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Abstract

Gastric cancer is one of the most common malignancies and remains the third leading cause of cancer-related death worldwide. We previously developed a method of
DNA methylation analysis for early detection of gastric cancer in gastric washes rather than the highly acidic gastric juice. Exosomes in gastric juice may provide an
alternative to gastric washes for the molecular detection of gastric cancer. We sought to determine whether exosomes can be purified from the gastric juice of gastric
cancer patients and whether the exosomes contain significant amounts of tumor-related methylated DNA. Using a polymer-based reagent, we purified exosomes
from the culture media of gastric cancer cell lines as well as gastric juice of patients with gastric cancer. Methylation levels of LINE1 and tumor-related SOX17 gene
in exosomal DNA were analyzed by bisulfite pyrosequencing. The microvesicles were verified as exosomes by transmission electron microscopy and western blotting
with the CD9 exosomal marker. LINE1 methylation were reduced in nuclear DNA and in the corresponding exosomal DNA in gastric cancer cell lines. Concordant
methylation levels of SOX17 gene were observed in exosomal and nuclear DNA in gastric cancer cell lines, suggesting the methylated DNA is efficiently packaged
in exosomes. Using exosomal DNA derived from gastric juice, we were also able to detect SOX17 DNA methylation, which reflects the nuclear DNA methylation
status of the corresponding tumor. SOX17 methylation was detected in both early and advanced gastric cancer of intestinal and diffuse types. These findings expand
the functional molecular content of tumor exosomes to include tumor-related methylated DNA and suggest a potential use for methylation analysis of exosomal

DNA derived from gastric juice as a biomarker for gastric cancer.

Introduction

Gastric cancer (GC) is the third highest cause of global
cancer mortality [1]. GC is a heterogeneous disease with multiple
environmental etiologies and alternative carcinogenic pathways [2-
6]. The development of noninvasive biomarkers to detect early cancer
and/or reflect an individual’s cancer risk is essential to reducing GC
mortality [7,8].

Molecular markers in the gastric juice may provide a noninvasive
approach to detecting GC. Indeed, gastric juice microRNAs (miR-
421, miR-129, miR-21, and miR-106a) and long noncoding RNA
(AA174084) have been reported as potential biomarkers for GC
screening [9-12]. However, the various cellular sources of miRNAs in
gastric juice could make quantitative expression analysis particularly
difficult for the molecular detection of GC. Indeed, the use of gastric
juice DNA for molecular diagnostics has been deemed unfeasible
because the DNA is easily degraded by gastric acidity [13]. One
alternative to gastric juice is the use of gastric washes, for which we
have developed a method for early GC detection by DNA methylation
analysis of genes such as MINT25 and sex determining region Y-Box
17 (SOX17) [13-15].

Another alternative is exosomes, which have received increasing
attention [16-19]. Exosomes are small membrane vesicles secreted
by various cell types, including cancer cells. Exosomes plays a role in
intercellular communication as a delivery system for cells, tissues, and
organs. Exosomes carry functional biomolecules such as nucleotides
and proteins; they have been detected in a variety of body fluids and
in cell culture media in vitro [20]. Because exosomes are very stable
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under diverse conditions in the extracellular environment, functional
biomolecules are protected against degradation and denaturation
[21,22]. Therefore, the use of exosomes from gastric juice may provide
an alternative to gastric washes for molecular detection of GC.

Because tumor-derived exosomes carry various tumor-related
functional biomolecules, they are considered promising candidate
diagnostic biomarkers of cancer [16,22,23]. Among them, mRNA,
microRNA (miRNA), and protein have been studied extensively.
Exosomes also carry retrotransposon RNA transcripts such as LINE1
and Alu elements [24], single-stranded DNA [24], mitochondrial
DNA [25,26], and amplified oncogene sequences such as c-myc [24].
Moreover, exosomes from the serum of patients with pancreatic cancer
reportedly carry genomic double-stranded DNAs (dsDNAs), which
span all chromosomes and contain DNA with mutated KRAS and p53
[22]. Similarly, exosomal DNA (exoDNA) reportedly carries the entire
genome and thus reflects the mutational status of the parental cancer
cells [27]. Thus, the translational value of exoDNA in tumor-derived
exosomes has great potential utility as a biomarker for early detection
of cancer and metastasis [27].
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Given the frequencies of and detection methods for genetic and
epigenetic alterations [6,7], DNA methylation is more appropriate
than mutations for molecular detection of GC. Although the overall
level of exoDNA 5'-cytosine methylation is similar to that of genomic
DNA [27], it is unclear whether exosomes contain tumor-related
methylated DNA. In this study, we demonstrated the feasibility of
purifying exosomes from the gastric juices of patients with GC; we also
sought to determine whether exosomes contain significant amounts
of methylated DNA and whether they reflect the DNA methylation
status of the corresponding cancer. LINE1 methylation levels as
measured by pyrosequencing are good indicators of the cellular levels
of 5-methylcytosine (ie., the global DNA methylation level) [28].
LINEI methylation was also analyzed by bisulfite pyrosequencing as
surrogates for genome-wide hypomethylation.

Materials and methods

Cell lines and clinical samples

Nine GC cell lines (AZ521, MKN1, MKN7, MKN45, MKN74,
NUGC2, NUGC3, NUGC4, and KatolIIl) were obtained from the
American Type Culture Collection (Manassas, VA, USA) and the
Japanese Collection of Research Bioresources (Tokyo, Japan). All cell
lines were maintained in appropriate culture media containing 10%
fetal bovine serum (FBS) or exosome-depleted FBS media supplement
(System Biosciences (SBI), Mountain View, CA) in plastic tissue culture
plates. Gastric juice samples were obtained from 20 patients with GC
(10 early and 10 advanced cancers) before endoscopic treatment or
surgery. This study was approved by the Institutional Review Board
and informed consent was obtained from each subject.

Isolation of exosomes from culture media and gastric juice

Exosomes were extracted from culture media and gastric juice using
ExoQuick-TC Exosome Precipitation Solution (SBI, CA). Samples
were centrifuged at 3000xg for 15 min to remove cells and cellular
fragments. ExoQuick-TC was added to the supernatants and exosomes
were precipitated by refrigeration at —20°C for 12 h. Exosome pellets
collected by centrifugation at 1500xg for 30 min were dissolved in 20
ul phosphate-buffered saline (PBS). Exosomes were quantified by using
the micro BCA protein assay (Thermo Fisher Scientific KK, Tokyo,
Japan).

Western blot analysis

Western blotting was performed as described [14] with primary
and secondary antibodies coupled to horseradish peroxydase, diluted
according to supplier recommendations. Primary antibodies included
anti-CD9 (SBI), anti-calnexin (endoplasmic reticulum marker;
ab10286, Abcam, Cambridge, England), anti-GM130 (Golgi apparatus
marker; clone 35, BD Biosciences, San Jose, CA), and anti-aconitase 2
(ACO2, mitochondrial marker; HPA, Sigma-Aldrich, St. Louis, MO)
[29-31].

Transmission electron microscopy (TEM)

Analysis was performed as described [32]. Aliquots of re-suspended
vesicles (5 pl) were placed onto support grids (Cu 200M), and allowed
to adsorb for 60 s. Grids were washed twice in double-distilled water,
and vesicles were stained for 10 s in a 2% aqueous solution of uranyl
acetate. Vesicle size and morphology were examined by TEM (JEM-
1200EX, (JEOL, Akishima, Japan).
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DNA preparation from exosomes, cell lines, and GC tissues

Formalin-fixed paraffin-embedded (FFPE) specimens were sliced
in 10 pm sections and subjected to laser-capture microdissection
(LCM) to isolate cancer and normal cells using the PALM Microbeam
(Carl Zeiss, Oberkohen, Germany) [33]. DNA was extracted from
exosomes and microdissected FFPE tissues by using a standard
phenol-chloroform method. Isolated exosomes were treated with
DNase before DNA extraction to reduce the chance of external DNA
contamination [24]. After exosome lysis and DNA purification,
ex0DNA was treated with RNase [24]. The concentration and quantity
of all DNA extracts were measured by NanoDrop spectrophotometry
(ND-1000 Spectrophotometer; NanoDrop Technologies, Wilmington,
DE).

LINE1 methylation analysis

To quantify LINE1 methylation levels, we used pyrosequencing
technology [28]. PCR and pyrosequencing for LINE1 were performed
using the PyroMark kit (Qiagen). This assay amplifies a region of
the LINE1 element that includes CpG sites. Cycling conditions were
as follows: 45 cycles at 95°C for 20 s, 50°C for 20 s, and 72°C for 20
s, followed by 72°C for 5 min. The biotinylated PCR product was
purified and converted to single strands to serve as a template for the
pyrosequencing reaction using the Pyrosequencing Vacuum Prep
Tool (Qiagen). The pyrosequencing reactions were performed using
the PyroMark Q24 (Qiagen). The percentage of Cs relative to the total
sum of Cs and Ts at each CpG site was calculated. The average of the
percentages of Cs at the CpG sites was used to represent the overall
LINE1 methylation levels in each sample.

Bisulfite-pyrosequencing of tumor-related genes

Bisulfite treatment, PCR, and pyrosequencing were performed as
described [13]. All primers and PCR conditions for amplifying CpG
island DNA fragments of SOX17 were described previously [14].

RNA extraction and quantitative RT-PCR

Total RNA was extracted from microdissected FFPE tissues using
the miRNeasy kit (Qiagen). Real-time quantitative RT-PCR of SOX17
was performed with a TagMan Gene Expression Assay (Applied
Biosystems) as described [14].

Statistical analysis

Methylation levels (percentage) were analyzed as a continuous
variable for comparison. Spearman’s rank correlation coefficient was
used to assess the correlation of DNA methylation between exoDNA
and cellular or tissue nuclear DNA. P<0.05 was considered significant.

Results

Identification and characterization of exosomes from culture
media of GC cell lines

To isolate exosomes, we used ExoQuick-TC precipitation solution,
a polymer-based reagent. To ensure the efficacy of the exosome
isolation method, we characterized the microvesicles by western blot
analysis. Western blot signal intensities for exosomal marker CD9 were
detected in the exosome fraction but not in the cell lysates (Figure 1).
In contrast, mitochondrial (ACO2), endoplasmic reticulum (calnexin),
and Golgi apparatus (GM130) markers were detected in cell lysates but
not in exosomes, indicating efficient enrichment of exosomes from the
culture media.
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Figure 1. Characterization of exosomes isolated from GC cell lines by western blot
analysis. Exosome preparations were positive for the exosomal marker CD9 and negative
for proteins from the mitochondria (ACO2), endoplasmic reticulum (calnexin), and Golgi
apparatus (GM130), which were detected in cell lysates.
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Figure 2. Characterization of gastric juice-derived exosomes by TEM and western blot
analysis. (a) Morphological TEM characterization of exosomes derived from the gastric
juice of patients with GC. Exosomes were purified from gastric juice with the ExoQuick-
TC exosome purification kit. Round particles with a characteristic exosomal size (30-100
nm) and shape were observed. (b) Different protein concentrations (10 and 30 pg) of
purified exosome lysates were separated by polyacrylamide gel electrophoresis, transferred
to membranes, and blotted with anti-CD9 antibody. CD9 expression was specifically
observed in isolated exosomes.

Characterization of exosomes isolated from gastric juice by
TEM and western blot analysis

Exosomes were purified from gastric juice samples using the
ExoQuick-TC exosome purification kit. We characterized the
microvesicles by TEM and western blot analysis. Round particles with
a characteristic exosomal size (30-100 nm) and shape were observed
(Figure 2a). CD9 expression was specifically observed in isolated
exosomes (Figure 2b).

Detection of long fragments of DNA in exosomes

After exoDNA extraction from GC cell lines, the samples were
subjected to RNase A treatment to exclude RNA, then separated by
2% agarose gel electrophoresis (Figure 3). Long DNA fragments were
observed in each sample. Exosomes from GC cell lines contained
genomic dsDNA, detected by a double-stranded DNA detection kit
(data not shown).

Concordant methylation levels between exosomal and nuclear
DNA in GC cell lines

LINEI methylation levels were similarly low in the nuclear DNA
(41.0 + 10.8) and exoDNA (43.1 + 10.4) of GC cell lines (Figure 4a, data
not shown). Methylation levels were concordant between exosomal
and nuclear DNA in GC cell lines (r=0.88, P=0.013). Methylation
levels of the SOX17 gene were analyzed by quantitative bisulfite
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pyrosequencing of exosomal and nuclear DNA in GC cell lines and
shown to be concordant (Figures 4b-4d).

Concordant methylation levels between exosomal and tissue
nuclear DNA in patients with GC

LINEI methylation levels were low in nuclear DNA (42.6 + 10.8)
and corresponding gastric juice-derived exoDNA (47.3 + 11.4) (Figure
5a, data not shown), but were generally lower in the nuclear DNA.
Methylation levels were concordant between exosomal and tissue
nuclear DNA in patients with GC (r=0.82, P=0.014). Quantitative
bisulfite pyrosequencing analysis of SOX17 showed varying levels of
methylation in gastric juice-derived exoDNA (Figures 5b-5c and data
not shown). Concordant SOX17 methylation levels were observed
between exosomal and tissue nuclear DNA from 10 patients with GC
(Figure 5d). We further analyzed 10 GC cases and significant SOX17
methylation (>20%) was detected in 16 of 20 GC cases (8 of 10 early
GCs and 8 of 10 advanced GCs), but in only one of the 10 control
samples without GC. Finally, SOX17 mRNA expression was frequently

Figure 3. Detection of long fragments of DNA in exosomes from GC cell lines. After
exosome lysis and DNA extraction, DNA was treated with RNase A. The samples were
separated by 2% agarose gel electrophoresis. Exosomes contained >10-kb fragments of
genomic DNA. Cellular genomic DNA of NUGC4 is shown at the rightmost column.
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Figure 4. Methylation levels of LINE1 and SOX17 as shown by bisulfite pyrosequencing
of exoDNA derived from the culture media of GC cell lines. (a) Pyrogram of LINEI (b) and
(c) Pyrogram of the SOX17 gene. (d) Correlation of SOX17 methylation levels between
exosomal and nuclear DNA in the same cell line.
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Figure 5. Methylation levels of LINE1 and SOX17 as shown by bisulfite pyrosequencing
of exoDNA derived from the gastric juice of patients with GC. (a) Pyrogram of LINE1
(b) and (c) Pyrogram of the SOX17 gene. (d) Correlation of SOX17 methylation levels
between gastric juice exoDNA and nuclear DNA from FFPE samples in the same patient.
(e) Expression of SOX17 mRNA in GC with or without DNA methylation. Real-time PCR
was performed with cDNA from extracted DNA by LCM. N, Nontumor tissue, T, tumor
tissues.

reduced in GC tissues with SOX17 methylation but not in those without
methylation (Figure 5e, data not shown).

Discussion

This is the first report of exosome purification from the gastric
juices of patients with GC. We used a polymer-based reagent and this
method has been verified in previous studies [30]. Validation of gastric
juice-derived exosomes was performed by TEM and western blotting
with an exosomal marker. Characteristic exosome size and shape was
observed by TEM; western blotting showed that exosomes expressed
the exosomal marker CD9 protein [29], thus demonstrating efficient
enrichment of exosomes from gastric juice.

GC-derived exosomes may contain DNA. To test this hypothesis,
we extracted DNA from exosomes derived from the culture media of
GC cell lines. We showed that exosomes contain genomic dsDNA. Our
results also support the notion that exosomes can carry large fragments
(>10 kb) of genomic DNA [22,27].

We previously developed a method for GC detection by DNA
methylation analysis of gastric washes [13,14]. Therefore, we were
interested in using exoDNA for methylation analysis, because exoDNA
isnoteasily damaged by gastricacidity. Indeed, quantitative methylation
analysis of LINE1 was feasible and showed that methylation levels
were low in nuclear DNA and the corresponding exoDNA in GC cell
lines. In general, concordant methylation was observed in exosomal
and nuclear DNA of GC cell lines, suggesting that exoDNA reflects the
nuclear DNA methylation status of the corresponding tumor.

We next analyzed whether exosomes contain significant amounts of
tumor-related methylated DNA that reflects the methylation status of
nuclear DNA. To test this hypothesis, methylation levels of the SOX17
gene were analyzed by quantitative bisulfite pyrosequencing [14]. The
methylation levels of exosomal and nuclear DNA in GC cell lines were
generally concordant, suggesting that tumor-related methylated DNA
is packaged in exosomes.

Based on our observations in cell lines, we speculated that gastric
juice-derived exosomes may also contain tumor-related methylated
DNA. Quantitative methylation analysis of LINE1 revealed low
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methylation levels in nuclear DNA and corresponding gastric juice-
derived exoDNA. Methylation levels were slightly higher in gastric
juice-derived exoDNA than in the corresponding nuclear DNA,
suggesting contamination of exoDNA derived from non-cancer cells
in gastric juice. Thus, quantitative methylation analysis of LINEI may
not provide appropriate biomarker-based detection of GC.

We then analyzed DNA methylation of the SOX17 gene in gastric
juice-derived exoDNA samples from patients with GC. SOX17
methylation was detected even in early GC, regardless of differentiation
type. Moreover, concordant SOX17 methylation levels were observed
between exosomal and tissue nuclear DNA. Selective packaging
of retrotransposon RNA sequences, especially HERV, in tumor
microvesicles has been reported [24]. The underlying mechanisms of
methylated DNA packaging into tumor exosomes need to be further
characterized [27].

Not only the clinical utility but also the pathobiological effects of
nucleic acids in circulation (nucleosomes, DNA, RNA, microRNA etc.)
are receiving increasing attention [34,35]. Further analysis is necessary
to clarify the possible effects of shedded epigenetic materials through
exosomes in the tumor microenvironment [27].

To our knowledge, this is the first report to demonstrate that gastric
juice-derived exoDNA samples reflect the nuclear DNA methylation
status of the corresponding tumor. Therefore, gastric juice-derived
exoDNA methylation analysis may be useful for detecting GC. Because
gastrointestinal endoscopy is costly and painful for patients, it is difficult
to incorporate the technique into routine clinical settings, especially
in developing countries [11]. In contrast, gastric juice samples can be
easily and repeatedly obtained and exoDNA is not easily denatured by
gastric acidity [13]. Although our data require further validation, we
suggest detection of methylated DNA in gastric juice-derived exosomes
may be a novel noninvasive tool for detecting GC.
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