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Abstract
Background  As the prognosis of early gastric cancer (EGC) is significantly better than that of advanced gastric cancer 
(AGC), the development of biomarkers to monitor the progression of chronic atrophic gastritis (CAG) to gastric cancer 
(GC) is essential.
Methods  Stomach tissue miRNA and mRNA sequences from patients with chronic non-atrophic gastritis (CNAG), CAG, 
precancerous lesions of gastric cancer (PLGC), and GC were analyzed. A publicly available GC-related miRNA microarray 
dataset was obtained from the Gene Expression Omnibus database. Spearman’s correlation and differential gene analyses, 
and clinical validation were used to identify novel miRNAs correlating with CAG progression to GC. miRNA targets were 
predicted using weighted gene co-expression analysis and databases. A dual-luciferase reporter assay was performed to check 
for direct interaction between miR-196a-5p and ACER2. The CCK-8 and wound healing assays, and flow cytometry were 
performed to evaluate cell proliferation, migration, and apoptosis.
Results  miR-196a-5p was correlated with CAG progression to GC. Overexpression of miR-196a-5p promoted GC cell pro-
liferation and migration and inhibited apoptosis, whereas suppression of miR-196a-5p exerted the opposite effect. Based on 
the prediction and luciferase assays, ACER2 was identified as the target of miR-196a-5p. ACER2 was downregulated in GC 
cell lines. Knockdown of ACER2 increased GC cell proliferation rates and migration ability and inhibited apoptosis, while 
ACER2 overexpression led to the opposite effect.
Conclusions  miR-196a-5p correlated with CAG progression to GC and induced malignant biological behaviors of GC cells 
by targeting ACER2, providing a novel monitoring biomarker and target for GC prevention.
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Introduction

Gastric cancer (GC), a heterogeneous and prevalent disease, 
remains the fifth leading cause of cancer and the third lead-
ing cause of cancer-related mortality worldwide [1]. GC is 
histologically classified into two major subtypes: intestinal 
and diffuse [2]. Intestinal-type GC (IGC) develops via Cor-
rea’s pathway, a relatively fixed evolutionary paradigm start-
ing with inflammation and progressing to atrophy, intestinal 
metaplasia, gastric precancerous lesions, and frank malig-
nancy, which makes it possible to develop biomarkers to 
monitor its early onset [3]. As the prognosis of early gastric 
cancer (EGC) is significantly better compared with advanced 
gastric cancer (AGC) [4], the detection of EGC is essential.

MicroRNAs (miRNAs) are endogenous non-coding 
single-stranded small RNAs mainly derived from single-
stranded RNA precursors, with a general length of 19–24 
nucleotides [5, 6]. An estimated 30% of the protein-coding 
genes in the human genome are regulated by miRNAs [7]. 
miRNAs can cleave and degrade mRNA by binding to the 
3'-untranslated region (UTR) [8]. As regulatory molecules of 
gene expression, miRNAs function as oncogenes or antion-
cogenes in tumor development by regulating cell prolifera-
tion, apoptosis, and differentiation [9]. Many studies have 
suggested that miRNAs are aberrantly expressed in cancer 
tissues compared with normal tissues [10]. It has also been 
demonstrated that miRNA imbalance plays a key role in the 
pathological progression of GC [11].

Herein, to discover novel miRNAs, we conducted miRNA 
and mRNA sequencing of stomach tissues from patients with 
chronic non-atrophic gastritis (CNAG), chronic atrophic gas-
tritis (CAG), precancerous lesions of gastric cancer (PLGC), 
and GC, which were uploaded to the NCBI Sequence Read 
Archive (SRA) with the project numbers SRP234371 and 
SRP234584. A publicly available GC-related miRNA micro-
array dataset (GSE93415) was obtained to ensure screening 
stability [12]. Through bioinformatic methods and clinical 
validation, miR-196a-5p was found to be correlated with 
CAG progression to GC. By targeting ACER2 (alkaline cer-
amidase 2), miR-196a-5p induced the malignant biological 
behaviors of GC cells, which provided a new insight for GC 
prevention.

Materials and Methods

Participants and Samples

A total of 57 stomach tissues were collected, including 5 
CNAG, 5 CAG, 5 PLGC, and 5 GC for RNA sequencing and 
15 CNAG, 14 CAG, 9 PLGC, and 9 GC for clinical valida-
tion from the patients who underwent endoscopy or surgery 

at the First Affiliated Hospital of Guangzhou University of 
Chinese Medicine. All specimens were snap-frozen in liq-
uid nitrogen after resection and stored at -80℃. All patients 
signed an informed consent form before the operation. This 
study was approved by the Ethics Committee of the First 
Affiliated Hospital of Guangzhou University of Chinese 
Medicine.

RNA Extraction and RNA Sequencing Data 
Acquisition and Processing

Total RNA was extracted from 5 CNAG, 5 CAG, 5 PLGC, 
and 5 GC tissues using OMEGAE.Z.N. Total RNA Kit I 
(R6834-01–50 preps, OMEGAE, USA). RNA quality was 
assessed by spectrophotometry and denaturing agarose 
gel electrophoresis. Sequencing libraries for miRNAs and 
mRNAs were prepared, purified, qualified, and sequenced 
using the BGISEQ-500 platform. The sequencing data 
were uploaded to the NCBI SRA under project numbers 
SRP234371 and SRP234584.

Collection of miRNA Datasets for GC

A publicly available GC-related miRNA microarray dataset 
(GSE93415, 20 GC tissues, and 20 adjacent normal tissues) 
was obtained from the Gene Expression Omnibus database 
[12]. The gene expression matrix was extracted using R and 
used to screen for novel miRNAs.

Novel miRNA Identification

We defined “stage” as representing the severity of pathol-
ogy; CNAG was represented by “1,” CAG by “2,” PLGC 
by “3,” and GC by “4.” In our sequence data, we conducted 
Spearman’s correlation analysis between “stage” and each 
miRNA to screen for novel miRNAs with a p-value < 0.01 
and |R|> 0.5 as the cutoff. Next, in the miRNA microar-
ray dataset (GSE93415), we screened out genes with sig-
nificantly differential expression using the “limma” pack-
age [13] with |log2FC|≥ 1.585 and a false discovery rate 
(FDR) < 0.01 as the cutoff. After intersecting miRNAs were 
screened from our sequence data and the publicly available 
microarray dataset, the shared miRNAs were considered 
novel miRNAs.

Targets of Novel miRNA Prediction

To identify novel miRNA-targeted mRNAs, weighted gene 
co-expression analysis (WGCNA) was performed to con-
struct an mRNA co-expression network and explore its cor-
relation with the novel miRNA expression and pathological 
stage. Firstly, by using the “WGCNA” package [14] in R, a 
weighted mRNA co-expression network was established in 



1308	 Molecular Biotechnology (2023) 65:1306–1317

1 3

our sequenced mRNA dataset based on the top 25% genes 
with the largest variance differences. Subsequently, we built 
a similarity matrix based on the Pearson’s correlation value 
between the paired genes. An adjacency matrix was then 
constructed using the formula amn =|cmn|β (amn: adjacency 
matrix between genes m and n, cmn = Pearson’s correlation 
between paired genes, β: soft power value) and subsequently 
transformed into a topological overlap matrix. The value of 
the soft threshold power was chosen with a scale-free topol-
ogy scale, R2, exceeding 0.90. Genes with similar expression 
patterns were categorized into modules by average linkage 
hierarchical clustering, with the module minimum size set as 
100, and colors were used to label the modules. Those gene 
modules that were significantly negatively correlated with 
the novel miRNAs and correlated with “stage” were consid-
ered as potential targets of the novel miRNAs. We also used 
the miRDB (http://​mirdb.​org/), miRTarBase (http://​miRTa​
rBase.​cuhk.​edu.​cn/), and TargetScan (http://​www.​targe​tscan.​
org/​mamm_​31/) databases to predict the target mRNAs of 
the novel miRNAs. The intersected mRNA from database 
predictions and WGCNA were considered as miRNA targets 
and sent for further analysis.

Cell Culture

The GC cell lines AGS, BGC-801, MNK-45, MGC-803, 
and the normal human gastric epithelial cell line GES-1 
were purchased from the American Type Culture Collec-
tion (ATCC, Manassas, VA, USA). All cells were cultured in 
RPMI 1640 containing 10% FBS and 1% double antibiotics 
at 37 °C in a humidified atmosphere with 5% CO2.

Cell Transfection

Mimics, inhibitors, and negative controls of miR-196a-5p 
and ACER2 were transfected into AGS and MGC-803 cells 
using Lipofectamine 2000 reagent (Invitrogen), according 
to the manufacturer's instructions.

Quantitative Real‑Time Polymerase Chain Reaction

Total RNA was extracted using TRIzol reagent (Invitrogen, 
China), according to the manufacturer’s protocol. Reverse 
transcription was performed according to the manufacturer’s 
instructions using the PrimeScript RT Reagent Kit (Takara, 
China). A SYBR PrimeScript RT-PCR Kit (Takara) was 
used for quantitative reverse transcription-polymerase chain 
reaction (qRT-PCR). The 2−ΔΔCt statistic was used to calcu-
late gene expression levels.

Cell Proliferation Assay

AGS and MGC-803 cells were harvested with 0.25% 
trypsin–EDTA solution, sub-cultured in 96-well plates, and 
transfected with mimics, inhibitors, and negative controls 
of miR-196a-5p and ACER2. At 0, 24 and 48 h after trans-
fection, 10% CCK-8 reagent was added, and the cells were 
cultured in the incubator for 1 h. The results were measured 
using a microplate reader at 450 nm (optical density [OD). 
GC cell proliferation rates were calculated based on the for-
mula: Day n OD value/Day 0 average OD value.

Apoptosis Assay

Cell apoptosis was analyzed using the Annexin V PE/7-
Amino-Actinomycin (7-AAD) Apoptosis Detection Kit 
(BD Pharmingen, San Diego, CA, USA), according to the 
manufacturer’s protocol. At 24 h after transfection, cells 
were incubated with Annexin V antibody and 7-Amino-
Actinomycin and analyzed by flow cytometry.

Migration Assay (Scratch Test)

AGS and MGC-803 were transfected with mimics and 
inhibitors, as well as negative controls of miR‐196a-5p or 
ACER2, and cultured in 24‐well plates for 24 h. After using 
a 10‐μL pipette tip to create a scratch a line across the cells, 
the plates were incubated in 5% CO2 at 37 °C. Wound heal-
ing was observed using an inverted microscope at 0, 24, 
and 48 h.

Statistical Analysis

The Student’s t-test or Mann–Whitney test was used to com-
pare the gene expression levels of different groups depend-
ing on the distribution of data. Pearson’s or Spearman’s 
correlation tests were performed to evaluate the statistical 
correlation, depending on the distribution of data. All sta-
tistical analyses were performed using the R software (ver-
sion 3.6.3) or GraphPad Prism software (version 8.0). All 
p-values were two-tailed, and a p-value < 0.05 was consid-
ered statistically significant.

Results

miR‑196a‑5p is a Novel miRNA Correlated with CAG 
Progression to GC

Through Spearman’s correlation analysis, we found that 
45 miRNAs significantly correlated with “stage” in our 
sequence data. In addition, in the miRNA microarray data-
set (GSE93415), differential expression analysis revealed 

http://mirdb.org/
http://miRTarBase.cuhk.edu.cn/
http://miRTarBase.cuhk.edu.cn/
http://www.targetscan.org/mamm_31/
http://www.targetscan.org/mamm_31/
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that 20 miRNAs were significantly differentially expressed 
between GC and normal tissues. After taking this intersec-
tion, miR-196a-5p was found to be a novel miRNA that 
correlated with CAG progression to GC (Fig. 1A). The 
expression of miR-196a-5p showed a gradual upward trend 
accompanied by CAG progression to GC (Fig. 1B) and was 
significantly correlated with tumorigenesis (r = 0.6350, 
p = 0.0026, Fig. 1C). In addition, miR-196a-5p was mark-
edly upregulated in tumor tissues in the GSE93415 dataset 
(p < 0.0001, Fig. 1D).

Validation of miR‑196a‑5p Expression in Clinical 
Samples and GC Cell Lines

The expression of miR-196a-5p showed an increasing 
trend with CAG progression. Significant differences were 
observed between CAG and PLGC, as well as between 
PLGC and GC (Fig.  2A). We compared miR-196a-5p 
expression between gastric cancer cell lines (AGS, BGC-
801, MNK-45, and MGC-803) and GES-1 using qRT-PCR. 
Compared with GES-1 cells, miR-196a-5p was significantly 
upregulated in AGS, BGC-801, MNK-45, and MGC-803 
cells (Fig. 2B). As AGS and MGC-803 displayed the most 

miRNAs significantly 
correlated with "Stage“ in 

our sequence data

miRNAs with significantly 
differen�al expression in 

GSE93415

miR-196a-5p

CN
AG CA

G
PL
GC GC

0

500

1000

1500

2000

m
iR

-1
96

a-
5p

ex
pr
es

si
on

le
ve

l
ns

ns

ns

✱
✱

ns

Our sequence data

-500

0

500

1000

1500

m
iR

-1
96

a-
5p

ex
pr
es

si
on

le
ve

l

CNAG CAG PLGC GC

r=0.6350
p=0.0026

Our sequence data

ad
jac
en
t(n
=2
0)

GC
(n=

20
)

-4

-2

0

2

4

6

GSE93415

m
iR

-1
96

a-
5p

ex
pr
es

si
on

le
ve

l

✱✱✱✱

A B

C D

Fig. 1   miR-196a-5p is a novel miRNA correlated with CAG progres-
sion to GC. A miR-196a-5p was found in both miRNAs that signifi-
cantly correlated with “stage” in our sequence data and miRNAs with 
significantly differential expression in GSE93415. It was regarded 
as a novel miRNA correlated with CAG progression to GC. B The 
expression of miR-196a-5p showed a gradually upward trend accom-

panied with CAG progression to GC in the RNA sequence data. C 
miR-196a-5p was significantly correlated with tumorigenesis in 
RNA sequence data (r = 0.6350, p = 0.0026). D miR-196a-5p was 
also remarkedly upregulated in tumor tissues in GSE93415 datasets. 
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001
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remarkable alterations, we chose them for subsequent 
experiments.

miR‑196a‑5p Possessed the Greatest Potential 
in Targeting ACER2

A total of 4573 mRNAs in our sequence data with the high-
est expression variance (top 25%) were selected for subse-
quent WGCNA. β = 8 (scale-free R2 = 0.91) was the lowest 
power fit scale-free index, over 0.90, which was determined 
as the soft-thresholding power parameter to ensure a scale-
free network (Fig. 3A). Genes with similar expression pat-
terns were grouped into 12 co-expression modules. We 
found that only the green module, containing 260 genes, 
was significantly negatively correlated with miR-196a-5p 
expression (R = − 0.65, p = 0.002) and pathological stage 
(R = − 0.53, p = 0.02) (Fig. 3B). For database prediction, 
there were 370 and 303 genes from miRDB, miRTarBase, 
and 375 from TargetScan. After intersecting, only ACER2 
remained a candidate target of miR-196a-5p (Fig. 3C). We 
compared ACER2 expression between GC cell lines and 
GES-1 cells and found that the expression of ACER2 was 
significantly downregulated in GC cell lines (p < 0.001, 
Fig. 3D), which was in line with the upregulation of miR-
196a-5p in GC cells.

Validation of miR‑196a‑5p Targeting ACER2

AGS and MGC-803 cells were transfected with the miR-
196a-5p inhibitor or mimic for downregulation (Fig. 4A) 
and overexpression (Fig. 4B) of miR-196a-5p. After trans-
fection with the inhibitor, ACER2 expression was upregu-
lated (Fig. 4C), whereas after transfection with mimics, the 
expression of ACER2 was decreased (Fig. 4D), indicating 
that miR-196a-5p exerted a negative effect on the regula-
tion of ACER2 in GC lines. Upon transfection of the empty 
psiCHECK2 plasmid or psiCHECK2 plasmid cloned with 
the mut-ACER2 gene, there was no significant difference 
in luciferase activity between the groups (Fig.  4E, G). 
After transfecting the psiCHECK2 plasmid cloned with the 
ACER2 gene, luciferase activity was significantly downregu-
lated in the miR-196a-5p mimics group compared with the 
mimics NC group, whereas it was markedly upregulated in 
the miR-196a-5p inhibitor group compared with the inhibi-
tor NC group (p < 0.001, Fig. 4F). Overall, miR-196a-5p 
targets ACER2 to reduce its expression.
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Fig. 2   Validation of miR-196a-5p expression in clinical samples and 
GC cell lines. A miR-196a-5p showed a gradual upward trend with 
CAG progression to GC confirmed by qPCR. B miR-196a-5p was 

significantly upregulated in AGS, BGC-801, MNK-45, and MGC-
803 compared with GES-1. *p < 0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001
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Overexpression of miR‑196a‑5p Promotes 
Malignant Behavior of GC Cells

As miR-196a-5p is associated with CAG progression to 

GC, its impact on the malignant behavior of GC cells was 
evaluated. AGS and MGC-803 cells were transfected with 
the miR-196a-5p inhibitor or mimics, and their proliferation 
rates were evaluated using CCK-8. miR-196a-5p knockdown 
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Fig. 3   miR-196a-5p possessed the greatest potential in targeting 
ACER2. A β = 8 (scale-free R2 = 0.91) was the lowest power fit scale-
free indices over 0.90 and was determined as the soft-thresholding 
power parameters to ensure a scale-free network. B Genes with simi-
lar expression patterns were grouped into 12 co-expression modules. 
The green module, containing 260 genes, was significantly negatively 

correlated with miR-196a-5p expression (R = −  0.65, p = 0.002) and 
pathology stage (R = − 0.53, p = 0.02). C By taking the intersection 
of the green module, miRDB, miRTarBase, and TargetScan, ACER2 
remained as the only candidate target of miR-196a-5p. D ACER2 was 
significantly downregulated in GC cell lines. *p < 0.05; **p < 0.01; 
***p < 0.001; ****p < 0.0001
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suppressed the proliferation rates of AGS and MGC-803 
cells (Fig. 5A), whereas miR-196a-5p overexpression con-
ferred the opposite effect (Fig. 5B). As confirmed by flow 
cytometric analysis, miR-196a-5p knockdown promoted 
apoptosis in AGS and MGC-803 cells (AGS: p < 0.0001; 
MGC-803: p < 0.01, Fig.  5C), while miR-196a-5p 

overexpression induced the opposite effect (AGS, p < 0.001; 
MGC-803, p < 0.01; Fig. 5D). Using a cell scratch test, we 
examined the impact of miR-196a-5p on GC cell migration; 
miR-196a-5p knockdown suppressed the migration ability 
of AGS and MGC-803 cells (Fig. 5E), while overexpression 
boosted these effects (Fig. 5F).
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Fig. 4   Validation of miR-196a-5p targeting ACER2. A The expres-
sion of miR-196a-5p in AGS and MGC-803 was significantly 
downregulated after transfection with the miR-196a-5p inhibitor. B 
The expression of miR-196a-5p in AGS and MGC-803 was signifi-
cantly upregulated after transfection with the miR-196a-5p mimic. C 
ACER2 expression was significantly upregulated after transfection 
with the miR-196a-5p inhibitor. D ACER2 expression was signifi-
cantly downregulated after transfection with the miR-196a-5p mimic. 
E There was no significant difference in luciferase activity between 

each group upon transfection of the empty psiCHECK2 plasmid. 
F Luciferase activity was significantly downregulated in the miR-
196a-5p mimics group, whilst it was remarkedly upregulated in the 
miR-196a-5p inhibitor group compared with the inhibitor NC group. 
G There was no significant difference in luciferase activity between 
each group when transected with the psiCHECK2 plasmid cloned 
with mut-ACER2 gene. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 
0.0001
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Inhibition of ACER2 Promotes Malignant Behavior 
of GC Cells

Inhibition of ACER2 has been reported to be associated 
with malignant behavior. Therefore, we transfected cells 
with ACER2 inhibitors or mimics to explore their effects 
on GC cells. AGS and MGC-803 cells were transfected with 
ACER2 inhibitors or mimics, and their proliferation rates 
were evaluated using the CCK-8 assay. ACER2 knockdown 
increased the proliferation rates of AGS and MGC-803 cells 
(Fig. 6A), whereas ACER2 overexpression had the opposite 
effect (Fig. 6B). Flow cytometric analysis confirmed that 
ACER2 knockdown inhibited apoptosis in AGS and MGC-
803 cells (AGS: p < 0.001; MGC-803: p < 0.01, Fig. 6C), 
whereas ACER2 overexpression induced the opposite effect 
(AGS: p < 0.01; MGC-803: p < 0.0001, Fig. 6D). The cell 
scratch test indicated that ACER2 knockdown promoted 
the migration ability of AGS and MGC-803 cells (Fig. 6E), 
whereas overexpression impaired this ability (Fig. 6F).

Discussion

Because the prognosis of EGC is much better than that of 
AGC, early diagnosis and treatment are crucial [15]. Recent 
studies have shown that miRNAs, serving as tumor suppres-
sor genes or oncogenes, play a vital role in GC development 
[16]. miRNAs participate in important biological activities, 
including cell proliferation, apoptosis, and differentiation 
[17]. As abnormal cell proliferation and apoptosis often 
occur in tumors, abnormal deletions, mutations, or over-
expression of miRNAs are associated with tumorigenesis 
[18]. In this study, through high-throughput and clinical 
validation, miR-196a-5p correlated with CAG progression 
to GC and could be utilized as a novel biomarker for moni-
toring CAG progression. Overexpression of miR-196a-5p 
promoted GC cell proliferation and migration and inhibited 
apoptosis, whereas suppression of miR-196a-5p exerted the 
opposite effect. miR-196a-5p, located on chromosome 11, is 
known to regulate various critical cellular processes, such as 
proliferation, apoptosis, and differentiation, by targeting var-
ious transcription factors, including HOXB8, HMGA2, and 

annexin A1 [19, 20]. In GC, miR-196a-5p is upregulated and 
modulates GC stem cell characteristics by targeting Smad4 
[21]. It also has been found to be overexpressed in other 
cancers and promotes malignant behaviors. In non-small cell 
lung cancer, tumor-associated macrophages secrete exoso-
mal miR-196a-5p to promote metastasis [22]. In colorectal 
cancer, miR-196a-5p promotes metastasis by targeting IκBα 
[23]. These observations indicate that miR-196a-5p is a piv-
otal oncogene in various tumors, not only in GC.

miRNAs can interact with the 3′-UTR, 5′-UTR, coding 
sequence, and gene promoter to regulate gene expression; 
the most common is targeting the 3’-UTR to inhibit gene 
expression [24]. In this study, using prediction and lucif-
erase assays, miR-196a-5p was confirmed directly targeting 
the 3'UTR of the ACER2 mRNA. Using qRT-PCR, ACER2 
was found to be downregulated in the GC cell lines. Knock-
down of ACER2 increased GC cell proliferation rates and 
migration ability and inhibited apoptosis, while ACER2 
overexpression led to the opposite effect. ACER2 belongs 
to a family of ceramidases with the ability to remove fatty 
acids from the lipid molecule ceramide, thereby producing 
sphingosine (SPH), which can be phosphorylated to form 
sphingosine-1-phosphate (S1P) [25]. Ceramides, SPH, 
and S1P are bioactive lipids that mediate various biologi-
cal processes. Ceramides have been reported to have anti-
proliferative, pro-apoptotic, and pro-senescent effects [26, 
27]. SPH has also been shown to mediate cell cycle arrest 
[28], differentiation [29], and programmed cell death (PCD) 
[30]. In contrast, S1P mainly promotes cell proliferation and 
survival and inhibits senescence [31]. It was found that when 
cells express low levels of ACER2, the proliferative effect of 
S1P could counterbalance the anti-proliferative effect of low 
levels of SPH, thus promoting cell proliferation, whereas in 
cells expressing high levels of ACER2, the apoptotic effect 
of high levels of SPH could override the anti-apoptotic 
effects of S1P, thus resulting in PCD [32]. This mechanism 
can explain why knockdown of ACER2 increased GC cell 
malignancy. Furthermore, Wang et al. found that ACER2 
can produce ROS and induce autophagy and apoptosis, fur-
ther illustrating the antitumor effect of ACER2 [33].

Conclusion

In conclusion, our study revealed that miR-196a-5p was 
upregulated from the progression of CAG to GC and could 
be utilized as a novel biomarker for monitoring CAG pro-
gression. miR-196a-5p enhanced the malignant biological 
behaviors of GC cells by downregulating ACER2, thus 
resulting in CAG progression to GC, which provides a novel 
target for GC prevention.
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