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Abstract
Gastric cancer is the third dominating cause of cancer-associated death. MiroRNAs are

potential clinical tools for cancer diagnosis and therapy. In this project, we demonstrated

significant overexpression of ONECUT2 and down-regulation of hsa-miR-15a-5p in gastric

cancer via bioinformatics analysis and in vitro assays. Meanwhile, ONECUT2 expression is

related to clinical prognosis in gastric cancer and inversely proportional to the differentiation

degree of gastric adenocarcinoma according to immunohistochemistry results. Then, we

separated CD133þ/CD44þ MKN45 by flow cytometry and found that, compared with

parental MKN45, CD133þ/CD44þ MKN45 gastric cancer stem cells (GCSCs) had higher

levels of ONECUT2 and lower levels of hsa-miR-15a-5p. In addition, we applied both in vivo

and ex vivo assays to demonstrate hsa-miR-15a-5p regulates the stemness maintenance,

epithelial–mesenchymal transition, and chemosensitivity of GCSCs through targeting

ONECUT2. Also, hsa-miR-15a-5p inhibits G0 phase block of GCSCs by regulating

ONECUT2/b-catenin signaling pathway. However, this study has provided novel perspec-

tive into the dynamic control of cancer stem cells for advanced gastric cancer treatment.
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Introduction

Gastric cancer (GC) ranks the fifth in the incidence rate and
the third in the mortality among all types of cancers.1,2 In
normal tissues, a small number of cell populations called
stem cells (SCs) are able to self-renew and differentiate to
form complete tissues. Cancer stem cells (CSCs) have been

well recognized in many solid malignancies, including GC,
and possess significant clinical implications. CSCs have
been identified as the driving force of tumorigenesis and
the origins and seeds of metastases.3 Targeting CSCs might
be potential in preventing the recurrence, drug resistance,
and metastasis.

Impact statement
Due to our limited knowledge with regard

to the pathogenesis of gastric cancer, the

five-year overall survival of gastric cancer

patients still remains perishing. In this

paper, we demonstrated that hsa-miR-

15a-5p and ONECUT2 represent good

candidates for diagnosis and prognosis in

gastric cancer. ONECUT2 is related to

cancer stage, metastasis, and grade, and

its expression is inversely proportional to

the differentiation degree of gastric ade-

nocarcinoma. Besides, compared with

parental MKN45, the expression levels of

hsa-miR-15a-5p in CD133þ/CD44þ
MKN45 was down-regulated, while

ONECUT2 was up-regulated. Hsa-miR-

15a-5p regulates the stemness mainte-

nance, epithelial–mesenchymal transition,

and chemosensitivity of CD133þ/CD44þ
MKN45 through regulation of its target

gene ONECUT2. Hsa-miR-15a-5p inhibits

G0 phase block of CD133þ/CD44þ
MKN45 by regulating ONECUT2/b-catenin
signaling pathway. However, this study

provides the potential implication of bio-

markers hsa-miR-15a-5p and ONECUT2 in

the pathogenesis of gastric cancer.
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In the tumor microenvironment, cancer cells acquire the
migratory phenotype and stem cell characteristics through
epithelial–mesenchymal transition (EMT). EMT inhibits the
intercellular adhesion mediated by E-cadherin to make epi-
thelial cells acquire a mesenchymal phenotype and pro-
mote cancer cell infiltration. EMT and stemness properties
respectively or synergistically endow chemotherapy resis-
tance to cancer cells.4,5

ONECUT is a highly conserved family of transcription
factors and plays a critical role in organ development.6

ONCUT2 expression could be detected in the developing
pancreas, liver, nervous system, and intestinal endoderm.7

The literature has shown that ONECUT2 is overexpressed
among a variety of cancers such as bladder cancer, prostate
cancer, ovarian cancer, colorectal cancer, and liver
cancer.8–14 These studies demonstrated that ONECUT2
can promote the proliferation, invasion, and metastasis of
cancer cells. However, the role of ONECUT2 in GC is still
unclear. Shen et al. revealed that ONECUT2 regulates CSC
phenotype and the levels of stemness-related genes in
breast cancer. ONECUT2 could enhance the self-renewal
ability of non-small cell lung cancer cells.15 Besides,
ONECUT2 enhances CSC phenotype after chemotherapy
in breast cancer.16 Thus, it is proposed that ONECUT2
might be engaged in mediating the stemness of cancer cells.

MicroRNA (miRNA) is small non-coding RNA com-
posed of 19–24 nucleotides. It acts as a post-
transcriptional gene regulator via binding to the certain
sequence in the 30-untranslated region of the target gene
to degrade mRNA or inhibit its translation into functional
protein.17 MiRNA is closely linked to the clinical prognosis,
resistance to chemotherapy and radiotherapy, and recur-
rence in cancers. miRNA is thought to regulate CSC phe-
notype through sundry signaling pathways. A variety of
abnormally expressed miRNAs have been found in GC.
They may become a new type of markers, which are of
great significance in the diagnosis and treatment of GC.

In this research, we demonstrated significant down-
regulation of hsa-miR-15a-5p and up-regulation of
ONECUT2 in GC samples. Then, we separated CD133þ/
CD44þ GC cell line MKN45 as gastric cancer stem cells
(GCSCs). Then, we applied both in vivo and ex vivo assays
to demonstrate whether hsa-miR-15a-5p regulates the
stemness, EMT, and drug sensitivity of GCSCs through
the regulation of its target gene ONECUT2. However, this
project provides new insights into the potential implication
of hsa-miR-15a-5p and its target ONECUT2 in the patho-
genesis of GC.

Materials and methods

Cell culture, reagents, and transfection

Human gastric adenocarcinoma cell lines HGC-27, AGS,
SGC-7901, MKN45, and normal human gastric mucosal
epithelial cell line GES-1 are cultivated in RPMI-1640
medium (Gibco, CA, USA) containing 10% fetal bovine
serum (16000-044, Gibco, CA, USA), 100U/mL penicillin,
and 100U/mL streptomycin. CD133þ/CD44þ MKN45
were cultured in DMEM/F12 (Gibco, CA, USA)

supplemented with 20 ng/mL epidermal growth factor
(EGF), 10 ng/mL basic fibroblast growth factor (bFGF)
(Peprotech, NJ, USA), 2% B27, and 5 lg/mL insulin
(Sigma-Aldrich, MO, USA), while CD133-/CD44- MKN45
in Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture
F-12 (DMEM/F12) containing 10% fetal bovine serum.
ONECUT2 (NM_004852) overexpression vector (OE) con-
struction: Primers were designed based on pEGFP-n1
vector and target fragment (F: GGAATTCCATGAAGG
CTGCCTACACCGCCTAT; R: CCTCGAGGGTGTCTGGT
TCTAAGAGATTAATTT). After routinely digested, cells
are cultured in a six-well plate. When cell density reaches
about 70%, plasmids are transfected according to the
instruction of LipofectamineTM 3000 (Thermo Fisher
Scientific, MA, USA).

Bioinformatics analysis

We utilized LIMMA R package to conduct differential
expression analysis. |log2Fold Change|> 1 and adjust
P< 0.05 was set as the thresholds for differentially
expressed genes (DEGs). ONECUT2 and DEGs whose
absLogFC value ranked top 10 were shown. Gene
Expression Profiling Interactive Analysis (GEPIA)
(http://gepia.cancer-pku.cn/) analyzed the correlation
between ONECUT2 expression levels and clinical out-
comes of stomach adenocarcinoma (STAD) patients.18

UALCAN cancer database (http://ualcan.path.uab.edu/)
analyzed the correlation between ONECUT2 expression
and STAD stage, grade, and metastasis.19 MiRNA target
gene prediction websites (PITA, RNA22, miRmap, microT,
miRanda, PicTar, TargetScan) predicted ONECUT2-
targeted miRNAs. In order to screen the signaling path-
ways regulated by ONECUT2 in GC, patients in the
cancer genome atlas (TCGA) Database were divided into
ONECUT2-high and ONECUT2-low expression groups,
separately. When performing ONECUT2 grouping, we
first sorted the expression of ONECUT2 from high to low,
and then used the top 25% as the high-expression group,
and the last 25% as the low-expression group. This is the
quartile analysis method. The optimal cut-off 9.884 was
applied to stratify the high versus low groups. Then, gene
set enrichment analysis (GESA) analyzed ONECUT2-
enriched signaling pathway (nominal P value< 0.05).
Enrichr database (https://maayanlab.cloud/Enrichr/)
analyzed kyoto encyclopedia of genes and genomes
(KEGG) pathway enrichment for DEGs.20

Real-time RT-PCR

Real-time reverse transcription-polymerase chain reaction
(RT-PCR) assay followed the instruction of Hieff UNICON
quantitative real-time polymerase chain reaction (qPCR)
SYBR Green Master Mix (Yeasen, Shanghai, China) and
TransScript Green miRNA Two-Step qRT-PCR SuperMix
(Transgene Biotech, Beijing, China). GAPDH was generally
used as a housekeeping gene for mRNA and U6 was for
miRNA. Their efficiencies have been compared before anal-
ysis. In addition, before formal qPCR assays, we have ver-
ified the specificity of all primers; moreover, we have also
verified the overexpression efficiency of ONECUT2 OE and
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hsa-miR-15a-5p mimics by qPCR. The sequences of qPCR
primers are listed in Table 1.

Western blot

Total proteins were separated on a 10% SDS-PAGE gel, and
transferred onto PVDF membranes (Bio-Rad Laboratories
Inc., CA, USA). After blocked with 5% BSA-TBST for 2 h,
membranes were incubated with primary antibodies over-
night such as ONECUT2 (ab247128, Abcam, Cambridge,
UK), CD44 (DF6392, 1:1000, Affinity Biosciences), KLF4
(B-8, sc-393462, 1:1000, Santa Cluz, CA, USA), OCT4
(CY5781, 1:500, Abways Technology Inc., Shanghai,
China), E-cadherin (67A4, sc-21791, 1:1000, Santa Cluz),
N-cadherin (CY5015, 1:1000, Abways), Vimentin (V9, sc-
6260, 1:1000, Santa Cluz), CyclinD1(AF0931, 1:1000,
Affinity Biosciences), C-myc (CY1463, 1:1000, Abways),
Survivin (CY5070, 1:1000, Abways), b-catenin (CY3523,
1:2000, Abways) and GAPDH (AB0036, 1:3000, Abways).
The results were detected with horseradish peroxidase
(HRP) chemiluminescence detection reagent (Tiangen
Biotech, Beijing, China). Image J software (Rawak
Software Inc., Stuttgart, Germany) was used for semi-
quantitative analysis.

Besides, CD44, KLF4, OCT4 are stemness-related pro-
teins used for CSC identification; E-cadherin, N-cadherin,
Vimentin are EMT-related proteins used for exploring
whether hsa-miR-15a-5p could regulate EMT of GCSCs by
targeting ONECUT2; CyclinD1, C-myc, Survivin, b-catenin
are key molecules of Wnt signaling pathway used for
exploring whether hsa-miR-15a-5p could inhibit the block
of G0 phase by regulating Wnt/b-catenin pathway.

Immunohistochemistry

Thirty cases of human GC and paired adjacent normal tis-
sues were collected by The First Affiliated Hospital of

Soochow University. GC tissue contains eight cases of
highly, moderately, and poorly differentiated samples. All
clinical samples were both approved by patients and the
ethics committee of the 904th Hospital of Joint Logistics
Support Force of PLA. ONECUT2 anti-human antibody
(Affinity Biosciences, OH, USA) was diluted at a ratio of
1:150. Staining results were examined under microscope
with 20� objective. Semi-quantitative analysis was con-
ducted by Image-Pro Plus 6.0 (Rawak Software Inc.,
Stuttgart, Germany).

Flow cytometry sorting CD1331/CD441 MKN45

Cells were washed by phosphate buffered saline (PBS)
buffer after routine digestion, then incubated with 2.5%
BSA at RT for 30min; CD44-FITC and CD133-PE
(eBioscience, CA, USA) were diluted with PBS at a ratio
of 1:100 and incubated the cells at RT for 1 h; then cells
were washed and resuspended in 400lL PBS. Flow cytom-
etry (Becton, Dickinson and Company, NJ, USA) was
applied to sorting CD133þ/CD44þ MKN45 and CD133-/
CD44- MKN45.

Colony formation assay

CD133þ/CD44þ MKN45, CD133-/CD44- MKN45, and
parental MKN45 were cultured in a six-well plate (5� 103

cells/well) with DMEM/F12 containing 5% FBS. Photos of
the plate were taken by camera on the 14th day.

MTT assay

CD133þ/CD44þ MKN45, CD133-/CD44- MKN45, and
parental MKN45 were cultured in a 96-well plate with a
density of 5� 103 cells/well. After 12 h, 5-FU, cisplatin
(DDP), and vincristine (VCR) of five concentration (6.25,
12.5, 25, 50, 100 lg/mL) were added and cells were incu-
bated for 48 h in the dark. Then, we follow the methods
described in the previous study21 and apply 3-(4,5)-dime-
thylthiahiazo (-z-y1)-3,5-di-phenytetrazoliumromide
(M2128, Sigma-Aldrich, MO, USA) to detect the cell
viability.

Luciferase reporter assay

Wild-type and mutant 30 UTR of ONECUT2 were inserted
into PGL3-promoter vector. CD133þ/CD44þMKN45 were
transfected with 800 ng pGL3-ONECUT2-WT or pGL3-
ONECUT2-Mut, pcDNA-miR-15a-5p, and 40 ng pRL-TK
vectors. Luciferase activity was measured 48 h later using
Dual Luciferase Reporter Gene Assay Kit (Beyotime
Biotechnology, Shanghai, China). Firefly luciferase activi-
ties were normalized to Renilla luciferase activities.

Sphere formation assay

CD133þ/CD44þ MKN45 was digested and adjusted to
1000 cells/well in a 24-well plate. After two weeks, the
number of spheres whose diameter are over 50 lm was
counted and the average diameter of spheres in eight
random fields was measured.

Table 1. Primers in the real-time PCR.

Gene Sequence (50fi30)

Vimentin F:GAAGAGAACTTTGCCGTTG

R:GAAGGTGACGAGCCATTT

E-cadherin F:GGTTGATCCTGGCTTTGTT

R:GCCCTGTTGTCCTTCTTTT

Sox2 F:CGAACCATCTCTGTGGTCT

R:GTGTCAACCTGCATGGC

CD44 F:AGTCCCTGGATCACCGA

R:CCTCTTGGTTGCTGTCTCA

KLF4 F:AGGAGCCCAGCCAGAAA

R:TCCAGTCACAGACCCCATC

ONECUT2 F:CCTTTTCCTTGGAGACACA

R:CCCATGACCTGCCTTTT

GAPDH F:CCTTCCGTGTCCCCACT

R:GCCTGCTTCACCACCTTC

hsa-miR-15a-5p UAGCAGCACAUAAUGGUUUGUG

Nanog F:CCCTGATTCTTCCACCAGT

R:CGGGACCTTGTCTTCCTT

OCT4 F:GCAAGCCCTCATTTCACC

R:CCATCACCTCCACCACCT

N-cadherin F:AGCCTGAGCAACAGCGA

R:ACAGCCCGCAGACTTCTT
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In vivo limiting dilution

Forty-five six-week-old male BALB/c nude mice were pur-
chased from Shanghai Jiesijie Experimental Animal Co.,
Ltd. The animal operation complies with the guidelines
for the care and use of laboratory animals authorized by
the Ministry of Science and Technology of the People’s
Republic of China, and was approved by the Ethics
Committee of Suzhou TCM Hospital Affiliated to Nanjing
University of Chinese Medicine. Mice were randomly
divided into nine groups (five mice per group). Groups:
miRNA negative control (2� 103); hsa-miR-15a-5p mimics
(2� 103); hsa-miR-15a-5p mimicsþpEGFP_E2-2 (2� 103);
miRNA negative control (2� 104); hsa-miR-15a-5p mimics
(2� 104); hsa-miR-15a-5p mimicsþpEGFP_E2-2 (2� 104);
miRNA negative control (2� 105); hsa-miR-15a-5p mimics
(2� 105); hsa-miR-15a-5p mimicsþpEGFP_E2-2 (2� 105).
Four weeks later, the tumor formation of the mice was
observed and photographed.

In vitro limiting dilution

CD133þ/CD44þ MKN45 were diluted into 1000, 500, 250,
125, 60 cells/well in a low attach 96-well plate (Corning,
NY, USA). Each group has 24 replicates. After twoweeks,
we counted the sphere numbers. Extreme Limiting Dilution
Analysis (http://bioinf.wehi.edu.au/software/elda/) was
applied to analyze the initiating frequency of CSCs.

Cell cycle analysis

CD133þ/CD44þ MKN45 were routinely digested and
fixed with 70% pre-cooled ethanol at 4�C overnight. Then,
the cells were stained with propionium iodide staining
solution (Beyotime Biotech, Shanghai, China). The DNA
content was measured by flow cytometry and Flowjo 7.6
(Becton, Dickinson and Company, NJ, USA).

Statistical analysis

The data were analyzed by Graphpad Prism 8.0 (GraphPad
Software Inc., CA, USA), and shown as mean� standard
deviation (SD). Results comparing two groups were ana-
lyzed by Student’s t test. P value< 0.05 was regarded to be
statistically significant.

Results

ONECUT2 is an oncogene in gastric cancer

We utilized LIMMA R package to conduct differential
expression analysis of STAD samples and adjacent
normal tissues in TCGA Database. After TCGA Database
bioinformatics analysis, ONECUT2 and DEGs whose
absLogFC ranked top 10 were exhibited in a histogram
(Figure 1(a)). Then, our qPCR results showed that the
expression of ONECUT2 in GC tissues was twice that in
adjacent normal tissues (P< 0.05) (Figure 1(b)).

Subsequently, we clinically collected 30 cases of GC tis-
sues and paired normal adjacent tissues. The results of
qPCR and Western blot showed that compared with corre-
sponding adjacent normal tissues, ONECUT2 was highly

expressed in GC tissues (P< 0.001) (Figure 1(c) and (d)).
Immunohistochemical results of our clinical samples
showed that ONECUT2 was mainly concentrated in cyto-
plasmic and nuclear, and semi-quantitative analysis
showed that it was overexpressed in GC tissues (P< 0.01)
(Figure 1(e) and (f)). In addition, GEPIA (http://gepia.
cancer-pku.cn/) was applied to assess the correlation
between ONECUT2 expression and the survival of STAD
patients. The bioinformatic analysis demonstrated that the
lower the expression of ONECUT2, the longer the survival
period of patients (P< 0.05) (Figure 1(g) and (h)).

ONECUT2 is inversely proportional to differentiation

degree of gastric cancer tissue

UALCAN (http://ualcan.path.uab.edu/) was applied to
analyze the correlation between ONECUT2 expression
and STAD stage, grade, metastasis and the bioinformatics
results demonstrated that the expression of ONECUT2 in
GC tissues of different stages (Stages 1–4) was higher than
that in adjacent normal tissues (P< 0.05) (Figure 2(a)).
Compared with GC without lymph node metastasis,
ONECUT2 expression was higher in GC with lymph
node metastasis, and its expression increased with the
increase of lymph node metastasis (P< 0.05) (Figure 2(b)).
The expression of ONECUT2 in GC tissues of different
grades (Grades 1–4) was higher than that in adjacent
normal tissues (P< 0.05); compared with well differentiat-
ed (low grade) tissues, the expression of ONECUT2 in
poorly differentiated (high grade) tissues is higher
(P< 0.001), indicating ONECUT2 may be related to the
grade of GC tissues, further suggesting ONECUT2 may
regulate the stemness of GC cells (Figure 2(c)).

Next, we detected the expression of ONECUT2 in poorly
differentiated, moderately differentiated, and well-
differentiated adenocarcinoma via immunohistochemistry.
The experimental results proved that the expression of
ONECUT2was inversely proportional to the differentiation
degree of GC tissues (Figure 2(d) and (e)). Subsequently, we
searched seven miRNA target gene prediction websites
(PITA, RNA22, miRmap, microT, miRanda, PicTar,
TargetScan) to predict miRNAs that regulate ONECUT2.
The statistical results showed that six miRNA prediction
websites indicate that hsa-miR-147a is the miRNA that tar-
gets ONCUT2, and five miRNA prediction websites indi-
cate that hsa-miR-15a-5p, hsa-miR-27a-3p, hsa-miR-15b-5p,
hsa-miR-27b-3p, hsa-miR-153-3p, hsa-miR-424-5p are
miRNAs that target ONCUT2 (Figure 2(f)). Through litera-
ture search, we found that hsa-miR-15a-5p is related to GC
and stemness. Therefore, we detected its expression in GC
tissues and corresponding adjacent normal tissues by
qPCR. The results proved that hsa-miR-15a-5p was down-
regulated in GC (P< 0.005) (Figure 2(g)).

In summary, ONECUT2 is related to the stage, metasta-
sis and grade of GC, and its expression is inversely propor-
tional to the differentiation degree of adenocarcinoma.
Secondly, gastric tumor suppressor hsa-miR-15a-5p can
target ONECUT2.
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Figure 1. ONECUT2 is an oncogene in gastric cancer. (a) LIMMA R package was used for analyzing differential gene expression of STAD samples and adjacent

normal tissues in TCGA Database. ONECUT2 and DEGs whose absLogFC ranked top 10 were exhibited in a histogram. P value< 0.001. (b) qPCR analysis of hsa-miR-

15a-5p expression between STAD samples and adjacent normal tissues. (c, d) Hsa-miR-15a-5p expression in 30 pairs of STAD samples and their corresponding non-

tumorous tissues. (e, f) Immunohistochemistry detected the expression and distribution of ONECUT2 in the STAD samples and adjacent normal tissues and photos

were taken. (g, h) GEPIA website analyzed the correlation between ONECUT2 expression and the survival of STAD patients. (A color version of this figure is available in

the online journal.)
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Figure 2. ONECUT2 is inversely proportional to the differentiation degree of gastric cancer tissue. (a–c) UALCAN website analyzed the correlation between ONECUT2

expression and STAD stage, grade and metastasis (N0: no regional lymph node; N1: metatases in 1 to 3 axiliary lymph node; N2: metatases in 4 to 9 axiliary lymph

node; N3: metatases in 10 or more axiliary lymph node. Grade 1: well differentiated tissues; Grade 2: moderately differentiated tissues; Grade 3: poorly differentiated

tissues; Grade 4: undifferentiated tissues). (d, e) Immunohistochemistry detected the expression of ONECUT2 in GC with distinct differentiation degree. (f) Seven

miRNA prediction websites (PITA, RNA22, miRmap, microT, miRanda, PicTar, TargetScan) predicted miRNAs that could regulate ONECUT2. (g) qPCR analysis of hsa-

miR-15a-5p expression between STAD samples and adjacent normal tissues. (A color version of this figure is available in the online journal.)
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Sorting and identification of gastric cancer stem cells

The first recognition of gastric CSCs was through a hetero-
geneous lineage of CD44þ subpopulation.22 Many studies
have demonstrated that GCSCs feature increased levels of
CD133, CD44, GLI1, SOX2, OCT4, p-ERK, and p-AKT.23,24

To explore whether hsa-miR-15a-5p can regulate the
stemness of GC cells by targeting ONECUT2, we first
sorted CD133þ/CD44þ MKN45 by fluorescence activated
cell sorting (FACS) (Figure 3(a)). qPCR results indicated
that, compared with parental MKN45, the stemness-
related genes OCT4, SOX2, and nanog all showed signifi-
cantly higher expression in CD133þ/CD44þ MKN45
(P< 0.05). The expression of these genes in CD133-/
CD44- MKN45 was slightly down-regulated (P< 0.01)
(Figure 3(b)).

Next, the results of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) showed that com-
pared with parental MKN45, CD133þ/CD44þ MKN45
was less sensitive to traditional GC chemotherapy drugs
such as 5-Fu, DDP, and VCR, and presented a multi-drug
resistance (MDR) phenotype (Figure 3(c)). Then, colony for-
mation assay experiment indicated that after two weeks,
compared with parental and CD133-/CD44- MKN45,
CD133þ/CD44þ MKN45 presented stronger proliferation
ability (P< 0.001) (Figure 3(d) and (e)).

In summary, CD133þ/CD44þ MKN45 isolated by the
surface markers CD133 and CD44 possess stem cell
characteristics.

Hsa-miR-15a-5p regulates the transcription and
translation of ONECUT2 in GCSCs

To explore whether hsa-miR-15a-5p can regulate the stem-
ness of GC cells by targeting ONECUT2, we have separated
CD133þ/CD44þ MKN45 by flow cytometry. CD133 and
CD44 are two classical markers for gastric CSCs. Double-
positive cells are CD133þ/CD44þ MKN45 and double-
negative cells are CD133-/CD44- MKN45. First, we
detected the expression levels of hsa-miR-15a-5p and
ONECUT2 in human gastric adenocarcinoma cell lines
HGC-27, AGS, SGC-7901, MKN45, and normal human gas-
tric mucosal epithelial cell line GES-1. The results showed
that compared with GES-1, hsa-miR-15a-5p was under-
expressed in MKN45 (P< 0.001) (Figure 4(a)); ONECUT2
was highly expressed in AGS, SGC7901, andMKN45, so we
chose MKN45 for flow cytometry sorting. Next, we
detected the expression levels of the hsa-miR-15a-5p and
ONECUT2 in parental MKN45, CD133þ/CD44þ MKN45,
and CD133-/CD44- MKN45. qPCR and Western blot
results showed that, compared with parental MKN45, the
level of hsa-miR-15a-5p was higher in CD133-/CD44- cells
and lower in CD133þ/CD44þ cells (P< 0.01), while
ONCUT2 was lower in CD133-/CD44- cells (P< 0.001)
and higher in CD133þ/CD44þ cells (P< 0.001), which
indicates ONECUT2 is related to stemness maintenance
or cell differentiation of GCSC (Figure 4(b) and (c)).

In addition, overexpression of hsa-miR-15a-5p in
CD133þ/CD44þ cells can inhibit the expression of
ONECUT2; inhibition of hsa-miR-15a-5p in CD133-/
CD44- cells can promote the expression of ONECUT2,

which indicates that hsa-miR-15a-5p can regulate the pro-
tein level of ONECUT2 in GCSCs (Figure 4(d)). Then, we
searched for the conserved binding site of hsa-miR-15a-5p
in the 30UTR region of ONECUT2 on TargetScan. The dual
luciferase reporter gene experiment proved that hsa-miR-
15a-5p inhibited the transcription level of ONECUT2 by
conservatively binding the “AUCAUC” fragment of the
ONECUT2 30UTR (Figure 4(e) and (f)). To explore the
molecular mechanism of ONECUT2 regulating
the biological behavior of GCSCs, we constructed
ONECUT2 OE. qPCR and Western blot results indicated
that the overexpression plasmid was successfully con-
structed (Figure 4(g) and (h)).

Hsa-miR-15a-5p inhibits GCSC stemness and EMT by
targeting ONECUT2

MiRNA is involved in the control of CSC function and can
inhibit CSC-specific genes and phenotypes, including self-
renewal and tumorigenicity. ONECUT-2 could promote
EMT in colorectal and hepatocellular carcinoma, thus pro-
moting tumor invasion and distant metastasis.14,15 First, the
results of stem cell sphere formation assay demonstrated
that overexpression of hsa-miR-15a-5p could significantly
inhibit the proliferation of GCSCs, that is, simultaneously
inhibit the number and diameter of GCSCs spheres
(P< 0.5). Overexpression of ONECUT2 could significantly
weaken the inhibitive effect of hsa-miR-15a-5p on the pro-
liferation of GCSCs (Figure 5(a) to (c)). In order to further
explore the influence of hsa-miR-15a-5p and ONECUT2 on
stemness maintenance of GCSCs, qRT-PCR and Western
blot analyzed the expression levels of stemness-related
transcription factors KLF4, CD44, OCT4, and EMT markers
E-cadherin, Vimentin, N-cadherin. The results manifested
that overexpression of hsa-miR-15a-5p could significantly
inhibit the mRNA and protein levels of CD44, OCT4, N-
cadherin, and increase the mRNA and protein levels of E-
cadherin. In addition, overexpression of ONECUT2 could
significantly promote KLF4, OCT4, Vimentin, N-cadherin
and inhibit E-cadherin at both mRNA and protein levels
(Figure 4(d) and (g)).

Hsa-miR-15a-5p promotes GCSCs drug sensitivity and
inhibits tumorigenicity in vivo by targeting ONECUT2

First, MTT experiment evaluated the impact of hsa-miR-
15a-5p and ONECUT2 on GCSC drug resistance. The
results manifested that overexpression of hsa-miR-15a-5p
could significantly promote the sensitivity of CSC to 5-FU
and DDP. Overexpression of ONECUT2 could obviously
reverse the promoting impact of hsa-miR-15a-5p on drug
sensitivity (Figure 6(a) and (b)). Then, the results of in vitro
limiting dilution assay showed that overexpression of
ONECUT2 in CD133þ/CD44þMKN45 reversed the inhib-
itory effect of hsa-miR-15a-5p on GCSC self-renewal ability,
indicating that ONECUT2 is related to maintaining the
stemness of GCSC (Figure 6(c)). For the in vivo limiting
dilution experiment, we first constructed CD133þ/
CD44þ MKN45 that stably overexpress ONECUT2. The
results demonstrated that overexpression of hsa-miR-15a-
5p could significantly suppress the tumorigenicity of
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Figure 3. Sorting and identification of gastric cancer stem cells. (a) Sorting gastric cancer stem cells by flow cytometry. Purity of CD133þ/CD44þ MNK48 was over

90%. (b) qPCR detected the levels of stemness-associated genes OCT4, Sox2, Nanog. *P<0.05, **P<0.01, ##P<0.01, ###P<0.001,� versus parental MKN45. (c) MTT

detected multi-drug resistance phenotype of parental, CD133-/CD44- and CD133þ/CD44þ MKN45 (DDP: cisplatin; VCR: vincristine). (d) Colony forming assay

detected the proliferation ability of cells and photos were taken at 14th day. Data were shown as mean�SD. Results comparing two groups were analyzed using

Student’s t test. (A color version of this figure is available in the online journal.)
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Figure 4. Hsa-miR-15a-5p regulates the transcription and translation of ONECUT2 in GCSCs. (a) qPCR analysis of hsa-miR-15a-5p and ONECUT2 in human gastric

adenocarcinoma cell lines HGC-27, AGS, SGC-7901, MKN45 and normal human gastric mucosal epithelial cell line GES-1. *P<0.05, ***P<0.001, ##P<0.01,
###P<0.001,� versus GES-1. (b) qPCR analysis of hsa-miR-15a-5p and ONECUT2 in parental, CD133þ/CD44þ and CD133-/CD44- MKN45. **P<0.01, ###P<0.001,�
versus parental MKN45. (c) Western blot detected ONECUT2 expression in parental, CD133þ/CD44þ and CD133-/CD44- MKN45. (d) Western blot detected

ONECUT2 expression in CD133þ/CD44þ MKN45 transfected with hsa-miR-15a-5p mimics, and in CD133-/CD44- MKN45 transfected with hsa-miR-15a-5p inhib-

itors. (e) The sequence of hsa-miR-15a-5p and its target ONECUT2. (f) We constructed pGL3-ONECUT2-WT and pGL3-ONECUT2-MUT. Then, CD133þ/CD44þ
MKN45 were transfected with hsa-miR-15a-5p mimics. (g, h) qPCR and Western blot verified the efficiency of ONECUT2 overexpression (OE) vector. (A color version

of this figure is available in the online journal.)
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Figure 5. Hsa-miR-15a-5p inhibits GCSC stemness and EMT by targeting ONECUT2. (a–c) Sphere formation assay detected the impacts of hsa-miR-15a-5p mimics

or ONECUT2 OE vector on the proliferation of CD133þ/CD44þ MKN45. (d, e) qPCR detected the expression levels of stemness-associated genes KLF4, CD44, and

OCT4, and EMTmarker E-cadherin, Vimentin, and N-cadherin. Data were shown as mean�SD. Results comparing two groups were analyzed using Student’s t test. (f,

g) Western blot analyzed the expression of stemness-associated genes KLF4, CD44, and OCT4, and EMT marker E-cadherin, Vimentin, and N-cadherin in CD133þ/

CD44þ MKN45. (A color version of this figure is available in the online journal.)
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Figure 6. Hsa-miR-15a-5p promotes GCSCs drug sensitivity and inhibits tumorigenicity in vivo by targeting ONECUT2. (a, b) MTT detected multi-drug resistance

phenotype of CD133þ/CD44þ MKN45 transfected with hsa-miR-15a-5p mimics or ONECUT2 OE vector. (c) In vitro limiting dilution assay assessed the impacts of

hsa-miR-15a-5p mimics or ONECUT2 OE vector on the self-renewal ability of CD133þ/CD44þMKN45. P<0.001. (d) In vivo limiting dilution assay analyzed the effects

of hsa-miR-15a-5p mimics or ONECUT2 OE vector on tumorigenic ability in Balb/c nude mice. Groups: miRNA negative control (2� 103); hsa-miR-15a-5p mimics

(2� 103); hsa-miR-15a-5p mimicsþpEGFP_E2-2 (2� 103); miRNA negative control (2� 104); hsa-miR-15a-5p mimics (2� 104); hsa-miR-15a-5p mimicsþpEGFP_E2-

2 (2� 104); miRNA negative control (2� 105); hsa-miR-15a-5p mimics (2� 105); hsa-miR-15a-5p mimicsþpEGFP_E2-2 (2� 105). (A color version of this figure is

available in the online journal.)
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CD133þ/CD44þ MKN45 in vivo, and overexpression of
ONECUT2 could apparently enhance the tumorigenicity
of CD133þ/CD44þ MKN45 in vivo, indicating that
ONECUT2 promotes tumor initiation ability of CSC in
vivo (Figure 6(d)).

Wnt/b-catenin is the downstream signaling pathway of
ONECUT2 in GCSCs

To screen the signaling pathways regulated by ONECUT2
in GC, GC patients in TCGA Database were divided into

Figure 7. Wnt/b-catenin is the downstream signaling pathway of ONECUT2 in GCSCs. (a) Gastric cancer patients in TCGA Database were divided into high- and low-

expression groups. DEGs whose absLogFC ranked top 10 were exhibited in a histogram. (b) Enrichr database performed KEGG pathway enrichment analysis for

DEGs. (c) GSEA analysis demonstrated that ONECUT2 has a significant correlation with b-catenin signaling pathway. (d) Flow cytometry detected the effects of hsa-

miR-15a-5p mimics or ONECUT2 OE vector on the cell cycle of CD133þ/CD44þ MKN45. (e) Western blot detected the expression levels of b-catenin in nucleus. (f)

Western blot analyzed the levels of downstream effectors of Wnt/b-catenin in the whole cell protein lysate. (A color version of this figure is available in the online

journal.)
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ONECUT2-high and ONECUT2-low expression groups
separately. We analyzed DEGs in the two groups. DEGs
whose absLogFC ranked top 10 were exhibited (Figure 7
(a)). Then, we utilized Enrichr database (https://maayan
lab.cloud/Enrichr/) to perform KEGG pathway enrich-
ment analysis for DEGs (Figure 7(b)). We found that the
signaling pathways enriched by DEGs are cadherin signal-
ing pathway, lonotropic glutamate receptor pathway, Wnt
signaling pathway, adrenaline and noradrenaline biosyn-
thesis, etc.

Next, we analyzed with GSEA software and discovered
that ONECUT2 has a significant correlation with b-catenin
signaling pathway (Figure 7(c)). In addition, we also tested
the effect of overexpression of hsa-miR-15a-5p and
ONECUT2 on the cell cycle of GCSCs. The results proved
that overexpression of hsa-miR-15a-5p could obviously
reduce the ratio of cells in G0/G1 phase, while overexpres-
sion of ONECUT2 could significantly promote the percent-
age of cells in G0/G1 phase and decrease the percentage of
cells in G2/M phase (Figure 7(d)). Then, Western blot
results verified that overexpression of hsa-miR-15a-5p
could significantly inhibit the expression of b-catenin in
the nucleus (Figure 7(e)), and Wnt/b-catenin downstream
effectors CyclinD1, C-myc, and Survivin. Overexpression
of ONECUT2 could apparently enhance the expression of
b-catenin in the nucleus, and intracellular CyclinD1 and
Survivin (Figure 7(f)).

In summary, hsa-miR-15a-5p inhibits the block of G0
phase by regulating ONECUT2/b-catenin signaling path-
way in GCSCs.

Discussion

Many CSC markers including CD133, CD44, receptor tyro-
sine kinase, ALDH, EpCAM/ESA, and ABCG2 are effec-
tive markers for CSC population in solid tumors.25 In this
study, we sorted CD133þ/CD44þ MKN45 by fluorescence
activated cell sorting and identified the stem cell phenotype
of CD133þ/CD44þ cells in vitro (Figure 3).

ONECUT2 is a member of ONECUT family of transcrip-
tion factors, which is involved in proliferation, angiogene-
sis, EMT, migration, and invasion of cancer cells.26 Bray
et al. has shown that ONECUT2 promotes GC cells prolif-
eration through inducing ROCK1 expression at DNA
level.2 Besides, CpGs in the promoter-proximal DNA of
ONECUT2 were hypomethylated in GC, which was corre-
lated with up-regulation of ONECUT2.27 The promoter of
ONECUT2 is marked by both K4me3 and K27me3 in
embryonic stem cells. This is a pattern called bivalent
domain that can silence developmental genes. The bivalent
domain is related to the gene encoding of transcription
factors related to embryonic development and lineage dif-
ferentiation. The chromatin regions that exhibit bivalence,
including the ONECUT2 promoter, are the main promoters
that plays a role in promoting gastric adenocarcinoma.
However, miRNAs can be used to reprogram the levels of
ONECUT2 and other bivalent genes.17

MicroRNAs are potential clinical tools for cancer diag-
nosis and treatment. Since miRNAs are not digested by
endogenous ribonuclease, their levels in plasma and feces

are detectable. MiRNA therapy is also a new strategy for
cancer therapy. MiRNA reduces the proportion of CSC
population by inhibiting CSC functional genes. Several
effective delivery systems have been developed for improv-
ing anti-cancer treatments. For example, in CSC-induced
glioblastoma, polyurethane-polyethyleneimine (PU-PEI)/
miR-145 NPs has a good therapeutic effect. Similarly, the
delivery of PU-PEI/miR-145 could suppress the stemness
of lung CSC, tumor growth, and metastasis in vivo.28 In this
project, we confirmed that hsa-miR-15a-5p could regulate
the sphere formation, tumorigenicity, and EMT of
CD133þ/CD44þ MKN45 by regulating ONECUT2. We
also discovered that overexpression of ONECUT2 in
CD133þ/CD44þ MKN45 can promote the sensitivity of
CSC to 5-FU and DDP.

Most anti-tumor drugs kill tumor cells by interfering
with DNA replication and causing DNA damage. Anti-
tumor drugs mostly target tumor cells that divide rapidly
and continue replicating their DNA. However, most CSCs
are in a dormant state, which is the G0 phase (rest phase) of
DNA replication. In addition, KEGG analysis in a previous
study has revealed overexpression of ONECUT2 activated
Wnt signaling pathway and cell cycle pathway.2 Besides,
overactivation of the canonical Wnt pathway exists in 30–
50% of GC tissues.29,30 However, it remains unknown
whether ONECUT2 are engaged in the cell cycle regulation
by modulating Wnt/b-catenin pathway in GC. Our
Western blot results manifested that overexpression of
hsa-miR-15a-5p could significantly suppress the expression
of b-catenin in the nucleus andWnt/b-catenin downstream
effectors, while overexpression of ONECUT2 could appar-
ently enhance the expression of b-catenin in the nucleus
(Figure 7), indicating that hsa-miR-15a-5p suppressed the
block of G0 phase by regulating ONECUT2/b-catenin sig-
naling pathway in GCSCs.

To conclude, we investigated the clinical significance of
hsa-miR-15a-5p and ONECUT2 in GC, and cast new
insights into the mechanism underlying hsa-miR-15a-5p
and ONECUT2 regulation of GCSC stemness maintenance
and EMT. However, the clinical application of hsa-miR-15a-
5p and ONECUT2 still requires further investigation.

Conclusions

We could conclude that overexpression of hsa-miR-15a-5p
promotes CD133þ/CD44þ MKN45 chemosensitivity by
inhibiting the expression levels of its target ONECUT2,
thus impacting the transcription of Wnt/b-catenin path-
way downstream molecules which modulate stemness
and EMT phenotype, and ultimately weakens the self-
renewal ability of GCSCs.
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