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Circulating miRNAs are promising liquid biopsy biomarkers for noninvasive cancer detection. However,
detection of subtle, but meaningful differences in circulating miRNA quantities between diseased and
healthy samples remains a key challenge in clinical settings because biomarker signal/noise ratios are
often low. Because extracellular vesicles (EVs) are key sources of circulating miRNAs in serum, it was
hypothesized that isolating EVs would enrich miRNA biomarkers, leading to enhanced diagnostic ability
and improved biomarker performance. This research assessed the performance of EV-miRNAs against
serum miRNAs as biomarkers for gastric cancer (GC). It was first determined that polymer-based pre-
cipitation (PBP) gave the highest EV-miRNA recovery when compared with ultracentrifugation, column
affinity, peptide affinity, and immunobead affinity EV purification. Four PBP reagents were used to
isolate EV-miRNAs from 15 GC and 15 healthy controls and 133 GC-related miRNAs were profiled from EV
fractions and total serum using real-time quantitative PCR. A PBP reagent that generated the most
EV-miRNA biomarkers was selected and used to validate 11 EV-miRNAs in an independent set of 20 GC
and 20 controls. Eight of these EV-miRNA biomarkers were found to give better GC detection accuracy
(area under the curve, approximately 0.8). Overall, data suggest that EV miRNAs can improve GC
detection performance compared with serum miRNAs and led to the identification of eight EV-miRNAs as
potential noninvasive biomarkers for GC. (J Mol Diagn 2020, 22: 610e618; https://doi.org/10.1016/
j.jmoldx.2020.01.016)
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miRNAs are small noncoding RNAs (approximately 19 to
22 nucleotides) that regulate protein expression and exert
physiological significance in several key cellular processes,
such as cell differentiation, proliferation, and apoptosis.1,2

Circulating miRNAs, which can be readily detected in
biofluids, such as serum, plasma, or whole blood, are
promising liquid biopsy biomarkers for noninvasive detec-
tion of various diseases, including cancer. In addition,
aberrations affecting miRNAs have been shown to signifi-
cantly affect cancer genesis and progression.3e6 Because of
their stability in serum/plasma, substantial attention and
tremendous efforts have been dedicated to identify miRNA
biomarkers for early detection, prognosis, or therapeutic
purposes.7e9 However, changes in the miRNA expression
level might be subtle during the onset of disease, thus
making diagnosis challenging.10e12 An ideal liquid biopsy
Pathology and American Society for Investiga
biomarker should have a high signal/noise ratio between
cancer and control samples, which can be readily detectable
in clinical settings.
Extracellular vesicles (EVs) play an important role in

cellular communication and promote tumor devel-
opment.13e16 miRNA expression in EVs is frequently
dysregulated and is potentially useful for early diagnosis of
cancer or other diseases.15,17e25 Because EVs are key
sources of circulating miRNAs in blood serum, it was
tive Pathology. Published by Elsevier Inc. All rights reserved.
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EV-miRNAs in Detection of GC
hypothesized that isolation of EVs would enrich for miRNA
biomarkers, leading to enhanced signal/noise ratios and thus
improved diagnostic performance.

Ultracentrifugation (UC) is the current gold standard for
EV isolation. However, it is not suitable for use in clinical
settings as the procedure is time-consuming, low
throughput, and highly variable among different
operators.26e29 There are other isolation methods available,
but these appear to isolate different subtypes of EV, making
comparisons difficult.28,30e36 In this study, the
EV-associated miRNA (EV-miRNA) recovery performance
from commercially available EV isolation kits/reagents was
systematically compared with two objectives: to identify a
robust EV isolation method that is suitable for serum
EV-miRNA recovery in clinical settings; and to identify
serum EV-miRNA biomarkers that can be used for nonin-
vasive detection of gastric cancer (GC).

Five different isolation methods were evaluated, and
polymer-based precipitation (PBP) approach was selected to
isolate EVs from 15 GC and 15 matched healthy control
serum samples. As a pilot study, a panel of 133 GC-related
miRNAs was measured in both the total serum and EV
fractions. Of these miRNAs, 11 were significantly different
between cancer and control. In a separate validation set
using 20 independent pairs of cancer and control serum, 8 of
the 11 candidates were found to enhance the diagnostic
potential of miRNA in EV fractions compared with total
serum. Overall, it was demonstrated that the enrichment of
miRNAs in EVs can significantly enhance the sensitivity of
miRNA biomarkers in detecting GC, suggesting the poten-
tial use of EV-miRNAs in the diagnosis of GC.
Materials and Methods

Plasma/Serum Samples

Pooled normal human serum was purchased from Innovative
Research (Novi,MI). Gastric cancer and healthy control serum
samples were purchased from BioIVT (Westbury, NY).
EV Isolation from Serum

Serum was subjected to preclearing steps before EV isola-
tion by centrifugation at 2000 � g for 20 minutes, followed
by 10,000 � g for 30 minutes. EVs were then isolated from
200 mL precleared serum.
Ultracentrifugation

Precleared serum (200 mL) was centrifuged at 100,000 � g
for 70 minutes at 4�C using Optima MAX-XP Ultracentri-
fuge (Beckman Coulter, Brea, CA). Supernatant was aspi-
rated, and the pellet was washed and recentrifuged at
100,000 � g for 70 minutes at 4�C. EV-containing pellet
was resuspended in 200 mL phosphate-buffered saline (PBS)
The Journal of Molecular Diagnostics - jmd.amjpathol.org
for subsequent RNA extraction. For protein analysis, the
pellet was dissolved in 30 mL 5% SDS.

Polymer-Based Precipitation

EVs were isolated from 200 mL precleared serum using four
commercial polymer-based precipitation reagents: Total
Exosome Isolation from serum [Invitrogen (Invt), Carlsbad,
CA], ExoQuick Exosome Precipitation Solution [System
Biosciences (SBI), Palo Alto, CA], miRCURY Exosome
Isolation KiteSerum and Plasma [Exiqon (Exi), Vedbaek,
Denmark], and EXO-prep [HansaBioMed (Han), Tallinn,
Estonia] were performed according to manufacturer’s pro-
tocol. EV pellets were resuspended in 200 mL PBS for
subsequent RNA extraction. Pellet was dissolved in 30 mL
5% SDS for protein analysis.

Column AffinityeBased Purification

EVs were isolated from 200 mL precleared serum using
exoRNeasy Serum/Plasma Midi Kit (Qiagen, Hilden, Ger-
many) following manufacturer’s protocol. Briefly, serum
was mixed with binding buffer and loaded onto the mem-
brane column for washing. EVs were then directly lysed by
addition of QIAzol (Qiagen), and RNA was eluted in 30 mL
nuclease-free water.

Peptide AffinityeBased Purification

EVs were isolated using ME Kit (New England Peptide,
Gardner, MA). Precleared serum (200 mL) was incubated
with 20 mL Vn96 peptide stock overnight at 4�C with
end-to-end rotation. The mixture was centrifuged at 17,000
� g at room temperature for 15 minutes. The supernatant
was then removed, and EV-containing pellet was washed
twice with 500 mL PBS at 17,000 � g for 10 minutes.
EV-containing pellet was resuspended in 200 mL PBS for
subsequent RNA extraction.

Immuno AffinityeBased Purification

EVs were isolated using ExoCap Composite Kit for Serum
Plasma (JSR Life Sciences, Tokyo, Japan). Capture beads
(100 mL) were mixed with 1 mL treatment buffer and
incubated with 200 mL precleared serum for overnight at
4�C with end-to-end rotation. The supernatant was removed
by placing the tube on a magnetic tube stand for 1 minute.
Beads were washed twice with 500 mL washing/dilution
buffer. Washed beads were resuspended in 200 mL PBS and
proceeded to RNA extraction immediately.

RNA Isolation from Serum or EV Preparations

Total RNA from 200 mL EV preparations or 200 mL neat
serum was extracted using miRNeasy serum/plasma miRNA
isolation kit (Qiagen) according to the manufacturer’s
611
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protocol. For normalization of technical variations during
RNA isolation, 1 mL of QIAzol lysis buffer was spiked with
a set of three proprietary synthetic miRNAs (MiRXES,
Singapore) before being added to the samples. Subse-
quently, 200 mL chloroform was added to the mixture,
thoroughly mixed, and centrifuged at 18,000 � g for
15 minutes to allow phase separation. The resulting aqueous
phase from each sample was transferred to QiaCube
(Qiagen) for automated RNA binding, washing, and elution.
RNA was eluted with 30 mL nuclease-free water.

Western Blot Analysis

EV preparations were lysed with 5% SDS lysis buffer. Pro-
tein concentration was determined using DC Protein Assay
(Bio-Rad, Hercules, CA). Protein (30 mg) was suspended
with 4� SDS-PAGE buffer and separated by SDS-PAGE at
120 V for 1 hour, followed by transfer to nitrocellulose
membrane (0.2 mm; Bio-Rad) using Trans-Blot Turbo
Transfer System (Bio-Rad). The membrane was blocked with
5% milk in PBS þ 0.1% Tween for 30 minutes at room
temperature, followed by blotting with primary antibodies
against flotillin (Becton Dickinson, Franklin Lakes, NJ),
TSG101, CD63, and CD81 (Santa Cruz Biotechnology,
Dallas, TX), and CD9 and albumin (Abcam, Cambridge,
UK) for overnight. The chemiluminescent signal from
horseradish peroxidaseelabeled secondary antibodies
(General Electric, Boston, MA) was detected using
detection reagents according to the manufacturer’s in-
structions (Thermo Fisher Scientific, Waltham, MA).

Reverse Transcription

RNA was reverse transcribed using ID3EAL cDNA syn-
thesis reagents (MiRXES) with modified stem-loop reverse
transcription primer pool for 11 serum miRNAs (let-7a-5p,
miR-103a-3p, miR-146a-5p, miR-16-5p, miR-191-5p,
miR-20a-5p, miR-21-5p, miR-23a-3p, miR-30c-5p,
miR-451a, and miR-93-5p) and 3 exogenous spike-in con-
trols (MiRXES). Total RNA (5 mL) was mixed with
ID3EAL miRNA reverse transcription buffer, ID3EAL
reverse transcriptase, and reverse transcription primer pool
in a total reaction volume of 15 mL. The reaction mixture
was incubated at 42�C for 30 minutes, followed by 95�C for
5 minutes to inactivate the reverse transcriptase on a C1000
Touch Thermal Cycler (Bio-Rad).

qPCR

Real-time quantitative PCR (qPCR) was performed using
ID3EAL miRNA qPCR reagents (MiRXES) with specific
primer pairs for each of the 11 miRNA targets and
3 exogenous spike-in controls. Each cDNA sample was
diluted 10times with nuclease-free water and added in
duplicate into a 384-well plate (Applied Biosystems, Foster
City, CA). PCR amplification was performed in a total
612
reaction volume of 15 mL containing 5 mL diluted cDNA,
1� ID3EAL miRNA qPCR master mix, 1� ID3EAL
miRNA qPCR primers (MiRXES), topped up with
nuclease-free water. qPCR amplification and detection
were performed on QuantStudio 5 Real-Time PCR System
(Thermo Fisher Scientific) with the following cycling
conditions: 95�C for 10 minutes, 40�C for 5 minutes,
followed by 40 cycles of 95�C for 10 seconds and 60�C for
30 seconds (optical reading). Raw cycle to threshold (Ct)
values were calculated using QuantStudio Design and
Analysis software version 1.5 (Thermo Fisher Scientific)
with automatic baseline setting and a threshold of 0.4.

miRNA Profiling

For miRNA profiling, RNA was reverse transcribed using
133 humanmiRNAs (Supplemental Table S1) grouped in four
multiplex reverse transcription primer pools tested to have
minimal non-specific interactions between the different reverse
transcription primers in each group (MiRXES) using ID3EAL
cDNA synthesis reagents. These 133 human miRNAs were
selected on the basis of previous profiling study (data not
shown) and from other literature that showed differential
expression in serum between normal and GC samples. For
determination of miRNA copy numbers, six 10-fold serial
dilutions of synthetic miRNA template were reverse tran-
scribed with the isolated RNA samples to generate a standard
curve from the samemicroplate. UsingmiRNA-specific qPCR
assays (MiRXES), 133 candidate miRNAs were measured in
each cDNA sample. Absolute expression copy numbers of
each miRNA were determined through interpolation of the Ct
values to that of the synthetic miRNA standard curves and
adjusted for qPCR efficiency variation.

Data Processing

To account for technical variation during RNA isolation, Ct
values from samples were normalized using the three
exogenous spike-in controls: i) average Ct values of the
three spike-in samples were calculated per sample,
ii) average Ct values of the three spike-in samples were
calculated from all samples, iii) DCt was calculated (Aver-
ageper sample � Averageall sample), and iv) DCt was subtracted
from each Ct value of each miRNA measured in the
samples.37 Percentage EV miRNA recovery from neat
serum was calculated using: 2e(CttotaleCtEV) � 100%.
Data are presented as the means � SEM and are repre-

sentative of at least three independent experiments. Graphs
were plotted using GraphPad Prism software version 8.0
(GraphPad Software Inc., San Diego, CA).
In the profiling study using discovery set, data were first

normalized by exogenous spike-in controls as described
above. To perform global normalization, the average Ct
value for all miRNAs was used as the normalization factor,
on a per-sample basis such that each sample will eventually
have the same average miRNA expression levels. A set of
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Figure 1 miRNA profiles from extracellular vesicle (EV) fractions. A and B: EVs were isolated from different methods using 200 mL pooled human serum.
RNA was then extracted from these EV fractions as well as from 200 mL serum using QIAzol lysis reagent, and 11 miRNAs were quantified by real-time
quantitative PCR. Each box plot represents the percentage of miRNA recovery (from total serum) from all 11 miRNAs measured. Percentage recovery was
calculated using 2e(CttotaleCtEV). Each experimental condition was performed three times. C: Western blot analysis of EVs isolated using polymer-based pre-
cipitation (PBP). The expression of common EV markers flotillin, TSG101, CD9, CD63, and CD81 is presented. Data are presented as means � SEM (A and B). þ,
Outlier data point; CAP, column affinityebased purification; Exi, Exiqon; Han, HansaBioMed; IAP, immunobead affinityebased purification; Invt, Invitrogen;
PAP, peptide affinityebased purification; SBI, System Biosciences; UC, ultracentrifugation.

EV-miRNAs in Detection of GC
five reference miRNAs was identified using geNorm and
NormFinder (Supplemental Table S2) and was used to
normalize data derived from the validation set. Log2 copy
number for each miRNA was used for data analysis using
MATLAB version R2019a (MathWorks, Natick, MA).
Receiver operating characteristic curve was computed with
true-positive rate at y axis and false-positive rate on the x
axis. Area under the curve (AUC) for selected miRNAs was
estimated on the basis of trapezoidal rule using MATLAB.

Results

Polymer-Based Precipitation Yields the Highest
EV-miRNA Recovery

To identify the best commercially available EV isolation
method that is suitable for isolating EV-miRNAs from total
serum, the EV-miRNA recovery performance of four
different methods was evaluated: PBP, column
affinityebased purification, peptide affinityebased purifi-
cation, and immunobead affinityebased purification (IAP).
A low sample volume (200 mL) was used to simulate clin-
ical settings. The quantities of 11 commonly expressed
miRNAs were measured in total serum and EVs using
qPCR to determine EV-miRNA recovery from each method.

As a control, UC recovered 4% to 15% of total serum
miRNA with an average recovery of 10% (Figure 1A).
Compared with this benchmark, column affinitye and
peptide affinityebased purification displayed comparable
average miRNA recovered, whereas IAP recovered mini-
mal amounts of miRNA (average recovery, <5%). In
contrast, PBP recovered significantly more miRNAs
compared with UC. Because there are several PBP reagents
The Journal of Molecular Diagnostics - jmd.amjpathol.org
available commercially, these reagents were tested to
determine if their performances were comparable. Four
PBP reagents from different manufacturers (Invt, SBI, Exi,
and Han) were evaluated, and it was found that all four
reagents have higher total serum miRNA recoveries
(average recoveries of 20% to 30%) when compared with
UC (Figure 1B). Invt and SBI showed similar miRNA re-
coveries, whereas Exi and Han gave the highest and lowest
miRNA yield, respectively.

Several common EV markers, flotillin, TSG101, CD9,
CD63, and CD81, were assayed for their presence in
PBP-isolated samples using Western blot analysis; these
markers were detected in all samples (Figure 1C). This
confirmed that each of the PBP reagents had isolated EV from
total serum.However, the amount of eachEVmarker present in
EV fractions varied significantly among reagents, suggesting
that different reagents may be isolating a different amount of
EV or EV subtypes. Of note, Han gave the lowest amount of
EVmarker expression, consistentwith it having the lowestEV-
miRNA recovery among the PBP protocols tested (Figure 1, B
and C). It was also observed that PBP-isolated EVs had more
albumin contamination compared with UC, with Invt and SBI
having the lowest albumin (Figure 1C).

PBP was therefore identified as the preferred EV isolation
method with the highest EV-miRNA recovery from total
serum. All four commercially available PBP reagents tested
had higher EV-miRNA recovery performance compared
with UC, which is the current gold standard for EV isola-
tion. Apart from high EV-miRNA recovery, PBP was also
chosen for subsequent EV-miRNA biomarker discovery
because it was most suited in clinical settings with its ease
of use, relatively low cost, high scalability, low sample
volume requirement, and a rapid workflow.
613
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Figure 2 miRNA profiling using four different polymer-based precipita-
tion reagents. A: Comparison between the P value of fold-change between
cancer and control for each reagent with P value in total fraction. Extracel-
lular vesicleeassociated miRNAs with a P < 0.05 and a P value < total
fraction are circled. Dashed lines indicate log10(0.05) as a cutoff. B: Area
under the curve (AUC) of miRNAs isolated using Invitrogen (Invt) compared
with total serum. Exi, Exiqon; Han, HansaBioMed; SBI, System Biosciences.
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Identification of EV-miRNA Candidates for GC
Detection

The four commercially available PBP reagents were used
to isolate and identify serum EV-miRNA biomarkers in
samples collected from 15 GC and 15 matched healthy
controls (Supplemental Table S3). The quantities of 133
GC-related miRNAs in total serum and EV fractions
isolated using the four PBP reagents were measured. All
133 GC-related miRNAs were detected in total serum
from all 30 subjects. However, only 104 of these
miRNAs were consistently detectable in all EV fractions
isolated using the four PBP reagents (Supplemental
Table S4). Therefore, these 104 miRNAs were further
studied.

For each PBP method, potential EV-miRNA biomarkers
with enhanced signal/noise ratios (differential expression
between GC and healthy subjects) over total serum miRNA
biomarkers were studied using the following criteria: there
is significant EV-miRNA differential expression between
614
GC and healthy samples (potential biomarker), with t-test
P < 0.05; and EV-miRNA has lower P value than P value
for the same miRNA in total serum (enhanced signal/noise
ratio) (Figure 2A). Using these criteria, 11, 5, 5, and 7
EV-miRNA biomarker candidates were identified and iso-
lated using Invt, SBI, Exi, and Han, respectively (Table 1).
Of the 11 EV-miRNA biomarker candidates isolated by
Invt, 10 had higher GC detection accuracy (AUC of receiver
operating characteristic curve) compared with serum
miRNA (Figure 2B and Table 2). Because Invt isolated the
most EV-miRNA biomarker candidates, it was used for
validation study.

Serum EV Carries a Unique miRNA Signature for GC
Diagnosis

Invt PBP protocol was used to isolate EV-miRNAs from
another independent set of 20 GC and 20 healthy controls
(Supplemental Table S5). Expression levels of all 11
EV-miRNA biomarker candidates (Table 1) were quantified
in total serum and EV fractions. The same criteria (P < 0.05
and EV P value < total serum P value) were used to identify
EV-miRNA biomarkers. Eight EV-miRNAs for which EV
isolation resulted in enhanced signal/noise ratios compared
with serum miRNA were validated (Figure 3A and Table 3).
All of them had higher AUC values for GC detection
compared with serum miRNAs (Figure 3B and Table 3).
The eight validated PBP-isolated EV-miRNA biomarkers,
therefore, had better GC detection accuracy when measured
in EV fractions than in total serum, with AUCs ranging
from 0.62 to 0.91.
Discussion

To discover EV-miRNAs as biomarkers for cancer detec-
tion, it is essential to isolate EVs rapidly and readily detect
them in biofluids. Several EV isolation methods have been
developed as alternatives to UC, which is tedious and relies
heavily on specialized equipment. These EV isolation
methods include column affinityebased purification,38

peptide affinityebased purification,39 and IAP,40,41 which
have been used to isolate EVs with specific antigens (eg,
CD9, CD63, CD81, or EpCAM).40,42 Another EV isolation
method, PBP, has been increasingly employed in recent
years mainly because of its low cost, high-throughput
capability, and low sample volume requirements (as little
as 100-mL sample).43e45 Each of these EV isolation
methods described above has been successfully used to
identify potential EV-miRNA biomarkers.46e49 However, to
date, there has been no systematic and comprehensive
evaluation of EV-miRNA isolation methods and there is no
standardized protocol for EV-miRNA isolation. In this
study, several commercially available EV isolation methods
were evaluated with the aim of developing a rapid and
robust process for detecting EV-miRNA biomarkers for
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Table 1 EV-miRNA Biomarker Candidates Identified Using Four PBP Protocols

Invt* SBIy Exiz Hanx

hsa-miR-629-5p hsa-miR-629-5p hsa-miR-629-5p hsa-miR-629-5p
hsa-miR-423-5p hsa-miR-423-5p hsa-miR-423-5p hsa-miR-363-3p
hsa-miR-484 hsa-miR-484 hsa-miR-484 hsa-miR-223-3p
hsa-miR-186-5p hsa-miR-17-5p hsa-miR-186-5p hsa-miR-143-3p
hsa-miR-363-3p hsa-miR-223-3p hsa-miR-17-5p hsa-miR-140-3p
hsa-miR-337-5p hsa-miR-145-5p
hsa-miR-27a-3p hsa-miR-197-3p
hsa-miR-142-5p
hsa-miR-320d
hsa-miR-320a
hsa-miR-320b

*Total Exosome Isolation (from serum).
yExoQuick Exosome Precipitation Solution.
zmiRCURY Exosome Isolation KiteSerum and Plasma.
xEXO-prep.
EV, extracellular vesicle; Exi, Exiqon; Han, HansaBioMed; Invt, Invitrogen; PBP, polymer-based precipitation; SBI, System Biosciences.

EV-miRNAs in Detection of GC
clinical detection of GC. Specifically, an EV isolation
method with high EV-miRNA recovery was identified, and
the hypothesis that EV-miRNA isolation using this method
would improve the signal/noise ratio and GC detection
performance of circulating miRNA biomarkers was tested.

EV-miRNA recovery performance was first determined
by comparing the quantities of 11 commonly expressed
human miRNAs present in total serum and in the EV
fraction isolated from serum. EV-miRNA recoveries using
column affinitye and peptide affinityebased purification
were comparable to UC, whereas PBP had superior re-
covery performance. Unexpectedly, low quantities of
EV-miRNAs were observed using IAP. This may indicate
that the IAP-isolated EVs did not contain the miRNAs
analyzed in this study or that there were insufficient
quantities of EVs being isolated, possibly because of the
small volume (200 mL) of serum used in the study
protocol. Although IAP has previously been shown to
efficiently isolate EVs from other biological fluids, such as
Table 2 EV-miRNA Biomarker Candidates Identified Using Invt

Variable

Fold-change [log2
(cancer-control)]

Total Invt

hsa-miR-629-5p 0.42 1.01
hsa-miR-423-5p 0.18 0.72
hsa-miR-484 0.38 0.48
hsa-miR-186-5p �0.22 �0.34
hsa-miR-363-3p 0.57 0.49
hsa-miR-337-5p �0.80 �0.67
hsa-miR-27a-3p �0.48 �0.46
hsa-miR-142-5p �0.43 �0.43
hsa-miR-320d 0.27 0.63
hsa-miR-320a 0.25 0.64
hsa-miR-320b 0.20 0.56

Fold-change and AUC were listed and compared with total serum.
AUC, area under the curve; EV, extracellular vesicle; Invt, Invitrogen.

The Journal of Molecular Diagnostics - jmd.amjpathol.org
cell culture supernatants and plasma samples, these studies
used much higher input volumes for qPCR analysis.40,42

To rule out the possibility that IAP was inefficient in
isolating EVs because of the small volume input, the IAP
study was repeated with larger volume of serum (up to
1000 mL) and it was confirmed that EV recovery remained
minimal (data not shown). PBP was further studied
because it had the best EV-miRNA recovery of the
methods tested.

Currently, there are many commercially available PBP
reagents, and four of these reagents (Invt, SBI, Exi, and
Han) were selected for evaluation in this study. Different
PBP reagents resulted in different EV-miRNA recoveries
from total serum. The difference in recovery can be
attributed to the differences in polymers and buffer
compositions used. Nevertheless, all four PBP protocols
tested had higher EV-miRNA recoveries compared with
UC. However, the Exi and Han PBP protocols had lower
EV purity compared with UC, as can be observed by the
AUC (95% CI)

Total Invt

0.75 (0.50e0.91) 0.89 (0.62e0.99)
0.60 (0.36e0.82) 0.88 (0.65e0.97)
0.77 (0.54e0.93) 0.82 (0.57e0.95)
0.63 (0.40e0.83) 0.75 (0.52e0.90)
0.80 (0.56e0.95) 0.78 (0.51e0.93)
0.74 (0.47e0.89) 0.75 (0.54e0.91)
0.70 (0.43e0.88) 0.77 (0.54e0.91)
0.65 (0.38e0.86) 0.74 (0.49e0.89)
0.67 (0.41e0.85) 0.82 (0.57e0.95)
0.65 (0.42e0.85) 0.81 (0.56e0.94)
0.64 (0.38e0.82) 0.78 (0.54e0.93)
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Figure 3 miRNAs with better diagnostic performance in extracellular
vesicle (EV) compared with total serum. A: miRNA fold-change (calculated
based on [log2(copy numberEV � copy numbertotal)]) in gastric cancer and
control group is presented in total serum and Invitrogen (Invt). B: Area
under the curve (AUC) of miRNAs isolated using Invt compared with total
serum.
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presence of higher amounts of albumin contamination.
Western blot analysis also demonstrated the EV surface
marker profiles for all four precipitation reagents to be
different from UC, suggesting that these may have isolated
different EV subtypes from UC.

The four PBP protocols were tested using serum from
15 GC patients and 15 healthy controls. A total of 133
miRNAs were profiled, and most (104 miRNAs) could
be detected in all EVs isolated using all four PBP
methods. A total of 11, 5, 5, and 7 EV-miRNA
biomarker candidates were identified and isolated using
Table 3 List of EV-Associated miRNAs Measured in the Validation Set

Variable

Fold-change [log2
(cancer-control)]

Total Invt

hsa-miR-423-5p 0.28 0.54
hsa-miR-484 0.04 0.39
hsa-miR-186-5p �0.04 0.15
hsa-miR-142-5p �0.18 �0.35
hsa-miR-320d 0.28 0.48
hsa-miR-320a 0.32 0.49
hsa-miR-320b 0.23 0.40
hsa-miR-17-5p �0.10 �0.37

Fold-change and AUC were listed and compared with total serum.
AUC, area under the curve; EV, extracellular vesicle; Invt, Invitrogen.
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Invt, SBI, Exi, and Han, respectively. The Invt reagent
gave the most EV-miRNA candidates, and 10 of these
11 had higher GC detection accuracy (AUC) compared
with serum miRNA. Therefore, EV isolation using PBP
can enrich miRNA and improve GC miRNA biomarker
performance.
The 11 EV-miRNAs discovered in the pilot study were

further validated in an independent set of 20 GC and 20
control serum samples. Of these 11 EV-miRNAs, 8 gave
superior improvement in diagnostic signal/noise ratio
compared with total circulating miRNAs, validating the
improvement in miRNA biomarker performance after EV
isolation using PBP. Four of these miRNAs (namely,
miR-423-5p, miR-484, miR-142-5p, and miR-17-5p) had
either been shown to be dysregulated in GC or implicated
in GC tumorigenesis/metastasis.50e55 One of the limita-
tions in this study was the small sample size used in both
discovery and validation set. The P value calculated from
both t-test and Wilcoxon rank-sum test was compared, and
it was found that they were highly correlated, indicating
those miRNAs identified by t-test were highly overlapping
with those identified by Wilcoxon rank-sum test
(Supplemental Figure S1). The correlation of these eight
miRNA expression levels was also examined with each
other in the EV fraction, and it was found that
hsa-miR-320d, hsa-miR-320a, and hsa-miR-320b are
highly correlated (Supplemental Figure S2), suggesting
that fewer miRNAs can be used for future clinical diag-
nostic kit development.
In summary, isolation of serum EV-miRNAs improved

GC miRNA biomarker performance. In particular, the Invt
PBP protocol was established as the one that discovered the
highest number of EV-miRNA biomarkers. Using this re-
agent, eight EV-miRNA GC biomarkers were identified that
were validated in a validation set. This work proves the
concept that EV-miRNAs can serve as potential diagnostic
markers for GC. Further studies are needed to decipher the
origin, specific roles, and functions of these eight miRNAs
in GC tumorigenesis.
AUC (95% CI)

Total Invt

0.78 (0.58e0.89) 0.91 (0.77e0.97)
0.56 (0.37e0.74) 0.90 (0.72e0.97)
0.54 (0.34e0.71) 0.62 (0.42e0.80)
0.75 (0.55e0.88) 0.82 (0.64e0.93)
0.74 (0.51e0.88) 0.90 (0.77e0.97)
0.77 (0.57e0.91) 0.88 (0.73e0.97)
0.72 (0.51e0.87) 0.83 (0.68e0.94)
0.64 (0.45e0.81) 0.79 (0.58e0.91)
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