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Abstract: Recent studies identified that low levels of tumor suppressor microRNAs in plasma/serum relate to tumor 
progression and poor outcomes in cancers. This study explored decreased tumor suppressor microRNA (miRNA) 
plasma levels in gastric cancer (GC) patients to clarify their potential as novel biomarkers and therapeutic targets. 
We focused on five candidates (miR-148a, miR-101, miR-129, miR-145 and miR-206) of tumor suppressor miRNAs 
in GC by a systematic review of NCBI database. Of these, miR-148a levels were significantly down-regulated in 
plasma of GC patients compared to healthy volunteers by test- and validation-scale analyses (P<0.0001). A Low 
level of plasma miR-148a was significantly associated with venous invasion, lymph node metastasis, advanced 
stage and peritoneal recurrence, and was an independent poor prognostic factor (P=0.0296, Hazard ratio 4.2). 
Overexpression of miR-148a in GC cells inhibited cell proliferation, migration, invasion and epithelial-mesenchymal 
transition. In vivo, the restoration and maintenance of miR-148a in plasma significantly inhibited tumor growth in 
mice with peritoneal metastasis (P=0.0050). In conclusions, depletion of the tumor suppressor miRNA-148a in 
plasma relates to tumor progression and poor outcomes. The restoration of the blood miR-148a level might be a 
novel nucleic acid anticancer therapy for GC.
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Introductions

Gastric cancer is considered to be the fifth 
most common cancer and the third leading 
cause of death worldwide [1]. While improved 
perioperative management and diagnostic 
techniques have decreased mortality while 
boosting early detection in recent years, GC 
continues to constitute a global health problem 
as a prevalent form of cancer [2, 3]. Until now, 
only a few biomarker molecules have been 
employed for the early diagnosis of GC in clini-
cal settings, and researchers have validated 
only a scant number of molecules as therapeu-
tic targets [4-6]. Therefore, identifying novel 
clinical biomarkers and molecular targets for 
GC remain pivotal clinical issues.

MicroRNAs (miRNAs), which are small non-cod-
ing RNAs, regulate the translation of specific 

protein-coding genes. Since their discovery in 
1993 [7], numerous studies have identified 
alterations in miRNA expression that are corre-
lated with the progression of various diseases, 
including several cancer types [8-11]. In recent 
decades, several studies have elucidated that 
miRNAs are detectable in plasma/serum and 
are present in a remarkably stable form [10, 
12-15]. Plasma/serum miRNAs are resistant to 
endogenous ribonuclease activity by binding to 
specific plasma proteins [16, 17] or are pack-
aged by various types of secretory vesicles, 
including apoptotic bodies and exosomes in 
plasma/serum [14, 18-20]. Furthermore, some 
extracellular miRNAs occur through active 
secretion [21-23] as intercellular transmitters 
[15, 21, 24, 25]. Thus, various up-regulated and 
blood-based miRNAs have been identified and 
can be used for cancer detection, monitoring 
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tumor dynamics, and predicting prognosis and 
chemoresistance [26-38].

Previously, Kosaka and Ochiya et al. suggested 
a novel mechanism that miRNAs could facilitate 
the system of maintenance and surveillance 
against cancer progression. Tumor suppressor 
miRNAs are normally secreted from neighbor-
ing healthy cells to cancer cells to inhibit cancer 
progression [39]. During the initial stage of 
tumourigenesis, the down-regulation of tumor 
suppressor miRNAs in cancer cells may be com-
pensated for by the surrounding healthy cells, 
which supply exosomes containing tumor sup-
pressor miRNAs. However, once the surrounding 
cells can no longer meet this demand, cancer 
cells progress to an advanced stage. In our pre-
vious study, we identified that some tumor sup-
pressor miRNAs in plasma were significantly 
down-regulated in cancer patients compared 
with healthy volunteers [26, 28, 30]. As circulat-
ing miRNAs are considered to be released from 
cancer tissues as well as normal tissues, most 
of these miRNAs are expected to have originat-
ed from normal tissues; thus, we hypothesized 
that tumor suppressor miRNAs might become 
depleted from healthy cells in accordance with 
cancer progression. Indeed, we demonstrated 
that the low plasma level of some tumor sup-
pressor miRNAs in cancer patients were associ-
ated with tumor progression and poor prognos-
tic outcomes in miR-375 and miR-655 of esoph-
ageal cancer [28, 40] and miR-107 of pancreatic 
cancer [41]. Specifically, the expression of miR-
107 in specific normal organs of liver and kid-
ney was reduced in mice bearing pancreatic 
cancer tumor [41]. Moreover, we demonstrated 
that the depletion of these tumor suppressor 
miRNAs could be targets of oligonucleotide ther-
apy [40, 41].

In this study, we focused on tumor suppressor 
miRNAs that are down-regulated in GC patient 
plasma, and we demonstrated the potential 
utility of the restoration of these tumor sup-
pressor miRNAs as a therapeutic strategy for 
this lethal disease. We selected six down-regu-
lated tumor suppressor miRNAs (miR-148a, 
miR-101, miR-129, miR-145 and miR-206) and 
finally validated that depleted tumor suppres-
sor miRNA-148a plasma levels are related to 
tumor progression and poor outcomes. The 
restoration and maintenance of the miR-148a 
plasma level significantly inhibited peritoneal 

metastasis in vivo. Our results and concepts 
provide evidence that the restoration and main-
tenance of the tumor suppressor miR-148a 
plasma level could be a novel treatment strat-
egy for GC patients using nucleic acid 
medicine.

Materials and methods

Patients and samples

The study was approved by the institutional 
review board of Kyoto Prefectural University of 
Medicine, and each subject provided written 
informed consent. Between January 2010 and 
April 2014, a total of 132 plasma samples from 
GC patients consisted of 10 small-scale sam-
ples and 122 validation samples from the 
Kyoto Prefectural University of Medicine were 
collected. The sixty samples from healthy vol-
unteers included those from medical personnel 
and patients with benign disease, such as cho-
lecystolithiasis and inguinal herniation. These 
patients underwent medical examinations and 
were shown not to have any pancreatic or can-
cerous diseases. Tumor stages were assessed 
according to the Union for International Cancer 
Control classification system [42].

Peripheral blood (7 ml) was obtained from each 
patient at the time of diagnosis or before sur-
gery and from the healthy volunteers. The blood 
was transferred into sodium heparin tubes (BD 
Vacutainer, Franklin Lakes, NJ) and immediate-
ly subjected to the three-spin protocol (1500 
r.p.m. for 30 min, 3000 r.p.m. for 5 min, and 
4500 r.p.m. for 5 min) to prevent contamination 
by cellular nucleic acids. Plasma was collected 
and then stored at -80°C until further process-
ing. Histological evaluations were performed 
for tissues adjacent to specimens, according to 
the criteria of the World Health Organization. In 
all cases, two pathologists agreed with the 
pathological observations and confirmed the 
diagnosis.

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 manu-
facturer’s protocol. Total RNA was also extract-
ed from four 15-μm-thick slices of formalin-
fixed and paraffin-embedded tissue using a 
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RecoverAll Total Nucleic Acid Isolation Kit 
(Ambion) and then eluted into 60 μl of Elution 
Solution according to the manufacturer’s 
protocol.

Selection of plasma miRNA candidates based 
on a systematic review of the NCBI database

We searched for all studies related to GC miR-
NAs in PubMed up to April 2015 and 91 rele-
vant articles identified. From a systematic 
review of these articles, 67 candidate tumor 
suppressor microRNAs in gastric cancer were 
selected as shown in Table S1. From these can-
didates, as shown in Figure 1A, 44 candidate 
miRNAs which were reported in only one article 
were excluded, and 2 candidate miRNAs that 
were already reported as biomarkers in body 
fluid such as plasma, serum, urine and semen 
were excluded (Figure 1B). After a series of 
these exclusion criteria were applied, we select-
ed 21 candidates and consequently selected 
top five candidate miRNAs: miR-148a [43], miR-
101 [44], miR-129 [45], miR-145 [46] and miR-
206 [47].

Quantification of miRNA by qRT-PCR

The amounts of miRNAs were quantified by 
qRT-PCR using a Human TaqMan MicroRNA 
Assay Kit (Applied Biosystems, Foster City, CA). 
The reverse transcription reaction was con-
ducted with a TaqMan MicroRNA Reverse 
Transcription Kit (Applied Biosystems) and 
gene-specific primers (hsa-miR-148a, Assay ID: 
000470; hsa-miR-101, Assay ID: 002143; hsa- 
miR-129, Assay ID: 000590; hsa-miR-145, 
Assay ID: 002278; hsa-miR-206, Assay ID: 
000510; cel-miR-39, Assay ID: 000200; and 
RNU6B, Assay ID: 001093). qPCR was run on a 
StepOnePlus PCR system (Applied Biosystems), 
and Cycle threshold (Ct) values were calculat- 
ed with StepOne Software v2.0 (Applied 
Biosystems).

As previously reported [14], 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).

Small-scale analysis of the plasma levels of 
five miRNAs in GC patients and healthy volun-
teers

First, we investigated the plasma levels of the 
selected five miRNAs in 10 GC patients and 10 

healthy volunteers by qRT-PCR using a small-
scale analysis. As shown by the results of the 
miRNA array-based approach, the levels of 
three candidate miRNAs tended to be lower in 
the plasma of GC patients than in that of the 
healthy volunteers, and the difference in the 
expression level of miR-148a (P=0.008), miR-
101 (P=0.001) and miR-145 (P=0.031) were 
determined to be the significant (Figure 1C). 
Regarding the miR-101, we subsequently dem-
onstrated as a biomarker that depletion of the 
tumor suppressor miRNA-101 in plasma is 
related to tumor progression and poor out-
comes [48]. Therefore, in this study, we select-
ed most significant miR-148a for further 
analyses.

Culture of GC cell lines

The GC cell lines NUGC4 and MKN45 were pur-
chased from RIKEN Cell Bank (Tsukuba, Japan) 
and cultured in 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.

Transfection of PCa cells with miRNA mimics

For the overexpression of miR-148a, the miR-
148a mimic (Assay ID: MC10263) or negative 
control mimic miRNA (mirVana miRNA mimic 
Negative Control #1), both of which were select-
ed from the mirVana miRNA mimic panel 
(Ambion), was used to transfect the cells at a 
final concentration of 12 μM by using Lipo- 
fectamine RNAiMAX (Invitrogen) according to 
the manufacturer’s instructions. After 72 h, the 
overexpression of miR-148a was confirmed by 
qRT-PCR.

Proliferation assay and cell cycle analysis

To measure cell growth, the number of viable 
cells at various time points after transfection 
was assessed by the colorimetric water-soluble 
tetrazolium salt assay (Cell Counting Kit 8; 
Dojindo Laboratories, Kumamoto, Japan). Cell 
viability was determined by reading the optical 
density at 450 nm. The cell cycle was evaluated 
72 h after transfection by fluorescence-activat-
ed cell sorting (FACS).

Transwell migration and invasion assays

Transwell migration and invasion assays were 
conducted in 24-well modified Boyden cham-

http://www.ajcr.us/files/ajcr0138672suppltab1.xlsx


Depletion of tumor suppressor miRNA-148a in plasma

6136 Am J Cancer Res 2021;11(12):6133-6146

Figure 1. Selection of plasma miRNA candidates, and test- and large-scale analysis of the candidate plasma level 
in GC patients and healthy volunteers. A. Study design to find novel candidate miRNAs that decreased in patient 
plasma as a therapeutic target for GG. B. Twenty-one candidate miRNAs. C. Small-scale analysis of the plasma 
levels of five miRNAs in GC patients and healthy volunteers by qRT-PCR. The change in the expression of miR-148a, 
miR-101 and miR-145 were found to be the significant. D. Large-scale analysis indicated that the plasma level of 
miR-148a was significantly lower in GC patients than in healthy volunteers (P<0.0001). E. ROC analysis indicated 
the AUC value to be 0.81 with a sensitivity of 88.6% and a specificity of 66.7%.
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bers (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 cham-
ber. Following 22 h of incubation, the migrated 
or invasive cells on the lower surface of the fil-
ters were fixed and stained with Diff-Quik stain 
(Sysmex, Kobe, Japan), and stained cell nuclei 
were counted directly in triplicate.

Western blot analysis

Anti-Vimentin and anti-E-cadherin, anti-ACTB 
antibodies were purchased from Cell Signaling 
Technology (Cell Signaling Technology, USA). 
Cells were lysed, and their proteins were 
extracted using M-PER Mammalian® Protein 
Extraction Reagent (Thermo Scientific, USA).

Animal experimental protocol

For the in vivo model, GFP-labeled MKN45 cells 
(5×106) were injected in the peritoneal cavity of 
SCID mice. Treatment began at 3 days after 
tumor cell injection. Either 1 nmol of the control 
miRNA mimic or 1 nmol of the miR-148a mimic 
with AteloGene Local Use Quick gelation 
(Koken, Co., Tokyo, Japan) was injected in the 
peritoneal cavity every three days, according to 
the manufacturer’s protocol. The tumor volume 
was calculated according to the formula V = 
A×B2/2 (mm3), where A is the largest diameter 
(mm), and B is the smallest diameter (mm). At 
10 days after tumor cell implantation, the mice 
were sacrificed and blood samples were col-
lected for further analysis.

Statistical analysis

The Mann-Whitney U test and the t-test for 
unpaired data were performed for comparing 
plasma or tissue sample data. The Wilcoxon 
test was used to compare the paired data. The 
Chi-square test or Fisher’s exact probability 
test was used to evaluate correlations between 
the plasma miRNA levels and clinicopathologi-
cal factors. A P-value<0.05 was considered sta-
tistically significant.

For the survival rate analysis, Kaplan-Meier 
survival curves were constructed for groups 
based on univariate predictors, and differences 

between the groups were analyzed with the log-
rank test or the Wilcoxon test. Univariate and 
multivariate survival analyses were performed 
using the likelihood ratio test of the stratified 
Cox proportional hazards model. A P-value< 
0.05 was considered statistically significant. 

Results

Large-scale analysis of the miR-148a plasma 
level in GC patients

We next validated our observations in a large-
scale setting. Plasma miR-148a was detect-
able in all samples from 132 GC patients and 
60 healthy volunteers. We observed that the 
miR-148a plasma level was significantly lower 
in the GC patients than in the healthy volun-
teers (P<0.0001) (Figure 1D). Furthermore, to 
detect cut-off points that could differentiate 
cancer patients from healthy volunteers, we uti-
lized the AUC value and the Youden index and 
found that the AUC value was 0.81. The optimal 
relative expression cut-off point was indicated 
to be 20.5, with a sensitivity of 88.6% and a 
specificity of 66.7%. Our results provide evi-
dence that the miR-148a plasma level can be 
used to distinguish GC patients from healthy 
volunteers to a clinically satisfactory degree in 
comparison with conventional tumor markers.

Correlation between the miR-148a plasma 
level and clinicopathological factors in GC pa-
tients

We analyzed the correlation between the miR-
148a plasma level and clinicopathological fac-
tors in 132 GC patients undergoing curative 
gastrectomy (Table 1). A low miR-148a plasma 
level was significantly correlated with the pres-
ence of venous invasion (P=0.0279) and lymph 
node metastasis (P=0.0267), and advanced 
stage (P=0.0040) and recurrences (P=0.0194). 
Also, a low miR-148a plasma level tended to be 
associated with advanced T stages (P=0.0810). 
Regarding the types of recurrence, patients 
with a low miR-148a plasma level more fre-
quently developed the peritoneal recurrence 
(P=0.0010) (Table 2).

Potential utility of miR-148a as a prognostic 
biomarker in GC patient plasma

Moreover, a prognostic analysis revealed that a 
low miR-148a plasma level was significantly 
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Table 1. Correlation between plasma miR-148a levels and clinico-
pathological characteristics in GC patients with gastrectomy

n
Plasma miR-148a concentration Univariatea

High Low p-value
Total 132 59 (45%) 73 (55%)
Age 0.5693
    <65 37 18 (31%) 19 (26%)
    ≥65 95 41 (69%) 54 (74%)
Sex 0.9308
    male 80 36 (61%) 44 (60%)
    female 52 23 (39%) 29 (40%)
Histological type 0.5187
    Differentiated 63 30 (51%) 33 (45%)
    Un-differentiated 69 29 (49%) 40 (55%)
Lymphatic invasion 0.3018
    Present 67 27 (46%) 40 (55%)
    Absent 65 32 (54%) 33 (45%)
Venous invasion 0.0279
    Present 54 18 (31%) 36 (49%)
    Absent 78 41 (69%) 37 (51%)
pT (TNM) 0.0810
    T1/T2 88 44 (75%) 44 (60%)
    T3/T4 44 15 (25%) 29 (40%)
pN (TNM) 0.0267
    NO 85 44 (75%) 41 (56%)
    N1 47 15 (25%) 32 (44%)
pStage (TNM) 0.0040
    I/II 104 53 (90%) 51 (70%)
    III 28 6 (10%) 22 (30%)
Recurrence 0.0194
    absent 110 54 (92%) 56 (77%)
    present 22 5 (8%) 17 (23%)
aChi-square test NOTE: Significant values are in bold.

associated with a worse overall survival rate  
in all GC patients (P=0.0034) (Figure 2). 
Multivariate analyses revealed that a low miR-
148a level (P=0.0228; hazard ratio, 4.41; 95% 
confidence interval [CI]: 1.13-27.20) as well as 
advanced stage III were independent factors 
predicting poor prognosis in GC patients (Table 
3).

Investigation of the tumor suppressor function 
of miR-148a in GC cells

We first performed a cell proliferation assay 
using miRNA mimics to investigate whether 
miR-148a overexpression would suppress GC 
cell proliferation (Figure 3A). Proliferation was 

significantly suppressed in 
NUGC4 and MKN45 cell lines 
after miR-148a mimic trans-
fection compared with nega-
tive control mimic transfec-
tion. The FACS analysis re- 
vealed that transfecting GC 
cells with the miR-148a mi- 
mic induced the accumula-
tion of G2/M phase cells 
compared with negative con-
trol mimic transfection in 
both NUGC4 and MKN45 cell 
lines.

Next, transwell migration and 
invasion assays were per-
formed to examine the ability 
of MKN45 cells transfected 
with miR-148a mimics to 
move through pores under 
different conditions. An un- 
coated membrane was used 
for migration assays, where-
as a Matrigel-coated mem-
brane was used for invasion 
assays. As shown in Figure 
3B, the number of MKN45 
cells that migrated into the 
lower chamber was signifi-
cantly lower for miR-148a 
mimic-transfected cells than 
for mock-transfected cells 
under both conditions, sug-
gesting that miR-148a sup-
pressed the ability of gastric 
cancer cells to migrate and 
invade.

Furthermore, we investigated whether tumor 
suppressor miR-148a would suppress endothe-
lial-mesenchymal transition (EMT). To select 
the most appropriate GC cell line for this assay, 
we confirmed the expression levels of EMT-
associated mRNA, such as E-cadherin and 
Vimentin, in all GC cell lines. After the overex-
pression of miR-148a mimic in MKN 45 and 
MKN74 cells, E-cadherin mRNA and protein 
level were increased, whereas Vimentin mRNA 
was decreased in MKN45 at 72 h after trans-
fection of miR-148a mimic (Figure 3C). As previ-
ously reported in hepatoma cells and gastric 
cancer cells [49, 50], we confirmed that miR-
148a could suppress EMT in GC cells.
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Table 2. Correlation between plasma miR-148a levels and recurrences 
in GC patients following curative gastrectomy

n
Plasma miR-148a concentration Univariatea

High Low p-value
132 59 73

Recurrence 22 5 (8%) 17 (23%) 0.0194
Hematogenous recurrence 4 2 (3%) 2 (3%) 0.8290
Lymphatic recurrence 5 3 (5%) 2 (3%) 0.4841
Peritoneal recurrence 14 1 (2%) 13 (18%) 0.0010
aChi-square test NOTE: Significant values are in bold.

Figure 2. Overall survival curves according to the 
plasma status of miR-148a in CG patients. A low 
miR-148a plasma level was significantly associated 
with a worse overall survival rate in 132 consecutive 
GC patients.

Investigation whether the tumor suppressor 
miR-148a could suppress tumor peritoneal 
dissemination and restore plasma miR-148a 
in vivo

Next, we examined the possible tumor suppres-
sor function of miR-148a in vivo using miRNA 
mimics and SCID mice with peritoneal tumors. 
The miR-148a or negative control mimic with 
atelocollagen was injected in the peritoneal 
cavity every three day for 10 days after the ini-
tial treatment (Figure 4A). Compared with the 
negative control mimic, the miR-148a mimic 
more significantly suppressed peritoneal dis-
semination (P=0.0050) (Figure 4B and 4C). The 
miR-148a plasma level was significantly lower 
in control mice treated with the control mimic 
than in mice treated with the miR-148a mimic 
(P=0.0020). In contrast, the miR-148a plasma 
level in mice treated with the miR-148a mimic 

was significantly higher 
than that in non-treated 
mice without tumors 
(P=0.0059) (Figure 4D). 
These findings strongly 
suggested that the re- 
covery and restoration 
of miR-148a in plasma 
could significantly inhib-
it GC tumor growth.

Discussion

Through the selection of five candidate tumor 
suppressor miRNAs (miR-148a, miR-101, miR-
129, miR-145 and miR-206) by a systematic 
review of the NCBI database, we finally validat-
ed a novel tumor suppressor miR-148a as a 
plasma biomarker and treatment target in GC 
patients. A low level of miR-148a in plasma was 
significantly related to peritoneal metastasis 
and poor outcomes in GC. Moreover, the over-
expression of miR-148a in GC cells inhibited 
cell proliferation, migration, and invasion thor-
ough the G2/M arrest and MET in vitro. 
Furthermore, in vivo analysis showed that the 
peritoneal injection of miR-148a enabled the 
recovery and restoration of miR-148a in plas-
ma and significantly inhibited tumor progres-
sion compared with the controls. These results 
provide evidence that the tumor suppressor 
miR-148a could facilitate a novel microRNA-
based therapy for GC, particularly by inhibiting 
peritoneal metastasis in GC.

Concerning the molecular functions of miR-
148a in cancer, reduced miR-148a expression 
has been reported to contribute to carcinogen-
esis and tumor development in various types of 
cancer such as pancreatic cancer [51], hepato-
cellular carcinoma [50], nasopharyngeal carci-
noma [52], lung cancer [53], breast cancer 
[54], bladder cancer [55], osteosarcoma [56] 
including gastric cancer [43, 49, 57]. Previous 
reports have demonstrated that miR-148a 
could suppress the epithelial-mesenchymal 
transition in several cancers [49, 50]. In this 
study, we also demonstrated in GC. These pre-
vious results support the tumor suppressor role 
of miR-148a in GC demonstrated in our study.

Most striking finding in this study, the miR-148a 
mimic suppressed peritoneal dissemination in 
compared to control in vivo analysis, recovering 
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Table 3. Univariate and multivariate analyses for survival using the Cox’s proportional hazard model 
in GC patients following curative gastrectomy

Variable
Univariatea Multivariateb

p-value HR 95% Cl p-value
Sex male vs. female 0.7403 0.79 0.43-3.21 0.7894
Age ≥65 vs. 65< 0.5041 1.41 0.48-5.11 0.5476
Stage (TNM) Stage III vs. Stage I/II <0.0001 15.38 5.30-55.67 <0.0001
Plasma miR-148a expression Low vs. High 0.0034 4.20 1.13-27.20 0.0296
aKaplan-Meiyer method; significance was determined by log-rank test. bMultivariate survival analysis was performed using Cox’s 
proportional hazard model. HR: Hazard ratio; Cl: confidence interval. NOTE: Significant values are in bold.
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Figure 3. Investigation of the tumor suppressor function of miR-148a in GC cells. A. Cell proliferation was signifi-
cantly suppressed in both NUGC4 and MKN45 cells transfected with the miR-148a mimic compared with cells 
transfected with the negative control mimic. The FACS analysis demonstrated that transfecting NUGC4 and MKN45 
cells with the miR-148a mimic resulted in an accumulation of cells in the G2/M phase compared with transfection 
with the control miRNA mimic. B. The transwell migration and invasion assays demonstrated that overexpression of 
miR-148a in GC cells inhibited cell migration and invasion. C. The expression levels of EMT-associated mRNA, such 
as E-cadherin and Vimentin, in all GC cell lines. After the overexpression of miR-148a mimic in MKN 45 and MKN74 
cells, E-cadherin mRNA and protein level were increased, whereas Vimentin mRNA was decreased in MKN45 at 72 
h after transfection of miR-148a mimic.

the plasma level of miR-148a. In our study, low 
level of plasma miR-148a was significantly 
associated with peritoneal recurrence (P= 
0.0010). This finding strongly suggested that 
the restoration of miR-148a level in body fluid 
might be a novel oligonucleotide therapy for GC 
peritoneal recurrences. Moreover, recent stud-
ies identified that miR-148a improved the 
response to chemotherapy such as cisplatin 
[58], paclitaxel [59], and improved the immuno-
suppression in DNA mismatch repair-deficient 
cancer by targeting PD-L1 [60]. Therefore, che-
motherapy plus the oligonucleotide therapy 
using miR-148a might be a novel therapy, 
enhancing the response to chemotherapy such 
as anticancer drugs and PD-1 blockade.

Regarding the clinical application of miRNAs, 
two promising clinical studies have been per-
formed. The first study focused on the thera-
peutic silencing of disease-associated miRNAs 
using miRNA inhibitors. Miravirsen (Santaris 
Pharma) is one of several promising miRNA 
inhibitors; it can bind to miR-122 and inhibit its 
biogenesis. Miravirsen was developed for the 
treatment for hepatitis C and is currently under 
evaluation in clinical trials [61, 62]. The second 
study focused on therapeutic miRNA-based 

drugs using synthetic miRNA mimics. MIRX34 
(Mirna Therapeutics, Inc.) is a synthetic miRNA 
mimic of the tumor suppressor miR-34, and a 
phase I clinical trial using MIRX34 was per-
formed [63]. In this trial, MIRX34 was adminis-
tered to patients with primary or metastatic 
liver cancer. Unfortunately, this trial was ended 
because of serious adverse immune-related 
effects caused by the ability of miRNAs to tar-
get and regulate multiple genes affecting vari-
ous functions. These studies strongly suggest-
ed that attention should be paid using miRNA-
based medicine.

In our study, in vivo oligonucleotide treatment 
using mimic miR-148a in GC in mice did not 
cause any clinical adverse events. Therefore, 
we believe that the restoration of tumor sup-
pressor miR-148a, which is abundantly detect-
ed in the plasma of healthy human individuals, 
may be a safe treatment for minimizing various 
physiological risks in clinical applications. 
Indeed, in previous our studies, in vivo oligonu-
cleotide treatment using miR-107 in pancreatic 
cancer and miR-655 in esophageal cancer in 
mice did not only cause any clinical adverse 
events [40, 41]. Indeed, there were no side 
effects in blood-based parameters reflecting 
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Figure 4. Restoration and maintenance of the miR-148a plasma level could suppress tumor peritoneal dissemi-
nation in vivo. A. The miR-148a or negative control mimic with atelocollagen was injected in the peritoneal cavity 
every three day for 10 days after the initial treatment. B. The miR-148a mimic suppressed peritoneal dissemination 
compared with the negative control mimic. C. Compared with the negative control mimic, the miR-148a mimic more 
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organ disorders using miR-655 in esophageal 
cancer [40].

This is the first report to demonstrate that the 
tumor suppressor miR-148a, which was deplet-
ed in the plasma of GC patients, could be a 
plasma biomarker as well as a therapeutic tar-
get for GC. However, many issues must still be 
addressed before these findings can be trans-
lated into a clinically useful biomarker and 
treatment agent for GC patients. Detailed 
examinations of the physiological effects of 
miR-148a are needed for its safe clinical utiliza-
tion. Moreover, further studies are needed on 
the cellular uptake or secretion systems of 
tumor suppressor miRNAs, leading to the devel-
opment of miRNA delivery systems for future 
therapeutic and diagnostic applications [64-
67]. These studies are currently under evalua-
tion and are expected to be reported upon in 
the near future.
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