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Abstract: MicroRNA-451 (miR-451) is lowly expressed in stomach cancer cells and improves their metastatic ability 
by down-regulating extracellular signal-regulated kinase 2 (ERK2). Many studies have found that caveolin-1 (CAV1) 
plays an important role in cancer progression. Additionally, miR-451 has been reported to regulate the expression 
of CAV1 in chronic obstructive pulmonary disease. Therefore, this study aims to determine if miR-451 regulates the 
biological functions of stomach cancer cells by regulating CAV1 expression. Through a bioinformatics analysis, we 
found that miR-451a regulates CAV1 expression, and miR-451a expression is relatively low in stomach cancer cells. 
Next, we confirmed that miR-451a negatively regulates CAV1 expression using a dual-luciferase reporter assay. 
Then MTT, 5-ethynyl-2’-deoxyuridine (EdU), propidium iodide (PI), an Annexin V-FITC/PI apoptosis kit, and transwell 
assays were used to measure the changes in cell proliferation, the cell cycle, apoptosis, cell migration, and invasive-
ness in stomach cancer cells overexpressing miR-451a or both miR-451a and CAV1. It was found that increasing 
the miR-451a expression in stomach cancer cells inhibits cell growth, migration, and invasiveness, and promotes 
apoptosis. After restoring the CAV1 expression, these biological processes resumed. In summary, in stomach cancer 
cells, the overexpression of miR-451a can restrain cell growth and promote apoptosis, so it is a potential treatment 
for stomach cancer.
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Introduction

Stomach cancer is one of the most common 
malignant tumors and has a high mortality rate 
[1]. Patients with early stage stomach cancer 
do not present with specific symptoms, so 
stomach cancer is often not diagnosed until 
the later stages [1]. Clinical data show that the 
5-year survival rate of patients with advanced 
stomach cancer is only 30% to 40%, compared 
to 70% to 90% for those with early stage stom-
ach cancer [1]. Therefore, to optimize the treat-
ment strategy, predict the efficacy of treatment, 
and prolong patient survival time, it is neces-
sary to identify new markers for stomach 
cancer.

The microRNA-451 (miR-451) family is located 
on chromosome 17 and is highly evolutionarily 
conserved. This family consists of miR-451a 
and miR-451b, each containing 22 nucleotides 
in their mature sequence [2]. MiR-451 plays a 

vital role in many biological processes [2]. 
Additionally, miR-451 has recently been identi-
fied as a valuable biomarker for cancer detec-
tion, prognosis, and treatment [2]. Multiple 
studies have shown that miR-451 is widely dys-
regulated in breast cancer, lung cancer, stom-
ach cancer, colorectal cancer, glioma, renal cell 
carcinoma, pancreatic cancer, and leukemia 
[2-5]. These findings prove that miR-451 plays 
a key role in tumorigenesis.

Caveolin-1 (CAV1) is a protein located in the  
cell membrane that is abundantly expressed in 
fat cells, endothelial cells, pneumocytes, fibro-
blasts, and muscle cells [6, 7]. Signal transduc-
tion involving CAV1 regulates many biological 
processes, such as the cell cycle, cell senes-
cence, proliferation, invasion, cell death, mem-
brane composition, lipid homeostasis, and 
metabolism [6, 8-12]. The resistance of solid 
tumors to chemotherapy and radiation therapy 
remains the main obstacle to anticancer thera-
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py [6]. CAV1 is highly expressed in many tumors, 
and high levels of CAV1 are associated with 
tumor progression, invasion, and metastasis, 
making it the focus of improved solid tumor 
treatment strategies [6, 13-16]. Previous stud-
ies have found that CAV1 is overexpressed in 
liver cancer, colon cancer, breast cancer, kid-
ney cancer, lung cancer, and, depending on the 
type and stage of the tumor, it can play a role in 
promoting or inhibiting tumor progression [17-
19]. A high expression of CAV1 has been report-
ed to drive tumorigenesis by inhibiting apopto-
sis and promoting adherent growth, drug resis-
tance, and metastasis [17, 19, 20].

MiR-451 inhibits tumor progression by target-
ing MIF, c-myc, MDR-1, and the RAS-related 
protein 14 (RAB14) [2, 21]. It has been found 
that in chronic obstructive pulmonary disease, 
hsa-miR-451 may regulate CAV1 expression 
[22]; however, in stomach cancer, there are  
few studies implicating miR-451 in the regula-
tion of CAV1. Therefore, this study aims to 
explore the regulatory relationship between 
miR-451 and CAV1 in stomach cancer.

Materials and methods

Bioinformatics analysis

The UpSetR package was used to analyze the 
microRNA (miRNA) data targeting CAV1 down-
loaded from the microT-CDS, StarBase, miRDB, 
TargetScan, and mirDIP databases in R version 
3.5.1. RNA-seq data from stomach cancer 
patients with individual clinical information 
were downloaded from The Cancer Genome 
Atlas (TCGA) database. An in-depth analysis of 
miR-451a expression in unpaired or paired gas-
tric carcinoma samples was performed using 
GraphPad Prism 8.2.1 (GraphPad Software, 
Inc., La Jolla, California, United States). 

Cell lines

The stomach cancer cell lines HGC-27 and 
MKN-45 were purchased from XIAMEN Anti-
HeLa Biological Technology Trade Co. Ltd. 
(Xiamen, Fujian, China) and cultured in Dulbe- 
cco’s modified eagle medium (DMEM) (GIBCO, 
catalog no. 11965-092, Shanghai, China) con-

qPCR)

RNA was extracted from the cells using Trizol 
(Ambion, catalog number: 15596-026, Shang- 
hai, China) and reverse transcribed into cDNA 
using Hiscript Reverse Transcriptase (VAZYME, 
catalog number: R101-01/02, Nanjing, Jiangsu, 
China). cDNA was then used for the RT-qPCR 
with SYBR Green Master Mix (VAZYME, catalog 
number: Q111-02, Nanjing, Jiangsu, China) and 
an iQ5 Real-Time PCR Detection System (Bio-
Rad Laboratories, Hercules, CA, USA) to deter-
mine the relative RNA expression levels. The 
primers for the RT-qPCR were designed using 
DNAMAN 10.0 (https://dnaman.software.infor- 
mer.com/) and are shown in Table 1. cDNA was 
pre-denatured at 94°C for 30 minutes, followed 
by 40 cycles of denaturation at 94°C for 15 
seconds, annealing at 60°C for 20 seconds, 
and extension at 72°C for 20 seconds. Finally, 
the target gene expression was quantified 
using the 2-ΔΔCt method.

Western blot

The proteins were extracted from the cells 
using an ice-cold RIPA buffer (Beyotime Bio- 
technology, catalog no. P0013C, Shanghai, Chi- 
na) and quantified with a BCA protein assay kit 
(Beyotime Biotechnology, catalog no. P0012S, 
Shanghai, China). Subsequently, western blot-
ting was performed as previously described 
[23]. The primary antibodies used were anti-
CAV1 (Proteintech, catalog no. 66067-1-Ig, 1: 
3,000, Wuhan, Hubei, China) and anti-GAPDH 
(Proteintech, catalog no. 60004-1-lg, 1:20,000, 
Wuhan, China). The secondary antibody conju-
gated with ECL was anti-mouse (Cell Signaling 
Technology, catalog no. 9309, 1:2,000, Boston, 
Massachusetts, USA).

Dual-luciferase reporter assay

Wild type or mutant versions of the CAV1 
3’Untranslated Regions (3’UTR) were cloned 
into a pYr-MirTarget vector (Hunan Changsha 
Yingrun Biotechnology Co., Ltd., Changsha, Hu- 
nan, China) and named CAV1 3’UTR-wt and 
CAV1 3’UTR-mut, respectively. The mutation in 
the CAV1 3’UTR-mut sequence is shown in red 

Table 1. The primers for RT-qPCR
Name Sequence (5’-3’) GenBank accession
Forward primer CCAAGGAGATCGACCTGGTCAA NM_001172895.1
Reverse primer GCCGTCAAAACTGTGTGTCCCT

taining 10% fetal bovine serum 
(FBS) (GIBCO, catalog no. 10091-
148, Shanghai, China) and 1% peni-
cillin-streptomycin (GIBCO, catalog 
no. 15070-063, Shanghai, China).

Real-time quantitative PCR (RT-
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letters in Figure 1D. The corresponding primers 
were designed using DNAMAN 10.0 and are 
shown in Table 2. The HGC-27 and the MKN 
cells were incubated overnight in 24-well plates 
at a density of 5×104 cells per well. CAV1  
3’UTR-wt or CAV1 3’UTR-mut vector was co-
transfected into the HGC-27 and the MKN cells 
with the negative control miR-451a mimic 
(miRNA NC) or the miR-451a mimic (miR-451a) 
using Lipofectamine 2000 (Invitrogen, catalog 
no. 11668-019, Shanghai, China) according to 
the manufacturer’s instructions. Dual-Lucife- 
rase Reporter Assay (Promega, catalog no. 

E1910, Beijing, China) was performed 48 hours 
after the transfection following the manufac-
turer’s instructions. The differences in the 
transfection efficiency were normalized by 
dividing the firefly luciferase activity by the  
values of the Renilla luciferase. 

Construction of the plasmids

CAV1 was cloned into pCDH-EF1α-MCS-T2A-
puro vector purchased from Anti-HeLa BioTech 
(Xiamen, Fujian, China) to prepare the CAV1 
expression plasmid (Gene ID: 857). The corre-

Figure 1. MiR-451a is lowly expressed in stomach cancer cells and negatively regulates CAV1. (A) MiRNAs target-
ing CAV1 in the microT-CDS, StarBase, miRDB, TargetScan, and mirDIP databases were analyzed using the UpSetR 
package in R version 3.5.1. (B) The differences in the miR-451a mRNA levels in the stomach cancer tissues and 
adjacent normal tissues were analyzed either unpaired or paired using GraphPad Prism 8.2.1. (C) Schematic of the 
CAV1 3’UTR point mutation used in this study. (D) The regulatory relationship between miR-451a and CAV1 was 
analyzed by a dual-luciferase reporter assay. (E, F) After miR-451a was transfected either alone or with the CAV1 
expression plasmid into HGC-27 or MKN-45 cells, the CAV1 expression was determined using RT-qPCR (E) and west-
ern blot (F). ns, not significant (P > 0.05); **P < 0.01; ****P < 0.0001, miR-451a vs miRNA NC; ####P < 0.0001, 
miR-451a + CAV1 vs miR-451a. ANT: adjacent normal tissues; miR-451a+CAV1: miR-451a was co-transfected with 
the CAV1 expression plasmid; CAV1: caveolin-1; miRNA NC: the negative control of miR-451a.
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sponding primer sequences were designed 
using DNAMAN 10.0 (Table 3).

MTT assay

HGC-27 and MKN-45 cells were cultured over-
night in 96-well plates at a density of 5×103 
cells per well. Mir-451a and miRNA NC were 
transfected into the HGC-27 and MKN-45 cells 
either alone or with plasmids expressing CAV1 
using Lipofectamine 2000. After 48 hours,  
the MTT assay was performed as previously 
described [24]. The results were determined  
by measuring the absorbance at OD450 on a 
microplate reader (Thermo, Shanghai, China). 

EdU assay

The HGC-27 and MKN-45 cells transfected with 
miR-451a alone or co-transfected with miR-
451a and the CAV1 expression plasmid were 
evenly spread across the 96-well plates at a 
density of 5×103 cells per well. After 24 hours, 
EdU (RiboBio, Guangzhou, Guangdong, China) 
was used to measure the cell proliferation and 
DNA synthesis according to the manufacturer’s 
instructions and as previously described [25]. 
Images were obtained using a fluorescence 
microscope (MOTIC, Hongkong, China).

Cell cycle assay

The HGC-27 and MKN-45 cells were evenly 
plated and incubated in 6-well plates over- 
night. After transfection with miR-451a alone 
or co-transfection with miR-451a and the CAV1 
expression plasmid, the cells were collected 
and fixed in 70% ethanol at 4°C overnight. After 
two washes with phosphate buffer saline (PBS), 
the fixed cells were incubated in PBS with 0.2% 

Triton X-100 and 10 μg/mL RNase at 37°C for 
30 minutes. Then, the cells were stained with 
propidium iodide (PI, 50 μg/mL) (Nanjing Kaiji 
Biotechnology Development Co., Ltd., catalog 
no. KGA512, Nanjing, Jiangsu, China) at 4°C  
for 30 minutes in the dark and analyzed using  
a flow cytometer (ACEA Biosciences, Inc., San 
Diego, CA, USA).

Apoptosis assay

The HGC-27 and MKN-45 cells were cultured 
overnight in 6-well plates at a density of 5×105 
cells per well. After transfection with miR-451a 
alone or co-transfection with miR-451a and the 
CAV1 expression plasmid for 48 hours, the cells 
were stained using an Annexin V-FITC/PI apop-
tosis detection kit (Nanjing Kaiji Biotechnology 
Development Co., Ltd., catalog no. KGA108, 
Nanjing, Jiangsu, China) in the dark for 10 min-
utes at room temperature. A subsequent analy-
sis was performed using a flow cytometer (ACEA 
Biosciences, Inc., San Diego, CA, USA). 

Transwell assay

After the HGC-27 and MKN-45 cells were cul-
tured overnight, mir-451a and miRNA NC were 
transfected into these cells either alone or  
with the CAV1 expression plasmid using Lipo- 
fectamine 2000. After 48 hours, the cells were 
used for a transwell assay. The migration was 
measured using Matrigel-free transwell plates 
with 8 μm porous membranes, and the inva-
sion was measured using transwell plates with 
Matrigel. The cells in the serum-free medium 
were seeded into the upper chamber of the 
transwell plate at a density of 4×103 cells per 
well and 500 μl of medium supplemented with 
10% FBS was added to the lower chamber. 

Table 2. The primers for CAV1 3’UTR-wt and CAV1 3’UTR-mut
Name Sequence (5’-3’) GenBank accession
3’UTR-wt-F CTCGCTAGCCTCGAGATGACATTTCAAGGATAGAAG NM_001172895.1
3’UTR-wt-R CATGCCTGCAGGTCGACTTTTTTTTTTTGACTGTTTAACCG
3’UTR-mut-F TCATCTATTGCCAACAGTCTGAATTTTTAAAACCC
3’UTR-mut-R AGACTGTTGGCAATAGATGAAATAGCTCAGAAGAG

Table 3. The primers for CAV1 expression plasmid
Name Sequence (5’-3’) GenBank accession
CAV1-F CTAGAGCTAGCGAATTCATGGCAGACGAGCTGAGCGAG NM_001172895.1
CAV1-R TGTCGTCATCGTCTTTGTAGTCTATTTCTTTCTGCAAGTTGATG
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After 24 hours, the cellular migration or inva-
sion was evaluated using 0.5% crystal violet 
staining. Images were captured using a lighted 
microscope (MOTIC, Hongkong, China) and the 
invasive/motile cells were counted. 

Statistical analysis

SPSS 22.0 (IBM SPSS, Armonk, NY, USA) was 
used for all the statistical analyses. Com- 
parisons between two groups were performed 
using Student’s t-tests (unpaired). Comparisons 
between multiple groups were performed using 
analyses of variance (ANOVA). P < 0.05 indi-
cates a statistically significant difference, and 
the graphs were created using GraphPad Prism 
8.2.1. The data are representative of at least 

three independent experiments and are shown 
as the mean ± standard deviation (SD).

Results

MiR-451a is lowly expressed in stomach can-
cer cells and negatively regulates CAV1

By analyzing potential miRNAs targeting CAV1, 
we identified 20 miRNAs in the microT-CDS, 
StarBase, miRDB, TargetScan, and mirDIP data- 
bases (Figure 1A), among which mir-451a was 
found to relatively underexpressed in stomach 
cancer tissues (Figure 1B). A sequence align-
ment revealed a miR-451a recognition sequ- 
ence in the 3’UTR of CAV1 (Figure 1C). To deter-
mine whether this was an active regulatory 

Figure 2. MiR-451a suppresses stomach cancer cell proliferation. After miR-451a was transfected alone or with the 
CAV1 expression plasmid into the HGC-27 or MKN-45 cells, the cellular proliferation was analyzed using MTT (A) 
and EdU assays (B, C), and the cell cycle phase was determined by PI staining (D, E). *P < 0.05, miR-451a vs miRNA 
NC; **P < 0.01, miR-451a vs miRNA NC; ##P < 0.01, miR-451a + CAV1 vs miR-451a; ***P < 0.001, miR-451a 
vs miRNA NC; ###P < 0.001, miR-451a + CAV1 vs miR-451a; ####P < 0.0001, miR-451a + CAV1 vs miR-451a. 
miR-451a+CAV1: miR-451a was co-transfected with the CAV1 expression plasmid; CAV1: caveolin-1; miRNA NC: the 
negative control of miR-451a.



MiR-451a targets CAV1 in stomach cancer cells

2529 Int J Clin Exp Pathol 2020;13(10):2524-2533

sequence, CAV1 3’UTR-wt or CAV1 3’UTR-mut 
were co-transfected with miR-451a into the 
HGC-27 and MKN-45 cells. A dual-luciferase 
reporter assay revealed that miR-451a reduced 
the expression of WT CAV1 but not of the CAV1 
mutant (Figure 1D), both confirming that miR-
451a can regulate the CAV1 expression and 
identify the regulatory binding site. MiR-451a 
and miRNA NC were transfected into the HGC-
27 and MKN-45 cells either alone or with the 
CAV1 expression plasmid, and the CAV1 expres-
sion was evaluated using RT-qPCR and western 
blot. This analysis demonstrated that increased 
miR-451a expression reduced both the mRNA 
and protein levels of CAV1 (Figure 1E, 1F). 
These results illustrate that miR-451a acts as a 
negative regulator of CAV1 expression in stom-
ach cancer cells. 

MiR-451a suppresses stomach cancer cell 
proliferation 

To investigate how the miR-451a regulation of 
CAV1 regulates the biological processes in 
stomach cancer cells, mir-451a and miRNA NC 
were transfected into HGC-27 and MKN-45 
cells either alone or with the CAV1 expression 
plasmid. The MTT, EdU, and cell cycle analyses 

suggest that increasing miR-451a expression 
inhibits cellular proliferation (Figure 2A-C) and 
arrests the cell cycle in the G0/G1 phase 
(Figure 2D, 2E). These data imply that the over-
expression of miR-451a leads to a decrease in 
CAV1expression, leading to the impaired prolif-
eration of stomach cancer cells. 

MiR-451a promotes stomach cancer cell apop-
tosis 

Next, we examined the effect of miR-451a on 
apoptosis in stomach cancer cells. We found 
that an increased expression of mir-451a leads 
to more apoptosis. Interestingly, the CAV1 sup-
plementation in the HGC-27 and MKN-45 cells 
blocked the increase in apoptosis (Figure 3). 
This demonstrates that increased miR-451a 
expression suppressed the CAV1 expression to 
enhance apoptosis in stomach cancer cells.

Mir-451a interferes with the migration and in-
vasion of stomach cancer cells

After HGC-27 and MKN-45 were transfected 
with miR-451a alone or along with the CAV1 
expression plasmid, the migration and inva-
siveness of the cells were tested. The results 
showed that increased miR-451a expression 

Figure 3. MiR-451a promotes apoptosis in stomach cancer cells. After the HGC-27 and MKN-45 cells were trans-
fected with miR-451a alone or with miR-451a and the CAV1 expression plasmid, the apoptosis was detected using 
the Annexin V-FITC/PI apoptosis detection kit. A. Representative images of the apoptosis analysis. B. Histogram 
representing the percentage of apoptotic cells under various conditions. **P < 0.01, miR-451a vs miRNA NC; ##P 
< 0.01, miR-451a + CAV1 vs miR-451a. miR-451a+CAV1: miR-451a was co-transfected with the CAV1 expression 
plasmid; CAV1: caveolin-1; miRNA NC: the negative control of miR-451a.
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reduced the number of migrating cells com-
pared to the control, but the number of migrat-
ing cells increased following the CAV1 supple-
mentation (Figure 4). These findings demon-
strate that the upregulation of mir-451a inhib-
its the CAV1 expression of CAV1, leading to 
impaired migration and invasiveness in stom-
ach cancer cells.

Discussion

The latest global cancer data shows that stom-
ach cancer is currently the fifth most common 
cancer in the world, and its mortality rate ranks 
third among cancer deaths [26]. The 5-year 
survival rate of stomach cancer is less than 
30% [27]. MiRNAs are essential for the main-
taining the homeostasis of the body [28]. 
MiRNAs have also been identified as tumor 
markers with important roles in the early diag-
nosis of tumors, targeted therapy, and progno-
sis evaluation [28]. MiR-451 expression levels 
have been found to be relatively reduced in 
stomach cancer cells [2, 29-33]. MiR-451 

downregulation is often directly related to 
lymph node metastasis, the patient’s clinical 
stage, and overall survival [2]. However, the 
ectopic expression of miR-451 in stomach can-
cer cells has no significant effect on cell growth, 
but it does reduce cellular migration and inva-
sion [2, 32, 34]. Consistent with this, this study 
further verified that miR-451a is expressed in 
stomach cancer tissues and can inhibit the 
migration and invasiveness of stomach cancer 
cells by negatively regulating the expression of 
CAV1. In contrast, the overexpression of miR-
451a in stomach cancer cells was found to 
downregulate cell proliferation. In addition, 
miR-451 has been reported to effectively regu-
late a variety of metastatic phenotypes, includ-
ing cell growth, migration, invasion, and the 
epithelial-mesenchymal transition (EMT) in 
stomach cancer by down-regulating the target 
gene MAPK pathway member extracellular sig-
nal-regulated kinase 2 (ERK2) [2]. This gene 
has also been shown to enhance cancer metas-
tasis [2, 33]. In this study, we found that miR-
451a can also regulate these biological pro-

Figure 4. Mir-451a interferes with the migration and invasion of stomach cancer cells. MiR-451a was transfected 
alone or with the CAV1 expression plasmid into HGC-27 or MKN-45 cells. A. The effect of miR-451a on cellular 
migration was examined using a transwell assay. B. Histogram representing the number of migrated cells per field 
of view under various treatment conditions. C. Representative images of the invasion analysis. D. Histogram repre-
senting the number of invasive cells per field of view under various conditions. **P < 0.01, miR-451a vs miRNA NC; 
***P < 0.001, miR-451a vs miRNA NC; ###P < 0.001, miR-451a + CAV1 vs miR-451a; ####P < 0.0001, miR-451a 
+ CAV1 vs miR-451a. miR-451a+CAV1: miR-451a was co-transfected with the CAV1 expression plasmid; CAV1: ca-
veolin-1; miRNA NC: the negative control of miR-451a.
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cesses by down-regulating CAV1. This demon-
strates that miR-451 can regulate the develop-
ment of stomach cancer by regulating the 
expression of various genes.

CAV1 has been shown to be overexpressed or 
mutated in many human solid tumors and is 
known to play an important role in the carcino-
genic process [6, 13, 15]. Surprisingly, CAV1 is 
both an anti-apoptotic protein and a pro-apop-
totic protein, both a tumor promoter and a 
tumor suppressor [6]. In this study, CAV1 was 
confirmed to promote the proliferation, migra-
tion, and invasiveness of stomach cancer cells. 
Additionally, CAV1 stimulates metastasis and is 
considered to be a prognostic indicator [6]. 
Analyses at the transcriptional level revealed 
that many oncogenes down-regulate CAV1 
expression [6], and miR-451 is able to inhibit 
the proliferation, migration, and invasiveness 
of various tumor cells [2]. Further, we confirmed 
that miR-451a down-regulated CAV1 expres-
sion. Additional work has demonstrated that 
the gene encoding CAV1 is located at the puta-
tive tumor suppression site [6]. However, for 
several tumors, CAV1 up-regulation will pro-
mote the survival and growth of cancer cells, 
which is conducive to tumor progression [6, 
35]. Similarly, we also found that up-regulating 
CAV1 can inhibit apoptosis in stomach cancer 
cells, promote stomach cancer cell growth, and 
promote the progression of stomach cancer.

In summary, miR-451a expression is low in 
stomach cancer tissues, and the overexpres-
sion of miR-451a in stomach cancer cells can 
reduce the expression of CAV1 to inhibit cell 
growth and promote apoptosis. Restoring CAV1 
expression can cause the cells to resume their 
growth. Therefore, miR-451a can inhibit the 
proliferation of stomach cancer cells by reduc-
ing the expression of CAV1; however, the 
detailed molecular mechanism underlying this 
requires further study.
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