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ABSTRACT
Background: Several studies have identified the decreased expression of the
tumor suppressor miR-101 in various cancers. In this study, we tested miR-101 as
a potential therapeutic target and novel plasma biomarker for gastric cancer (GC).
Results: The miR-101 expression level was significantly lower in GC tissues
(P = 0.0038) and GC cell lines (P = 0.0238) than in normal gastric mucosa. Both
exosomal and plasma miR-101 were significantly downregulated in GC patients
compared with healthy volunteers (P = 0.0281 and P < 0.0001, respectively). Low
miR-101 plasma level was significantly associated with advanced T factor, advanced
disease stage, and peritoneal metastasis and predicted poor prognosis in GC
patients (P = 0.0368; hazard ratio, 3.079; 95% confidence interval: 1.06–11.08).
Overexpression of miR-101 in GC cells induced apoptosis by inhibiting MCL1 and
suppressed cell migration and invasion by regulating ZEB1.
Conclusions: Depletion of the tumor suppressor miRNA-101 in plasma is related
to tumor progression and poor outcomes. Low plasma miR-101 may be a biomarker
for GC, and its restoration might be a novel anticancer treatment strategy.

INTRODUCTION

targets for GC are urgently needed to improve the survival
rate of GC patients.
MicroRNAs (miRNAs), which are small noncoding
RNAs, regulate the translation of specific protein-coding
genes. Since their discovery in 1993 [8], numerous studies
have demonstrated that alterations in miRNA expression
correlate with the progression of various diseases,
including several cancer types [9–12]. In recent decades,
several studies have elucidated in detail the biological
processes through which miRNAs become detectable in
plasma/serum and remain in a remarkably stable form
[10, 13–16]. Plasma/serum miRNAs become resistant to
endogenous ribonuclease activity by binding to specific
plasma proteins [17, 18] or being packaged into various
types of secretory vesicles, including apoptotic bodies
and exosomes in plasma/serum [13, 19–21]. Furthermore,

Gastric cancer (GC) is third leading cause of
cancer-related death both globally and in Japan [1].
Although recent improvements in diagnostic techniques
and perioperative management have increased early
detection and decreased mortality over the past decades,
GC remains one of the most common cancer types and
constitutes a global health problem [1]. Advanced-stage
GC patients in particular still demonstrate extremely poor
survival rates [2]. Nevertheless, in clinical settings, no
molecule has been used as an early diagnostic biomarker
for GC, and only a few molecules have been validated
as therapeutic targets [3–7]. Therefore, an understanding
of the molecular mechanisms of tumorigenesis and the
identification of both clinical biomarkers and molecular
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multiple extracellular miRNAs have been shown to occur
not only through cell lysis but also through active secretion
[22–24], and these miRNAs can function as intercellular
transmitters [16, 23, 25, 26]. Thus, various blood-based
miRNAs have been identified as useful biomarkers for
cancer patients [27–40].
Recently, Kosaka et al. suggested that some tumor
suppressor miRNAs are secreted by healthy cells to
prevent aberrant cell growth [41]. In our previous work,
we identified that some tumor suppressor miRNAs in
plasma, such as let-7a [27] and miR-375 [29, 30], were
significantly downregulated in cancer patients compared
with healthy volunteers. Because circulating miRNAs
are thought to be released from both cancer tissues and
normal tissues, most of these tumor suppressor miRNAs
were thought to have been derived from normal tissues;
thus, we hypothesized that tumor suppressor miRNAs
become depleted from healthy cells according to cancer
progression. Indeed, one of our previous studies showed
that decreased plasma level of the tumor suppressor
miR-375 in esophageal cancer patients was associated
with worse survival [29]. Consequently, we proposed the
novel theory that the downregulation of tumor suppressor
miRNAs in the blood stream is correlated with tumor
progression and poor prognostic outcomes.
In this study, we focused on the tumor suppressor
miRNA-101, which targets multiple oncogenes and has
been reported to be downregulated in various cancers. We
clearly demonstrated that miRNA-101 plasma levels were
depleted in GC patients and that this depletion was related

to tumor progression and poor outcomes. Therefore,
miRNA-101 plasma levels can be a useful biomarker for
GC patients. Furthermore, the restoration of miR-101
in GC cells significantly inhibited tumor progression.
Our results indicate that the systemic restoration and
maintenance of the tumor suppressor miR-101 via nucleic
acid medicine could be a novel therapeutic strategy for
GC patients.

RESULTS
Study design to find depleted tumor suppressor
miRNAs in GC patient plasma
As shown in Figure 1, this study was designed as
follows: (1) evaluation of whether the plasma level of
miR-101 reflects tumor dynamics and investigation of
miR-101 expression in exosomes; (2) large-scale analysis
to assess the miR-101 plasma level and investigate its
association with clinicopathological characteristics and
prognostic outcomes in GC patients; (3) evaluation of
whether miR-101 overexpression in GC cells induces
antitumor effects in vitro.

Investigation into whether miR-101 plasma
levels reflect tumor dynamics in plasma, gastric
tissues, and exosomes
To gain insight into whether miR-101 levels reflect
tumor dynamics in gastric tissue and exosomes, we

Figure 1: Study design to find depleted tumor suppressor miRNAs in GC patient plasma.
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examined the expression levels of miR-101 in primary GC
tissues and GC cell lines. We used qRT-PCR to determine
the expression of miR-101 in eight GC tissues and eight
normal gastric mucosa, as well as in the human GC cell
lines Kato-III, NUGC4, MKN28, MKN45, and MKN74.
The miR-101 expression level was significantly lower in
GC tissues than in normal gastric mucosa (P = 0.0038)
(Figure 2A). A similar result was observed in the GC
cell lines in comparison with the normal gastric tissues
(P = 0.0238) (Figure 2B).
Finally, we compared the miR-101 expression
levels in exosomes extracted from the plasma of four
consecutive GC patients and four healthy volunteers. As
shown in Figure 2C, the level of exosomal miR-101 was
significantly downregulated in GC patients compared
with that in healthy volunteers (P = 0.0281). These results
indicated that miR-101 levels reflect tumor dynamics and
that miR-101 may be incorporated into exosomes and
released into the plasma.

to a clinically satisfactory degree comparable with that of
conventional tumor markers.

Correlation between miR-101 plasma level and
clinicopathological factors in GC patients
We analyzed the correlation between miR-101
plasma level and clinicopathological factors in 128 GC
patients undergoing curative gastrectomy (Table 1). The
median follow-up period was 39.9 months. A low miR-101
plasma level was significantly correlated with advanced T
stages (P = 0.0011) and TNM stage (P = 0.0072). After
gastrectomy, patients with a low miR-101 plasma level
more frequently developed peritoneal metastases (P =
0.0413) (Table 2).
Moreover, prognostic analysis revealed that a low
miR-101 plasma level was signiﬁcantly associated with
a worse overall survival rate (P = 0.0043) (Figure 4A)
and a worse relapse-free survival rate in GC patients with
curative gastrectomy (P = 0.0287) (Figure 4B). Univariate
and multivariate analyses using the Cox proportional
hazards regression model revealed that a low miR-101
level (P = 0.0368; hazard ratio, 3.07; 95% confidence
interval [CI]: 1.06–11.08) predicted poor prognosis in GC
patients independent of TNM stage (Table 3).

Large-scale analysis of miR-101 plasma level in
GC patients
We assessed miR-101 plasma level in a large-scale
setting. Plasma miR-101 was detectable in all samples
from 128 GC patients and 80 healthy volunteers. We
observed that the miR-101 plasma level was significantly
lower in the GC patients than in the healthy volunteers
(P < 0.0001) (Figure 3A). Furthermore, we used the AUC
value and the Youden index [42] to detect any cut-off
points that could differentiate cancer patients from healthy
volunteers (Figure 3B) and determined the AUC value to
be 0.740. The optimal relative expression cut-off point
was 8.64, with a sensitivity of 56.3% and a specificity of
82.5%. Our results indicate that miR-101 plasma level can
be used to distinguish GC patients from healthy volunteers

Investigation of the tumor suppressor function of
miR-101 in GC cells
To investigate the tumor suppressor function of miR101 in GC cells, we first performed a cell proliferation
assay using miRNA mimics to investigate whether miR101 overexpression would suppress GC cell proliferation.
Proliferation was significantly suppressed in MKN45 cells
after miR-101 mimic transfection compared with mock
transfection (Figure 5A). To confirm the inhibitory effect

Figure 2: Expression level of miR-101 in GC tissues, GC cell lines, and exosomes of GC patients. miR-101 expression was

significantly lower in GC tissues (P = 0.0038) and GC cell lines (P = 0.0238) than in normal tissues (A, B). The exosomal miR-101 level
was significantly lower in GC patients than in healthy volunteers (C).
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Table 1: Association between plasma miR-101 levels and clinicopathological characteristics in GC
patients
Plasma miR-101 concentration
High
Low

n
Total
Age
   < 65
   > 65
Sex

128

63

36
92

14
49

Univariate
P-valuea

65
0.1423
(22%)
(78%)

22
43

(34%)
(66%)
0.5596

  Male
  Female
pT (TNM)

78
50

  T1–2
  T3–4
pN (TNM)

84
44

  N0
  N1
pStage (TNM)

79
49

40
23

(63%)
(37%)

38
27

(58%)
(42%)
0.0011

50
13

(79%)
(21%)

34
31

(52%)
(48%)
0.2563

99
   Stage I/II
   Stage III/IV
29
a
Chi-square test. Significant values are in bold.

42
21

(67%)
(33%)

37
28

(57%)
(43%)

55
8

(87%)
(23%)

44
21

(68%)
(32%)

0.0072

of miR-101 against anchorage-independent cell growth,
colony-formation assays were performed using MKN45
cells. These GC cells were transfected with miR-101 or
mock for 2 weeks. The number of colonies was significantly
lower in MKN45 cells treated with the miR-101 mimic than
in MKN45 cells treated with the mock (Figure 5B). The
FACS analysis revealed that transfecting GC cells with the

miR-101 mimic induced greater accumulation of sub-G1
phase cells compared with mock transfection (Figure 5C).
The apoptotic cell analysis showed that miR-101
overexpression in MKN45 cells increased early apoptosis
(annexin V-positive/PI-negative) and late apoptosis
(annexin V/PI-double positive) 72 h after miR-101 mimic
transfection compared with mock transfection (Figure 5D).

Figure 3: miR-101 was less expressed in the plasma of GC patients than in that of healthy volunteers. For large-scale
analysis, total RNA extracted from plasma samples of 128 GC patients and 80 age-matched healthy volunteers was used to analyze the
expression level of miR-101 using qRT-PCR (A). Analysis of receiver-operating characteristic (ROC) curves was used to detect GC
patients. ROC analysis showed a maximum AUC of 0.7397 for miR-101 (B).
www.impactjournals.com/oncotarget
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Table 2: Association between plasma miR-101 levels and pattern of recurrence in GC patients
with gastrectomy
Plasma miR-101 concentration
High
Low

n
Total

23
5
6
13

Hematogenous recurrence
Lymphatic recurrence
Peritoneal recurrence
a
Chi-square test. Significant values are in bold.

9
3
3
3

(14%)
(5%)
(5%)
(5%)

14
2
3
10

Univariate
P-valuea

(22%)
(3%)
(5%)
(15%)

0.2835
0.6218
0.9687
0.0413

Table 3: Univariate and multivariate analyses for survival of GC patients following gastrectomy
using Cox's proportional hazard model
Variable

Univariate
P-value

a

Sex

Male vs. female

0.7389

Age

≥ 65 vs. 65 <

0.5255

U vs. LM

0.6220

Histological type

UD vs. WD

0.6743

pStage (TNM)

III/IV vs. I/II

< 0.0001

Tumor location

Multivariate
HR

95% CI

P-valueb

14.72

5.13–52.81

< 0.0001

0.0043
0.0368
Plasma miR-101 expression
High vs. Low
3.078
1.06–11.08
Kaplan-Meier method. Significance was determined by the log-rank test. bMultivariate survival analysis was performed using
Cox's proportional hazard model. HR: hazard ratio; CI: confidence interval. Significant values are in bold.
a

Next, transwell migration and invasion assays
were performed to examine the ability of MKN45 cells
transfected with miR-101 mimics to move through pores
under different conditions. An uncoated membrane was
used for migration assays, whereas a Matrigel-coated

membrane was used for invasion assays. As seen in
Figure 5E, the number of MKN45 cells that migrated
into the lower chamber was significantly lower for miR101 mimic-transfected cells than for mock-transfected
cells under both conditions, suggesting that miR-101

Figure 4: Lower plasma miR-101 level was associated with worse prognosis. The prognostic analysis revealed that a low miR101 plasma level was signiﬁcantly associated with a worse overall survival rate (P = 0.0043) (A) and a worse relapse-free survival rate in
GC patients with curative gastrectomy (P = 0.0287) (B).
www.impactjournals.com/oncotarget
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suppressed the ability of gastric cancer cells to migrate
and invade.

These findings suggested that miR-101 directly inhibited
the transcription of ZEB1 and suppressed EMT. Figure 6C
shows the hypothetical model of the depleted miR-101 in
gastric cancer cells.

MCL1 and ZEB1 were direct targets of miR-101
in GC cells

DISCUSSION

To investigate whether miR-101 directly regulates
target oncogenes, we focused on the MCL1 and ZEB1
genes, which were selected as putative targets using
TargetScan (http://www.targetscan.org/). MCL1, a
member of the Bcl-2 family, is an antiapoptotic protein
frequently overexpressed in cancer cells [43]. The seed
regions of the miR-101 and complementary MCL1
3′UTR sequences are presented in Figure 6A. miR-101
overexpression inhibited the production of MCL1 and
induced the cleavage of PARP, suggesting that it induced
apoptosis in GC cells.
ZEB1 has been shown to promote the invasiveness
of epithelial tumors by repressing E-cadherin promoter
and inducing an epithelial-mesenchymal transition (EMT).
The seed regions of the miR-101 and complementary
ZEB1 3′UTR sequences are presented in Figure 6B. miR101 overexpression inhibited the production of ZEB1
protein and induced the production of E-cadherin protein.

In the present study, we demonstrated that the
tumor suppressor miR-101 was significantly depleted in
the plasma of GC patients compared with that of healthy
volunteers. The downregulation of plasma miR-101 was
related to tumor progression and worse outcomes in GC
patients. Moreover, the level of exosomal miR-101 was
significantly downregulated in GC patients compared with
that in healthy volunteers. These results indicated that
miR-101 levels reflect tumor dynamics and that miR-101
may be incorporated into exosomes and released into the
plasma as an intercellular transmitter. Additionally, in vitro
analyses showed that the enforced expression of miR-101
in GC cells induced apoptosis through the regulation of
MCL1 and suppressed cell migration and invasion through
the regulation of ZEB1. Based on these findings, we
consider that miR-101 could be a novel plasma biomarker
for cancer detection, monitoring, and prognosis prediction

Figure 5: Investigation of the tumor suppressor function of miR-101 in GC cells. Cell proliferation was significantly

suppressed in GC cells transfected with the miR-101 mimic compared with the controls (A). miR-101 overexpression also inhibited colony
formation compared with the controls (B). The FACS analysis demonstrated that transfecting GC cells with the miR-101 mimic resulted in
a greater accumulation of cells in the sub G1 phase compared to transfection with the controls (C). The apoptotic cell analysis showed that
miR-101 overexpression increased early apoptosis (annexin V-positive/PI-negative) and late apoptosis (annexin V/PI-double positive) at
72 h in GC cells after miR-101 mimic transfection compared to that in GC cells after transfection with the controls (D). Transwell migration
and invasion assays demonstrated that miR-101 suppressed the ability of GC cells to migrate and invade (E).
www.impactjournals.com/oncotarget
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in GC patients. In addition, the restoration of miR-101
plasma level may be a novel treatment strategy for GC
patients, and plasma miR-101 level as a biomarker may be
used to select treatments, monitor their effects, and predict
the possibility of prognostic improvement.
The dynamics and origin of miR-101 circulation
in the human body have not yet been elucidated. Recent
studies have demonstrated that extracellular miRNAs
not only circulate in a stable form, but can also be
incorporated into other surrounding and distant recipient
cells in which they fulfill distinct functions. Kosaka et al.
reported that tumor suppressor miRNAs were secreted
by normal epithelial cells, and these secretory miRNAs
could inhibit growth in cancer cells [24]. Based on these
previous studies [17, 19, 29], we hypothesized that
healthy cells secrete miR-101 packaged in exosomes into
the bloodstream and that these exosomes are delivered
via the bloodstream to GC cells. The miR-101 taken
up by recipient cells might then serve as an antitumor
molecule. During the initial stage of tumorigenesis, the
downregulation of tumor suppressor miRNAs in cancer
cells may be compensated for by the surrounding healthy
cells, which supply exosomes containing these miRNAs.
However, once the surrounding cells can no longer meet
this demand, the cancer cells progress to an advanced
stage. The miR-101 plasma level could therefore be
a novel biomarker for GC patients. Additionally, the
restoration and maintenance of miR-101 via nucleic acid

medicine could be a novel treatment strategy for GC
patients.
Concerning the molecular functions of miR-101 in
cancers, Varambally et al. firstly demonstrated that miR101 expression was reduced in prostate tumors and miR101 inhibited the expression of Enhancer of zeste homolog
2 (EZH2), a mammalian histone methyltransferase that
contributes to the epigenetic silencing of target genes
and regulates the survival and metastasis of cancer cells
(Varambally et al. [44]. The reduced expression of miR101 has since been reported in various types of cancer,
and several studies have identified the tumor suppressor
functions of miR-101. One crucial function of miR-101
is the inhibition of oncogenes such as EZH2 [45–50],
ROCK2 [51], COX-2 [52–55], MCL1 [56, 57], mTOR
[58], SOCS2 [59], and VEGF-C [60, 61]. Especially
in GC, Liu et al. reported that miR-101 could inhibit
angiogenesis by down-regulating VEGF-C expression
[60], and Riquelme et al. reported that miR-101 suppressed
cell proliferation, migration, and invasion in gastric
cancer cells through regulation of the PI3K/AKT/mTOR
pathway [58]. In this study, our results showed that miR101 could induce apoptosis by targeting the antiapoptosis
protein MCL1, which is highly upregulated and correlated
with poor prognosis in GC patients [43]. The results are
consistent with the previous report in breast cancer [56].
Furthermore, our results newly demonstrated that miR101 could inhibit EMT, as well as cell invasion and

Figure 6: MCL1 and ZEB1 were direct targets of miR-101 in GC cells. An in silico search (http://www.targetscan.org/)

identified MCL1 and ZEB1 as novel target oncogenes of miR-101 in GC. The seed regions of the miR-101 and complementary 3′UTR
sequences of MCL1 and ZEB1 are presented in (A) and (B), respectively. Overexpression of miR-101 inhibited MCL1 protein production
(A) and induced the cleavage of PARP, suggesting the induction of apoptosis. Furthermore, miR-101 overexpression inhibited ZEB1
protein production (B). A hypothetical model of miR-101 depletion in gastric cancer cells follows (C). Downregulation of miR-101, which
inhibits the transcription of the antiapoptotic protein MCL1, could inhibit apoptosis. Furthermore, miR-101 inhibits the transcription of
ZEB1, a transcription factor that induces the epithelial-mesenchymal transition, thereby promoting tumor invasion and metastasis.
www.impactjournals.com/oncotarget

7

Oncotarget

migration, through the regulation of ZEB1 in GC cells.
In addition to these functions of miR-101 in cancer cells,
interestingly, previous studies reported that miR-101 was
significantly down-regulated in H. pylori-positive gastric
mucosa, and miR-101 expression was decreased along
with the severity of gastritis, such as superficial gastritis,
atrophic gastritis, and metaplasia. Furthermore, miR-101
suppressed cell growth in H. pylori-related GC [59]. These
findings suggest that the restoration of miR-101 may have
the potential to prevent tumorigenesis in pre-cancerous
lesions of atrophic gastritis due to H. pylori.
Although miR-101 has demonstrated promising
tumor suppressor functions in several cancers, including
GC, few studies have investigated the potential utility
of circulating miR-101 as a liquid biopsy biomarker and
therapeutic target.
In recent years, several researchers have conducted
studies on therapeutic miRNA-based drugs using synthetic
miRNA mimics. The administration of tumor suppressor
miRNA mimics still carries the potential risk of inducing
unexpected adverse physiological effects because
miRNAs can regulate multiple genes affecting various
biological functions. In this study, we focused on the
depletion of tumor suppressor miRNAs in GC patients
and demonstrated that the restoration of miR-101 to GC
cells could be a novel anticancer treatment for GC. We
believe that the restoration of tumor suppressor miRNAs,
which are abundantly detected in the plasma of healthy
individuals, may be a novel strategy for minimizing
various physiological risks in systemic administration.
Furthermore, the systemic administration and delivery
of miR-101 for GC patients may be an ideal treatment
because its effect and the possibility of prognosis
improvement can be monitored in a repeatable manner by
measuring plasma miR-101 level.
This report is the first to demonstrate that the tumor
suppressor miR-101, which is depleted in the plasma of
GC patients, can serve as both a plasma biomarker and
a therapeutic target for GC. However, the present study
had the limitation of being a relatively small retrospective
cohort study from a single institute. Therefore, further
study with a large cohort or prospective clinical trial
with longer follow-up periods is needed to validate these
results. Furthermore, many issues must still be addressed
before these findings can be translated into a clinically
useful biomarker and treatment agent for GC patients.
Detailed examinations of the physiological effects of
miR-101 are required to assess its safeness for systemic
administration, and validation of the tumor suppressor
functions of miR-101 in vivo is necessary for its clinical
use. Moreover, further development of miRNA delivery
systems is needed to overcome hurdles such as cellular
uptake and bloodstream stability. These studies are
currently under evaluation. Furthermore, tumor suppressor
miRNAs with more powerful anticancer effects could
be identified by examining tumor suppressor miRNAs
www.impactjournals.com/oncotarget

depleted in the plasma of patients with various cancer
types using strategies such as microarray analysis, nextgeneration sequencing, or digital PCR-based approaches.
These strategies are currently under evaluation and will
likely be reported upon in the near future.

MATERIALS AND METHODS
Patients and samples
All experimental methods were conducted in
accordance with the relevant guidelines and regulations.
Written informed consent was obtained from all patients
to use their samples for research purposes, and the study
was approved by the institutional review boards of the
Kyoto Prefectural University of Medicine. A total of
128 plasma samples from GC patients who underwent
gastrectomy at our institution between June 2010 and
December 2014 were collected, along with 80 samples
from healthy volunteers. Patients’ clinical characteristics
and compliance with REMARK guidelines are reported
in Supplementary Tables 1 and 2, respectively. All of the
patients enrolled in this study were underwent curative
gastrectomy, and all of the tumors were pathologically
diagnosed as gastric adenocarcinoma. The healthy
volunteers included medical personnel and patients
with benign diseases such as cholecystolithiasis and
inguinal herniation. These patients underwent medical
examinations, including computed tomography and
endoscopy, and were shown not to have any pancreatic or
cancerous diseases. Tumor stages were assessed according
to the Union for International Cancer Control classification
system [62].
Peripheral blood (7 ml) was obtained from each
patient at the time of diagnosis or before surgery, as well
as from the healthy volunteers. The blood was transferred
into sodium heparin tubes (BD Vacutainer, Franklin Lakes,
NJ) and immediately subjected to the three-spin protocol
(1500 rpm for 30 min, 3000 rpm for 5 min, and 4500 rpm
for 5 min) to prevent contamination of the cellular nucleic
acids. Plasma was stored at −80°C until further processing.
Histological evaluations were performed for tissues
adjacent to the specimens according to the criteria of the
World Health Organization. In all cases, two pathologists
agreed with the pathological observations and confirmed
the diagnoses.

RNA extraction
Total RNA was extracted from 400 μl of plasma
using a mirVana PARIS Kit (Ambion, Austin, TX) and
finally eluted into 100 μl of preheated (95°C) Elution
Solution according to the manufacturer’s protocol. The
reason why a volume of 400 μl of plasma was used as
the common denominator in each microarray analysis is
that there was no definite internal control in the plasma
8
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miRNA analyses, as shown in our previous studies [27–32,
63]. Total RNA was also extracted from four 15-μm-thick
slices of formalin-fixed and paraffin-embedded tissue (for
a total of 60 μm in thickness) using a RecoverAll Total
Nucleic Acid Isolation Kit (Ambion) and then eluted into
60 μl of Elution Solution according to the manufacturer’s
protocol.

of miR-101 was confirmed by qRT-PCR using a Human
TaqMan MicroRNA Assay Kit (Applied Biosystems).

Proliferation assay and cell cycle analysis
To evaluate cell growth function, the number
of viable cells was assessed at various time points
after transfection using the colorimetric water-soluble
tetrazolium salt assay (Cell Counting Kit 8; Dojindo
Laboratories, Kumamoto, Japan). Cell viability was
determined by measuring the optical density at 450 nm.
The cell cycle was evaluated 72 h after transfection using
fluorescence-activated cell sorting (FACS), as described
elsewhere [64]. For the FACS analysis, harvested cells
were fixed in 70% cold ethanol and treated with RNase
A and propidium iodide. Samples were analyzed on a
Becton Dickinson Accuri™ C6 Flow Cytometer (Becton
Dickinson, San Jose, CA, USA).

Quantification of miRNA by qRT-PCR
The miRNAs were quantified by qRT-PCR using
a Human TaqMan MicroRNA Assay Kit (Applied
Biosystems, Foster City, CA). The reverse transcription
reaction was performed using a TaqMan MicroRNA
Reverse Transcription Kit (Applied Biosystems).
qPCR was run on a StepOnePlus PCR system (Applied
Biosystems), and cycle threshold (Ct) values were
calculated with StepOne Software v2.0 (Applied
Biosystems).
As previously reported [13], we used an approach
for data normalization based on spiking the samples with
a synthetic RNA oligonucleotide, cel-miR-39, which does
not exist in the human genome. C. elegans cel-miR-39
was purchased as a custom-made RNA oligonucleotide
(Qiagen, Valencia, CA). The oligo used for spiking, as a
mixture of 25 fmol of oligonucleotide and water in a total
volume of 5 µl, was introduced after the addition of 2X
Denaturing Solution (Ambion) to the plasma sample to
avoid degradation by endogenous plasma RNases. As a
control for each RNA sample, cel-miR-39 was used for
the TaqMan qRT-PCR assays (Applied Biosystems) as
described above. We normalized the data across samples
using the 2−ΔΔCt method relative to cel-miR-39. However,
the expression of miRNAs from tissue samples and
cultured cells was normalized using the 2−ΔΔCt method
relative to U6 small nuclear RNA (RNU6B).

Colony-formation assays
The miR-101 or mock was transfected into GC cells.
The expression of the miR-101 mimic in transfected cells
was confirmed by qRT-PCR. After 2 weeks of incubation,
the cells were fixed with 100% methanol and stained with
crystal violet.

Apoptotic cell analysis
At 72 h after transfection, the miRNA mimic–
transfected cells were harvested and stained with
fluorescein isothiocyanate–conjugated annexin V and
phosphatidylinositol using an Annexin V Kit (Beckman
Coulter, Brea, CA). A Becton Dickinson Accuri™ C6
Flow Cytometer was used to analyze the proportion of
apoptotic cells.

Culture of GC cell lines

Transwell migration and invasion assays

The GC cell lines Kato-III, NUGC4, MKN45,
and MKN74 were purchased from RIKEN Cell Bank
(Tsukuba, Japan) and cultured in either Roswell Park
Memorial Institute 1640 medium (Sigma, St. Louis,
MO) or Dulbecco’s Modified Eagle Medium (Nacalai,
Japan) supplemented with 10% fetal bovine serum (Trace
Scientific, Melbourne, Australia). All cells were cultured
in 5% carbon dioxide at 37°C in a humidified chamber.

Transwell migration and invasion assays were
conducted in 24-well modified Boyden chambers
(Transwell chambers, BD Transduction, Franklin Lakes,
NJ). The upper surface of 6.4-mm-diameter filters with
8-µm pores was precoated with (invasion assay) or
without (migration assay) Matrigel (BD Transduction).
The miRNA mimic transfectants (5 × 105 cells per well)
were transferred into the upper chamber. Following 22 h
of incubation, the migrated or invasive cells on the lower
surface of the filters were fixed and stained with Diff-Quik
stain (Sysmex, Kobe, Japan), and stained cell nuclei were
counted directly in triplicate.

Transfection of GC cells with miRNA mimics
For the overexpression of miR-101, an miR-101
mimic (Assay ID: MC11414) selected from the mirVana
miRNA mimic panel (Ambion) was used to transfect the
MKN45 cells at a final concentration of 12 μM using
Lipofectamine RNAiMAX (Invitrogen) according to the
manufacturer’s instructions. After 72 h, the overexpression
www.impactjournals.com/oncotarget

Western blot analysis
Anti-ACTB, anti-ZEB1, anti-E-cadherin, antiMCL1, and anti-PARP antibodies were purchased from
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Cell Signaling Technology (Cell Signaling Technology,
USA). The cells were lysed, and their proteins were
extracted using M-PER® Mammalian Protein Extraction
Reagent (Thermo Scientific, USA)

performed research. IT and KS analyzed the data and
wrote the paper.
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