and investigated whether GKN1 is one
of the exosomal cargo proteins by western blot, immunoprecipitation, and immunofluorescent assays. Cell proliferation and
apoptosis were analyzed by MTT, BrdU incorporation, flow cytometry, and western blot assays. We further validated the
functional relevance of exosomal GKN1 in MKN1-injected xenograft mice. The possibility of serum GKN1 as a diagnostic
marker for gastric cancer was determined by ELISA assay.

Results In protein microarray assay, GKN1 binding to 27 exosomal proteins was clearly observed. GKN1 was expressed in
exosomes derived from HFE-145 gastric epithelial cells by western blot and immunofluorescent assays, but not in exosomes
from AGS and MKNT1 gastric cancer cells. Exosomes carrying GKN1 inhibited cell proliferation and induced apoptosis in
both AGS and MKNI cells, and exosomes carrying GKN1-treated nude mice-bearing MKN1 xenograft tumors exhibited
significantly reduced tumor volume and tumor weight. Silencing of clathrin markedly down-regulated the internalization
of exosomal GKNI1. Interestingly, serum GKNI1 concentrations in patients with gastric cancer were significantly lower than
those in healthy individuals and patients with colorectal and hepatocellular carcinomas.

Conclusions The GKN1 is secreted and internalized in the gastric epithelium by exosome-driven transfer, which inhibits
gastric tumorigenesis and supports the clinical application of GKN1 protein in gastric cancer diagnosis and treatment.
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Introduction

Human gastrokine 1 (GKN1), made of 185 amino acid resi-
dues, is a stomach-specific protein which is produced by

astric mucus-secreting cells, stored in cytoplasmic gran-
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[1, 2]. We and others previously showed that inactivation of
GKNI as a tumor suppressor is one of the leading causes
of gastric cancer [3-5]. Although GKNI1 plays important
roles in maintaining mucosal integrity and homeostasis, and
in regulating cell proliferation and differentiation [6-8], no
study has yet investigated how GKNI1 secretion and inter-
nalization take place in gastric mucosal epithelium.

Recently, it has been reported that intercellular commu-
nication through the transfer of extracellular vesicles (EVs)
plays an important role in a range of physiological processes
including intercellular exchange of proteins and RNA [9,
10] and immune regulation [10, 11] in multicellular organ-
isms. EVs are small vesicles released by donor cells that
can be taken up by recipient cells [12]. EVs that are derived
from multi-vesicular bodies are referred to as exosomes [13].
Exosomes can carry cargo from their originating cells as
functional messenger RNA, microRNA, or proteins [14, 15].
Many EV proteins have been shown to interact with mem-
brane receptors on target cells [16, 17] and are usually taken
up into endosomal compartments via endocytosis [18-20].
To understand the emerging roles of exosomes in normal
physiological processes and in diseases, it is important to
identify the molecular mechanisms that underlie exosome
release by donor cells and exosome internalization by target
cells.

Here, we provided the first evidence that human gastric
epithelial cells naturally secrete and internalize GKNI1 as an
exosomal protein and that GKN1 protein may be a potential
diagnostic marker and therapeutic target for gastric cancer.

Methods
Cell culture and transfection of c-Myc

Cell culture and transfection of c-Myc were described in the
supplementary Methods.

Identifying the GKN1-binding proteins
through HuProtTM microarrays

Identifying the GKN1-binding proteins through HuProtTM
microarrays were described in the supplementary Methods.

Co-immunoprecipitation

We washed exosomes derived from AGS and MKN1 cells
treated with recombinant GKN1 protein (fGKN1) with PBS
and lysed at 4 °C with PBS, pH 7.2 containing 1% NP-40,
0.5% sodium deoxycholate, 0.1% SDS, 10 mMNaF, 1.0 mM
NaVO4, and 1% protease inhibitor cocktail (Sigma, St.
Louis, MO, USA), as described previously [21]. Equal pro-
tein aliquots (1.0 mg) were immunoprecipitated with 2.0 ug

of antibodies to GKN1 (Abcam, Cambridge, UK), COMT
and YWHAZ (Genetex, CA, USA) plus protein A/G-agarose
(Santa Cruz Biotechnology), as described previously [22].

Exosome isolation

Exosome isolation and labeling were described in the sup-
plementary Methods.

Trypsin digestion assay

To determine the localization of GKNI1 in exosomes, we
subjected purified exosomes from HFE-145 cells (35 pg pro-
teins in 7 pL of PBS) to lipid membrane lysis by 1% Triton
X-100 for 30 min at 4 °C, as previously described [23]. A
detailed description for trypsin digestion assay is in the sup-
plementary Methods.

Immunoblot, immunofluorescent, and transmission
electron microscopy (TEM) studies

Immunoblot, immunofluorescent, and transmission electron
microscopy assays were described in the supplementary
Methods.

Real-time RT-PCR

Real-time RT-PCR analysis was described in the supple-
mentary Methods.

Measurement of cell viability and apoptosis

Measurement of cell viability and apoptosis were described
in the supplementary Methods.

Flow-cytometry analysis of cell cycle

Flow-cytometry analysis of cell cycle was described in the
supplementary Methods.

Chromatin immunoprecipitation (ChiIP)

To assess the c-Myc and NKX6.3 binding in the promoter
regions of NKX6.3 and GKNI, respectively, we performed
ChIP assays using the Thermo Scientific Pierce Agarose
ChIP kit (Thermo Scientific Pierce), as described previously
[22]. We amplified the DNA by PCR using primers for the
NKX6.3 promoter, as described in supplementary Table S1.
We separated amplification products on a 2% agarose gel.
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In vivo assay

Animal experiments were approved and performed in
accordance with the Institutional Animal Care and Use
Committee at the Ajou University School of Medicine
(Suwon, Gyeonggi-do, Korea). A detailed description for
in vivo assay was in the supplementary Methods.

Serum samples

We obtained written informed consent from all partici-
pants in accordance with the Declaration of Helsinki. The
study was approved by the Institutional Review Board of
The Catholic University of Korea, College of Medicine
(MC16SIS10132). There was no evidence of familial can-
cer in any of the patients. A detailed description for serum
samples was in the supplementary Methods.

Statistical analysis

We used Student’s ¢ test to analyze the effects of GKN1

on cell viability and proliferation, and Chi-square test to

a

compare GKN1, Ki-67, and Annexin V staining patterns. We
performed all experiments in duplicate to verify the repro-
ducibility of the findings. Data are expressed as means + SD
from two independent experiments. We considered a P value
less than 0.05 to be the limit of statistical significance. To
further evaluate the diagnostic usefulness of the markers
based on dichotomous classification, we conducted receiver
operating characteristic (ROC) curve analysis. An ROC
curve is a plot of the true-positive fraction versus the false-
positive fraction evaluated for all possible cut-off point.

Results
Identification of GKN1-binding proteins

In protein microarray assay, we clearly observed that recom-
binant GKN1 (rGKN1) bound to 27 exosomal proteins;
the GKN1-interacting exosomal proteins are presented in
Fig. 1a. Of these, we verified the interaction between GKN1
and COMT and between GKN1 and YWHAZ using co-
immunoprecipitation analysis (Fig. 1b).

Exosomes derived from

Number _Gene symbol

Description

Entrez ID

Chromosome Map location

ACSL4

acyl-CoA synthetase long-chain family member 4

2182

XS

Xq22.3-g23

)
2 AHNAK AHNAK nucleoprotein 79026 1 1q122
3 ALDHIL1  aldehyde dehydrogenase 1 family, member L1 10840 3 3q213

4 ALDH9A1  aldehyde dehydrogenase 9 family, member A1 223 1 1231

s ASNAT arsA arsenite transporter, ATP-binding, homolog 1 (bacterial) 439 19 199133
6 <G creatine kinase, brain 1152 14 14q32

7 cict chloride intracellular channel 1 1192 6 6p21.3

8 comt catechol-O-methyltransferase 1312 22 22q11.21
9 CTNS cystinosin, lysosomal cystine transporter 1497 17 17p13

10 G6PD glucose-6-phosphate dehydrogenase 2539 X Xq28

1 GALM galactose mutarotase (aldose 1-epimerase) 130589 2 2p22.1
12 GARS glycyl-tRNA synthetase 2617 7 7p15

13 GLUL glutamate-ammonia ligase 2752 1 1931

14 GPD1 glycerol-3-phosphate dehydrogenase 1 (soluble) 2819 12 12q13.12
15 GSN gelsolin 2934 9 9q33

16 GST™3 glutathione S-transferase mu 3 (brain) 2947 1 1p133
17 HRAS Harvey rat sarcoma viral oncogene homolog 3265 7 11p15.5
18 ILIRN interleukin 1 receptor antagonist 3557 2 2q14.2
19 PGD phosphogluconate dehydrogenase 5226 1 1p36.22
20 PKLR pyruvate kinase, liver and RBC 5313 1 1921

21 PSAT1 phosphoserine aminotransferase 1 29968 9 99212
2 PSMB6 proteasome (prosome, macropain) subunit, beta type, 6 5694 17 17p13

2 RNH1 ribonuclease/angiogenin inhibitor 1 6050 7 11p155
24 SEC13 SEC13 homolog (S. cerevisiae) 6396 a. 3p25-p24
25 SPRR3 small proline-rich protein 3 6707 1 1q21-q22
2 TGM1 transglutaminase 1 7051 14 14q11.2
27 YWHAZ tyrosine ptop tivation protein, zeta 7534 8 8q23.1

Fig. 1 Identification of GKNI-binding proteins and localization
of GKNI1 in exosomes. a In protein microarray, rGKN1 interacted
with 27 exosomal proteins. b Exosomal GKN1 bound to COMT and
YWHAZ. Immunoprecipitated proteins were resolved by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis, transferred to
polyvinylidene difluoride membranes, and processed for immunob-
lotting with the indicated antibodies. ¢ TEM image of exosomes iso-
lated from supernatants of HFE-145 cells. d Representative western
blots of GKN1, TSG-101, and CD81 in exosomes isolated from the
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HFE-145-immortalized gastric epithelial cells, AGS and MKN1 gas-
tric cancer cells. We found no GKN1 expression in exosomes derived
from AGS and MKNI1 cells, but we detected GKN1 expression in
exosomes derived from HFE-145 cells as well as AGS and MKN1
cells treated with rGKN1. Soluble; exosome-free media, WCL; exo-
some-free whole cell lysate. e In enzymatic degradation assays, we
treated exosomes derived from HFE-145 cells with trypsin and/or
Triton X-100. When we treated them with both trypsin and Triton
X-100, GKN1 protein was completely degraded
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Detection of GKN1 in exosomes derived from gastric
cell lines

To investigate whether GKN1 is spontaneously secreted and
internalized as an exosomal protein, we isolated exosomes
from the cultured supernatants from HFE-145, AGS, and
MKNI1 gastric cells. In transmission electron micros-
copy (TEM) analysis, structurally intact exosomes, which
revealed the presence of vesicles ranged in size from 30 to
200 nm, could be detected (Fig. 1c). Expectedly, exosomes
derived from HFE-145 immortalized gastric epithelial cells
expressed GKN1, whereas exosomes from AGS and MKN1
gastric cancer cells did not (Fig. 1d). When we treated AGS
and MKN1 cells with rGKN1, the expression of GKN1
was present mainly in the exosomes and scant or absent in
exosome-free media and exosome-free whole cell lysate
(Fig. 1d). Of two exosomal protein markers, we detected
TSG101 in both the purified exosomes and exosome-free
whole cell lysates, whereas we found CD81 expression only
in exosomes (Fig. 1d).

Next, to reveal whether or not GKN1 protein is pre-
sent in exosomes, we performed trypsin digestion assays
with and without Triton X-100, followed by western blot
analysis [23]. When we treated the exosomes with trypsin
in the absence of Triton X-100, GKN1 was protected from
trypsin-dependent enzymatic degradation. However, GKN1
was completely degraded in the presence of both trypsin
and Triton X-100 (Fig. le), suggesting that GKNI1 protein
is present in exosomes.

Measurement of cell proliferation and cell death

To identify the biological effects of exosomal GKN1 on
cell viability and proliferation, we treated HFE-145, AGS
and MKN1 cells with exosomes derived (1) from AGS and
MKNI1 cells non-treated and treated with rGKN1, and (2)
from HFE-145 cells that originally expressed GKN1. Treat-
ment with GKN1-negative exosomes derived from AGS
and MKNT1 cancer cells markedly increased cell viability in
HFE-145, AGS and MKNI1 cells, whereas GKN1-positive
exosomes derived from same cells significantly inhibited cell
viability and proliferation in AGS and MKNI1 cells (Fig. 2a,
b and supplementary Fig. 1a, b). Compared with rGKN1,
exosomal GKNI1 dramatically inhibited cell viability and
proliferation in AGS and MKNI1 cancer cells (Fig. 2¢ and
supplementary Fig. Ic, d). In cell cycle analysis, exosomes
derived from HFE-145 cells significantly decreased S
phase and increased G1 and G2/M phase cell populations
(Fig. 2d). Consistently, GKN1-positive exosomes derived
from AGS cells treated with rtGKN1 inhibited cell cycle pro-
gression in AGS and MKN1 cells (supplementary Fig. 2a).
For G1 phase arrest, exosomal GKN1 increased expression
of negative regulators of cell cycle such as p53 and p21

and down-regulated expression of positive regulators of
cell cycle such as cdk4 and cyclin D (Fig. 2e). For G2/M
arrest, GKN1 down-regulated expression of p-cdc2, cdc25c,
and cyclin B proteins in HFE-145, AGS, and MKNI cells
(Fig. 2e).

In addition, GKN1-positive exosomes derived from HFE-
145 cells and AGS cells treated with rtGKN1 significantly
increased apoptotic AGS and MKNI1 cells (Fig. 2f and
supplementary Fig. 2b). Expression of cleaved caspase-3
and -8 increased markedly, whereas there were no signifi-
cant changes in BAX or BCL2 expression (Fig. 2e). Taken
together, it is likely that upon cellular internalization, exo-
somal GKN1 interacts with cytoplasmic proteins that inhibit
proliferation and induce apoptosis of gastric epithelial cells.

To further confirm that exosomal GKN1 inhibits cell
proliferation, we performed MTT and BrdU incorporation
assays after treatment with GW4869 (sigma), an inhibitor of
exosome biogenesis/release. In MKNI1 cells, GW4869 mark-
edly decreased exosomal protein concentration (Fig. 2g). As
expected, rtGKNI1 significantly decreased cell viability and
proliferation in MKN1 cells, whereas treatment with both
rGKNI1 and GW4869 did not (Fig. 2h and supplementary
Fig. le, f). Thus, exosomal form of GKNI1 protein may func-
tion as a tumor suppressor and serve as a therapeutic target
of gastric cancer.

GKN1 positive exosomes suppress tumor growth
in vivo

To investigate the effect of the tumor suppressive func-
tion of GKN1-positive exosomes in vivo, we intravenously
injected the exosomes with or without GKN1 into the mice
with MKN1 xenograft tumors subcutaneously six times in
2 weeks (n="7 mice/group). The serum GKN1 concentration
in GKN1-positive exosome-treated group was significantly
higher relative to other groups (Fig. 3a). As expected, treat-
ment with GKN1-positive exosomes significantly inhibited
tumor growth by day 25 as compared to PBS- and control
exosome-treated mice (Fig. 3b). Consistently, mean weight
of harvested tumors (Fig. 3c) treated with GKN1-positive
exosomes was significantly lower than that of tumors treated
with control exosomes (P=0.017) and PBS (P =0.026)
(Fig. 3d). Animal activity and change of body weight were
not different among each treatment group during 4 week
observation period (data not shown).

In immunofluorescent analysis, tumors from mice
treated with GKNI1-positive exosomes showed signifi-
cantly increased GKN1 expression in the cytoplasm of
cancer cells, but PBS- and control exosome-treated tumors
did not (Fig. 3e). In addition, growth fraction with Ki-67
staining was significantly decreased in tumors treated with
GKNI1-positive exosomes (P=0.018), whereas apoptosis
with Annexin V staining was significantly higher compared
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Fig.2 Exosomes carrying GKN1 protein inhibited cell growth and
proliferation. Exosomes derived from AGS and MKNI cells induced
a time-dependent increase in cell viability (a) and proliferation (b) in
HFE-145, AGS and MKNT1 cells, whereas the exosomes that carry
GKNI decreased cell viability and proliferation (n=3). ¢ Exosomal
GKNI1 and rGKN1 markedly decreased cell viability and proliferation
in AGS and MKNI cancer cells over 48 h after treatment. The inhibi-
tory effect on cell viability of exosomal GKN1 protein was more sig-
nificant than that of rGKNI1 (n=3). d Exosomal GKN1 significantly
increased cell populations at the G1 and G2/M phases and decreased
cell population at the S phase (n=2). e Exosomal GKN1 increased

with other groups (P =0.007) (Fig. 3e). Statistically, expres-
sion of GKNI1 was inversely correlated with Ki-67 expres-
sion and positively correlated with Annexin V staining in
tumors treated with GKN1-positive exosomes (P =0.003
and P=0.004, respectively; Fig. 3f). Western blot analysis
showed that expression of CDK4/6, cyclins A, B, and D, and
p-cdc2 was reduced, while cleaved caspase-3, -8, and PARP,
pS53, pl6, and p21 were markedly increased in tumors treated
with GKN1-positive exosomes (Fig. 3g). These results sug-
gested that GKN1 can be effectively delivered to xenograft
tumors and further support that exosomal form of GKN1
may be a therapeutic target of gastric cancer.

Internalization of exosomes into gastric cancer cells
depends on clathrin

Next, we evaluated how exosomes containing GKN1 protein
internalize into gastric cancer cell lines. As shown in Fig. 4a,
AGS and MKNI1 cells transfected with siClathrin showed a
notable reduction of clathrin expression. When we treated
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the expression of p53 and p21 and down-regulated the expression of
CDK4, cyclin D, cdc25, p-cdc2, and cyclin B. In addition, exosomal
GKNI induced cleavage of caspase-3 and -8. f In cell death assay,
exosomal GKN1 increased apoptotic cell death in AGS and MKN1
cells (n=2). g, h When we treated MKNI1 cells with an inhibitor of
exosome biogenesis/release (GW4869), exosomal protein concentra-
tion significantly decreased (g; n=10) and the effects of GKNI1 on
cell viability and proliferation were markedly inhibited (h; n=3). P
values by unpaired two-tailed Student’s ¢ test: *P <0.05, **P<0.01,
*#%P <(0.001 and ****P <0.0001. The center value is the mean, and
error bars are sd

AGS and MKNI1 cells with PKH26-positive exosomes that
carried GKNI1 (Fig. 4b), these exosomes were clearly local-
ized in the cytoplasm of AGS and MKNI1 cells (Fig. 4c).
However, clathrin knockdown dramatically inhibited the
internalization of PKH26-positive exosomes into the AGS
and MKN1 cells’ cytoplasm (Fig. 4c). In these cells, expres-
sion of both GKN1 and CD81 was significantly reduced in
membrane and not detected in the cytoplasm (Fig. 4d).

Measurement of GKN1 protein levels in sera
is useful for gastric cancer diagnosis

To confirm whether GKN1 protein is present in culture
media and human sera, we measured GKN1 concentrations
in culture media from HFE-145 cells and human sera by
ELISA, after incubation at 70 °C for 10 min. Under non-
heating conditions, we did not detect GKN1 in either total
media, exosomes and exosome-depleted media from HFE-
145 cells (Fig. 5a) or whole serum, exosomes, and exosome-
free sera (Fig. 5b). However, the GKN1 concentrations
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Fig.3 GKNI1-positive exosomes significantly reduced tumor growth
in xenograft model. a Serum GKNI1 concentration in GKN1 posi-
tive exosome-treated group was significantly higher relative to other
groups (n=7 mice/group). b—d Mice in the group treated with
GKNI1-positive exosomes showed relatively reduced tumor volume
and weight (n=7 mice/group). e In immunofluorescent analysis,
GKNI1 expression was detected in the cytoplasm of cancer cells in
only GKNI-positive exosome-treated tumor. Growth fraction with
Ki-67 staining and apoptosis with Annexin V staining were signifi-
cantly lower and higher, respectively, in GKN1-positive exosome-
treated tumors compared with tumors treated with PBS and control
exosomes (each group; n=3). f Percentages of positively stained

in total media, exosomes, and exosome-depleted media
treated at 70 °C for 10 min were 1.13+0.06, 1.08 +0.1
and 0.05 £ 0.04 ng/ml, respectively (Fig. 5a). In ten healthy
individuals, the GKN1 concentrations in whole serum
and exosomes treated with heat were 6.53 +0.58 and
6.24 +0.55 ng/ml, respectively (Fig. 5b). In ten gastric can-
cer patients, they were 3.58 +0.54 and 3.28 +0.82 ng/ml
in whole serum and exosomes, respectively (Fig. 5b), sug-
gesting that the majority of serum GKNI1 is enriched within
exosomes. Thus, we analyzed GKN1 concentrations in the
whole sera from 100 healthy subjects and 245 patients with
gastric, colorectal cancers or hepatocellular carcinomas after
heating at 70 °C for 10 min.

As shown in Fig. 5c, there was a slight association
between serum GKNI1 levels in healthy individuals and
aging, but there was no statistical significance (P =0.338).
In addition, there was no difference in serum GKNI1 levels
between males and females (P =0.074). Interestingly, indi-
viduals with atrophic gastritis with and without intestinal
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cells for GKNI1, Ki-67 and Annexin V in 472 tumor cells treated
with GKNI1-positive exosomes were 55.7, 9.3, and 23.9%, respec-
tively. Statistically, expression of GKN1 was inversely correlated with
Ki-67 expression and positively correlated with Annexin V stain-
ing (P=0.0003 and P=0.0013, respectively). g In GKN1-positive
exosome-treated tumors, expression of CDK4/6, cyclins A, B and
D, and p-cdc2, was reduced, while cleaved caspase-3, -8, and PARP,
pS53, pl6 and p21 were markedly increased in tumors treated with
GKN1-positive exosomes. P values by unpaired two-tailed Student’s
t test: *P<0.05, **P<0.01 and ***P <0.001. The center value is the
mean, and error bars are sd

metaplasia (IM) showed serum GKNI1 concentrations that
were lower than those in subjects without gastritis, but sig-
nificantly higher than those in patients with gastric cancer
(Fig. 5d).

The concentrations of GKN1 in whole sera of 100
healthy subjects and 150 patients with gastric cancer were
6.35+0.82 and 3.50 +0.57 ng/ml, respectively (Fig. Se),
indicating that serum GKNI levels in gastric cancer
patients were significantly lower than those in healthy
individuals (P < 0.0001). Furthermore, GKN1 levels in
serum of gastric cancer patients were significantly lower
than those of hepatocellular carcinoma (6.26 +0.95 ng/
ml) and colorectal cancer (6.07 +0.92 ng/ml) (Fig. 5e).
Notably, the serum GKN1 concentration discriminated
patients with gastric cancer from healthy individuals
without atrophic gastritis and subjects with atrophic
gastritis without and with IM with the area under the
ROC curve (AUC) values of 1.0000, 1.0000, and 0.9964,
respectively (Fig. 5f). When we analyzed the ability of

@ Springer



962 J.H.Yoon et al.
a AGS  MKN1 c DIC PKH26 Clathrin DAPI Merge
£ c 2L c
Q = Qo = -
< = = v
§ 3 § = S ~
s O 5 O ]
(2] 7] w »
Clathrin e — ®
Q
< ¥
=
£
£
o
) 7
7]
P
Scale bar: 3 pm X
=
d AGS MKN1 N
o £ o £ £ &
E = § = 2
G 3] G o B
(2] ) (2] )
(0] [0) (0] [0)
| = = £ =
S 5 £ 35S 35 £ 3
Qo Qo
s £5 2585 ¢
S 3333 336
GKN1 = — -_—— -
CD81 == = e —
B-tubulin —_— — —_— —

Fig.4 Clathrin-dependent  internalization = of  GKNI-positive
exosomes. a Treatment with siClathrin markedly down-regulated
clathrin expression. b We isolated exosomes from AGS gastric can-
cer cells after treatment with rGKNI1. ¢ Localization of exosomes that
carry GKNI protein in AGS and MKNI gastric cancer cells trans-
fected with siControl and siClathrin. Silencing clathrin dramatically

the serum GKNI1 levels to discriminate the patients with
gastric cancer from the patients with hepatocellular and
colorectal carcinomas, the GKN1 concentration in whole
sera predicted the risk of gastric cancer with AUC values
of 0.9938 and 0.9987, respectively (Fig. 5g).

Based on the depth of invasion, gastric cancer is clas-
sified into early (EGC) and advanced (AGC). Notably,
serum GKNI1 concentrations in the patients with EGC
(3.75 +£0.47 ng/ml) were significantly higher than those
in the patients with AGC (3.38 +0.58 ng/ml) (P <0.001)
(Fig. 5h). However, serum GKN1 concentrations in
patients with EGC were lower than those tested in sub-
jects with atrophic gastritis and IM (P <0.001) (Fig. 5h).
In addition, using GKN1 levels in whole sera, EGC
patients can be distinguished from (1) healthy individu-
als (AUC: 1.00), (2) individuals with atrophic gastritis
(AUC: 1.00), and (3) individuals with atrophy and IM
(AUC: 0.98) (Fig. 51).

@ Springer

inhibited internalization of exosomes that carried GKN1 in these
cells. d In western blot assays, GKN1 and CD81 were expressed in
the membranes and cytoplasms of AGS and MKNI gastric cancer
cells, whereas we found reduced or lost GKN1 and CD81 expression
in clathrin-silenced cells

Exosomes from gastric cancer cells down-regulate
NKX6.3 and GKN1 expression in gastric epithelial
cells

Next, we investigated whether exosomes derived from
cancer cells down-regulate GKN1 expression in normal
gastric epithelial cells. Interestingly, exosomes released
from AGS and MKNI1 cancer cells markedly inhibited
the expression of both GKN1 and NKX6.3, which is a
transcriptional factor of GKN1 [24], at mRNA and pro-
tein levels and increased expression of c-Myc and Max
proteins in HFE-145 cells (Fig. 6a, b). In addition, we
observed that the expression levels of c-Myc and Max in
exosomes were higher in AGS and MKNI1 cancer cells
than in HFE-145 cells (Fig. 6¢c, d). Consistent with this
result, ectopic c-Myc expression in HFE-145 cells also
increased expression of Max protein and induced loss of
GKNI1 and NKX6.3 expression (Fig. 6e).



Gastrokine 1 protein is a potential theragnostic target for gastric cancer 963
a Non-heating  Heating b Non-heating Heating c e e d —_— s e ns
s et — 0, —
B Whole wio Whole wio 1 K = 8. 10 A warr 104 gt
5> Serum  Exosome Exosome Serum  Exosome Exosome £ 2 & E ] 25 o = N sk = a7
e —_— —_— —_— _— —_— —_— B 8 a8 & 2 = a — =
S0 1 o 2 % £ E o e E 4 o, 8
& < o
g g £ 13 DR P LR 1 e $
g o5 EL 1 : i § S | & . 2 .
S ] g 2 g [
g s N g, s 54 £ 4
] 24 S S c €
o K % o 3 8
0.0ds H 1 5 2 5 2
$° 0 22 o o
@9@49% o “0@*‘& Ky 8 a N T T T T 0-— T T T
o >
QQ\&" OQ\&° e == & @Qv'\ \\x\“‘ & PP
& & & & & s & & @@@ & & & & s & &” " &
& & S M A VM S VA N VAN PN ) o‘« oo
S S & & o F o o & e <
< <& & K K x K K
Normal: GC Atrophy: GC Atrophy+IM: GC i
f 10 h 1 Normal: EGC
. " " g
3 S % 8 .
2 50 Z 50 3 50 < B
2 2 2 S 3 50
c -4 c ] =
5 5 5 £ s
2] 0 Lz < c
Aoa 1 Aeea 1 o 3 $
Tow 1 Eew & e o 8
Maw 2 e B i < s
o e e i S Tee
[} 50 100 [} 50 100 0 50 100 S o
100% - Specificity% 100% - Specificity% 100% - Specificity% 0 50 100
100% - Specificity%
HCC: GC CRC: GC Atrophy: EGC Atrophy+IM: EGC
9 s
2 2 g g
2 2 % 5
i Area osee @ Aea o7 Ara 1 Area 1
S = e B o
e e e T e TS anb

[ 50 50 100
100% - Specificity% 100% - Specificity%

Fig.5 Diagnostic value of serum GKNI1 level for gastric cancer.
a In HFE-145 cells, we detected GKN1 protein only in total media
and exosomes after heating at 70 °C for 10 min but not in the media,
exosomes and exosome-depleted media that were not heated (each
group; n=3). b In human sera from both 10 healthy subjects and 10
patients with gastric cancer, we detected GKN1 in whole sera and
exosomes heated at 70 °C for 10 min but not in the unheated sera.
In both healthy subjects and gastric cancer patients, serum GKNI1
concentrations in exosomes reached nearly the same levels as those
in whole serum (each group; n=10). ¢ In 100 healthy subjects, serum
GKNI concentration was not associated with age and gender (dupli-
cated; n=100). d Serum GKNI1 concentrations in individuals with
atrophy and IM were significantly lower than those in subjects with
normal stomach and atrophic gastritis but higher than those in gastric
cancer patients (normal; n=46, atrophy; n=41, atrophy +IM; n=13,
GC gastric cancer n= 150, duplicated experiments). e GKNI1 levels in
the sera of gastric cancer patients were significantly lower than those
in the sera of healthy subjects and patients with hepatocellular and
colorectal carcinomas (normal; n=100, GC gastric cancer n=150,

Next, we attempted to examine whether c-Myc is a
transcriptional repressor of NKX6.3. Expectedly, ectopic
expression of c-Myc in HFE-145 cells increased the
binding activity of c-Myc to the upstream sequences of
NKX6.3 and dramatically inhibited NKX6.3 binding to
GKNI promoter region (Fig. 6f). Thus, we conclude that
c-Myc in exosomes derived from gastric cancer cells
inhibits GKN1 expression in surrounding non-neoplastic
gastric epithelial cells, and subsequently induces low
serum GKNI1 concentration.

100

0 50 100 50
100% - Specificity% 100% - Specificity%

CRC colorectal cancer n=>50, HCC hepatocellular carcinoma n=45,
duplicated experiments). f In ROC curve analysis, serum GKNI1
concentrations in gastric cancer patients yielded AUCs of 1.0000,
1.0000, and 0.9964 (95% CI 0.9889-1.004; P <0.0001) distinguish-
ing healthy individuals with normal stomach and subjects with atro-
phy without and with IM from gastric cancer patients, respectively. g
Serum GKNI levels discriminated patients with gastric cancer from
patients with hepatocellular and colorectal carcinomas with AUCs
of 0.9938 and 0.9987, respectively. h Serum GKN1 concentrations
in patients with EGC were lower than those in subjects with atrophic
gastritis with IM and higher than those in patients with AGC (normal;
n=46, atrophy; n=41, atrophy +IM; n=13, EGC early gastric can-
cer n=50, AGC advanced gastric cancer n=100, duplicated experi-
ments). i Serum GKN1 concentrations in patients with EGC yielded
AUC:s of 1.0000, 1.0000 and 0.9892, respectively, distinguishing nor-
mal individuals and subjects with atrophic gastritis without and with
IM. P values by unpaired two-tailed Student’s # test: ***P <0.001 and
#x%%k P <(),0001. The center value is the mean, and error bars are sd

Exosomal GKN1 does not affect cell viability
and function of white blood cells

We further examined the possibility that exosomes that carry
GKNI1 could modulate cell viability and function of lympho-
cytes, monocytes, and macrophages. Interestingly, exosomes
derived from HFE-145 cells bound to the membrane of
THP-1 monocyte and U937 macrophage, but not Jurkat
T cells, in immunofluorescent assay (Fig. 7a). GKN1 was
expressed in the membrane fraction of THP-1 monocyte and
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Fig.6 Exosomal c-Myc protein downregulates NKX6.3 and GKN1
expression. a, b In HFE-145 cells, exosomes derived from MKN1
and AGS cells significantly decreased NKX6.3 and GKN1 expression
at mRNA and protein levels (each group; n=3). ¢, d Western blot
and densitometer analyses showed increased expression of c-Myc and
Max in exosomes derived from MKN1 and AGS cells (each group;

U937 macrophage (Fig. 7b). However, the cell viability and
expression levels of cytokines were not changed (Fig. 7c, d).

Discussion

It is well known that GKN1 is packaged within secretary
granules and predicted to have a secretory signal peptide [2,
25, 26]. For autocrine and paracrine functions, GKN1 must
be internalized by gastric epithelial cells. However, current
literature indicates neither GKN1 receptors nor GKN1 secre-
tion and internalization pathways. Here, we aimed to deter-
mine whether GKNI is secreted and internalized in gastric
epithelial cells as an exosomal protein.

Here, we found that rGKN1 interacts with 27 exosomal
proteins (Fig. 1a). Notably, exosomes from HFE-145 immor-
talized gastric epithelial cells expressed the GKN1 protein,
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n=3). e Ectopic c-Myc expression increased Max and completely
down-regulated NKX6.3 and GKN1 expression. f In ChIP analysis,
ectopic c-Myc expression increased c-Myc binding to NKX6.3 and
decreased that of NKX6.3 to GKNI promoter regions (each group;
n=3). P values by unpaired two-tailed Student’s ¢ test: **P<0.01
and ***P <(0.001. The center value is the mean, and error bars are sd

but exosomes from AGS and MKN1 gastric cancer cells
did not (Fig. 1b). These data are consistent with evidence
showing that GKN1 was reduced or lost in gastric cancer [3,
27, 28]. In addition, GKN1 appears to be localized exclu-
sively in exosomes (Fig. 1d, e), suggesting that GKN1 may
be secreted into extracellular space as one of exosomal cargo
proteins.

Because our previous study showed that rtGKNI1 signifi-
cantly inhibits gastric cancer cell viability [5], we hypoth-
esized that biological effects of GKN1 may be induced by
exosome-mediated autocrine and paracrine transfer. Pre-
vious studies have demonstrated that cancer cell-derived
exosomes inhibit tumor cell apoptosis and induce cell pro-
liferation [29, 30]. Consistently, in this study, we found that
GKNI1-negative exosomes derived from AGS and MKN1
cancer cells increased cell viability and proliferation in HFE-
145, AGS, and MKNI cells. In contrast, GKN1-positive
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Fig.7 Exosomal GKN1 did not affect the cell viability of lympho-
cytes and macrophages. a GKNI1-positive exosomes derived from
HFE-145 cells were attached to plasma membranes of THP-1 mono-
cytes and U937 macrophages, but not Jurkat T cells. b In western blot

exosomes markedly inhibited cell viability and cell prolif-
eration (Fig. 2a, b) and the effects of exosomal GKNI1 on
cell proliferation and apoptosis were stronger than those of
rGKNI1 (Fig. 2c). Consistent with the previous results [5,
28, 31], exosomal GKN1 induced G1 and G2/M arrests and
apoptosis by regulating expression of proteins related to cell
cycle and apoptosis (Fig. 2d—f and supplementary Fig. 2).
In addition, GW4869, an inhibitor of exosome biogenesis/
release, dramatically suppressed the effects of GKN1 on cell
growth (Fig. 2h). In the nude mouse xenograft model, exoso-
mal GKNI1 significantly suppressed the growth of subcuta-
neous transplanted tumors of MKN1 cells by inhibiting cell
proliferation and inducing apoptosis (Fig. 3). These findings
strongly suggest that secreted exosomal GKN1 may be inter-
nalized into gastric epithelial cells and thereby alter a set
of signaling pathways involved in regulation of cell growth
and apoptosis. Because exosomes have limitless therapeu-
tic potential for the treatment of cancer [32], it is plausible
that modulating exosomes that carry GKN1 and stimulat-
ing its anti-cancerous effects could significantly impact the
development of novel gastric cancer treatments, which will
ultimately achieve the goal of gastric cancer prevention and
remission.

For these phenotypic effects to occur, exosomes that carry
GKNI1 need to be fused with gastric epithelial cell mem-
branes and be taken up into cells. EVs are usually taken
up into endosomal compartments via endocytosis [18-20],
and EV uptake is most likely dependent on the signaling
status of recipient cells and the protein complement of the

................

-----------------

analysis, we detected GKN1 protein only in the membrane fractions
of these cells. ¢, d Exosomes that carry GKN1 did not affect cell via-
bility and cytokine expression of THP-1 monocytes and U937 mac-
rophages (n=3)

vesicle [33]. Because the internalization of various cargo
proteins and lipids from the mammalian cell surface occurs
through clathrin and lipid-raft endocytic pathway [32], we
treated AGS and MKNI1 cells with rGKNI1 after silencing
clathrin with siClathrin. Interestingly, internalization of
exosomes that carry GKN1 was dramatically inhibited in
clathrin-silenced AGS and MKNI cells (Fig. 4b, c), sug-
gesting that clathrin-mediated endocytosis may be the main
pathway for internalization of GKN1-positive exosomes
into gastric epithelial cells. Although the mechanism that
underlies fusion and uptake of these exosomes to the gastric
epithelium remains to be clearly identified, we here provide
direct evidence that GKN1 can induce autocrine and par-
acrine signaling through exosome exchange in gastric epi-
thelial cells. Additional characterization of the pathways of
internalization of GKN1-positive exosomes will elucidate
the mechanisms of exosome-mediated therapeutic targets.

Recently, Villano et al. reported that GKNI mRNA in sera
is not an informative biomarker for this cancer [34]. Here,
to investigate whether GKN1 protein is present in sera as an
exosomal protein, we analyzed GKN1 concentrations in 10
sera with and without heating at 70 °C for 10 min. Expect-
edly, we detected GKN1 in whole sera and serum exosomes,
and its levels in exosomes reached nearly the similar to those
of whole serum in both healthy subjects and gastric cancer
patients (Fig. 5a, b). Thus, we conclude that vast majority
of serum GKNI1 is present within exosomes and that the
protein could be delivered to non-gastric tissues as circulat-
ing exosomes.
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Next, to evaluate the diagnostic value of serum GKNI,
we examined GKN1 concentrations after heating at 70 °C
for 10 min, in whole sera from 100 healthy subjects and
245 patients with gastric, colorectal, and hepatocellular car-
cinoma. Interestingly, GKNI1 levels in the sera of gastric
cancer patients were significantly lower than those in the
sera of healthy subjects and the patients with hepatocellular
and colorectal carcinomas (P <0.0001; Fig. 5e). Notably, the
serum GKNI1 levels discriminated the patients with gastric
cancer from healthy subjects and patients with hepatocellu-
lar and colorectal carcinomas (Fig. 5g). In addition, GKN1
concentrations in whole sera discriminated the patients
with EGC from healthy individuals without atrophic gastri-
tis and subjects with atrophic gastritis without and with IM
(Fig. 51). EVs protect their cargo from the attack of nuclease
and proteases [35]. EVs are well suited for biomarker analy-
ses that may increase sensitivity and/or specificity [35, 36].
Thus, we conclude that GKN1 protein in serum may be an
informative diagnostic biomarker for gastric cancer. Future
studies with large populations are strongly needed to verify
these initial observations.

These observations that serum GKN1 concentrations
were lower in patients with gastric cancer prompted us
to examine if cancer-derived exosomes inhibit the GKN1
expression in surrounding non-neoplastic gastric epithe-
lial cells. In HFE-145 cells, exosomes released from AGS
and MKNI cancer cells had the potential to inhibit both
GKN1 and NKX6.3 expression at mRNA and protein levels
(Fig. 6a, b) by overexpression of c-Myc and Max (Fig. 6b).
Consistent with the report that cancer exosomes alter the
transcriptomes of target cells and stimulate non-tumorigenic
epithelial cells to form tumors [37], it is most likely that
exosomes derived from gastric cancer cells inactivate gastric
tumor suppressors NKX6.3 and GKNI1 in surrounding non-
neoplastic gastric epithelial cells and subsequently decrease
serum GKNI1 concentrations. Additional studies are required
to verify that cancer-derived exosomes instigate the normal
cells to participate in progression of gastric cancer.

Because we detected GKN1 in human sera, we exam-
ined whether exosomes carrying GKN1 have an influence
on white blood cells. GKN1-positive exosomes derived
from HFE-145 cells were detected onto plasma membranes
of THP-1 monocytes and U937 macrophages (Fig. 7a, b).
However, no significant effect of exosomal GKNI1 on cell
viability and cytokine expression was seen in these cells
(Fig. 7c, d). Thus, we can speculate that exosomal GKN1
may be used as a therapeutic target for gastric cancer without
hematologic side effects.

In summary, an important observation of this study is
that GKN1 was secreted to extracellular space as an exo-
somal cargo protein and was internalized through clathrin-
mediated endocytosis. Exosomal GKN1 inhibited cell pro-
liferation and induced apoptosis in gastric cancer cells and
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xenograft tumors. In addition, GKN1 concentrations in the
sera of patients with gastric cancer were significantly lower
than those in healthy subjects and patients with hepatocel-
lular and colorectal carcinomas (P < 0.0001), suggesting
that serum GKN1 may be an informative biomarker for
the diagnosis of gastric cancer. Finally, we provided the
first evidence that human gastric epithelial cells naturally
secrete and internalize GKN1 as an exosomal protein and
that GKN1 may be a potential diagnostic and therapeutic
target for achieving gastric cancer remission.
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