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Purpose: Moesin-ezrin-radixin-like protein (Merlin) has been identified as a tumor sup-
pressor in several types of cancers. However, the biological function of Merlin in osteosar-
coma remains unclear. MicroRNAs (miRNAs) can influence cancer progression by targeting 
oncogenes or anti-oncogenes. In this study, we sought to evaluate the regulation of Merlin 
expression by miR-25-3p and the role of the miR-25-3p/Merlin axis in osteosarcoma 
progression, with the aim of identifying a potential therapeutic target for osteosarcoma.
Materials and Methods: TCGA (The Cancer Genome Atlas) database was used to analyze 
the correlation between Merlin expression and prognosis. RT-qPCR and Western blotting 
analyses were performed to compare Merlin expression between normal and malignant cells. 
A dual-luciferase reporter assay was performed to evaluate the direct targeting of Merlin by 
miR-25-3p. We overexpressed miR-25-3p, or/and Merlin, in U-2 OS and 143B cells, and 
studied their cellular functions in vitro. MTT and colony formation assays were performed to 
determine the effects on cell growth. EdU and cell cycle assays were performed to analyze 
the effects in cell replication. We used annexin V-fluorescein isothiocyanate and propidium 
iodide to stain apoptotic cells, and analyzed the cells using flow cytometry. The effects on 
cell metastasis were studied in wound healing and transwell assays. Lastly, the underlying 
mechanism was determined in RT-qPCR and Western blotting experiments.
Results: Low Merlin expression was linked to poor prognosis. miR-25-3p was observed to 
directly target Merlin and downregulate its expression. miR-25-3p promoted cell growth, 
migration, and invasion, and inhibited apoptosis induced by cisplatin. Moreover, the over-
expression of Merlin reversed the abovementioned effects of miR-25-3p. Further, the miR- 
25-3p/Merlin axis was observed to play an important role in the Hippo pathway, and 
regulated the expression of genes such as BIRC5, CTGF, and CYR61.
Conclusion: miR-25-3p functions as an oncogenic microRNA in osteosarcoma by targeting 
Merlin, and may serve as a potential therapeutic target for osteosarcoma.
Keywords: Merlin, miR-25-3p, osteosarcoma, proliferation, apoptosis, metastasis

Introduction
As one of the most commonly occurring primary malignant bone tumors, osteosarcoma 
(OS) accounts for over 10% of all solid tumors.1–3 OS primarily affects young individuals, 
and is the second leading cause of cancer-associated mortality in children and adolescents 
worldwide.4,5 The 5-year overall survival rate of OS has increased to approximately 
6070% owing to the considerable advances in surgical technologies and combined 
therapeutic strategies.6 However, the survival rate remains poor in patients at advanced 
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clinical stages and with pulmonary metastases.7 Therefore, it is 
necessary to explore novel drugs or therapeutic strategies for 
OS treatment.

Merlin, a 70-kDa protein, is encoded by NF2. It belongs to 
the ezrin, radixin, and moesin (ERM) protein family, the 
members of which share a homologous domain that contains 
an α-helical central domain, a C-terminal tail, and an 
N-terminal FERM domain.8 In humans, Merlin is primarily 
expressed in neural tissue; however, it is also expressed in other 
fetal tissues, and is predominantly detected in adhesion junc-
tions. Loss-of-function mutation or deletion in NF2 often 
results in neurofibromatosis type 2, a disease marked by the 
formation of multiple tumors in the nervous system.9 Merlin 
affects growth inhibition, which is inactivated by joint integrin/ 
receptor tyrosine kinase signaling and activated by intercellular 
adhesion.10 Several studies have shown that Merlin plays the 
role of a tumor suppressor in certain types of cancers, such as 
prostate cancer and melanoma.11–13 Based on the abovemen-
tioned findings, we hypothesized that Merlin can inhibit OS 
progression as well.

MicroRNAs (miRNAs) represent a group of endogenous 
RNA molecules that do not encode proteins. They usually 
consist of 19–22 nucleotides. MiRNAs can be anti-oncogenic 
or oncogenic, which depends on the characteristics of the target 
genes.14–16 In recent years, miRNA-targeted therapeutics has 
emerged as an important anticancer strategy.17 Therefore, the 
identification of miRNAs that play essential roles in cancer 
progression can be useful. It has been reported that miR-25-3p 
is expressed at high levels in OS tissues and sera in patients 
with OS, and its dysregulation correlates negatively with the 
clinical prognosis.18,19 miR-25-3p seems to be an oncogenic 
miRNA. However, the definite effect of miR-25-3p on the 
functions of OS cells has not been determined clearly. In this 
study, we observed that miR-25-3p directly targeted Merlin 
and downregulated its expression. Accordingly, we hypothe-
sized that miR-25-3p may serve as an oncogenic miRNA in OS 
by downregulating Merlin expression. To confirm our hypoth-
esis, a series of cellular function experiments were performed 
in vitro.

The Hippo signaling pathway is an evolutionarily con-
served pathway that regulates cell proliferation, apoptosis, 
and stem cell self-renewal.17 Activation of the Hippo pathway 
can promote antitumor immune responses, and its dysregula-
tion contributes to cancer development.20 Yes-associated pro-
tein (YAP), which is a transcriptional co-factor, and 
transcriptional co-activator with PDZ-binding motif (TAZ) 
are the major downstream proteins of the Hippo signaling 
pathway. Collectively, they constitute the transcriptional 

module. Upon entering the nucleus, YAP/TAZ binds to the 
transcription factor TEAD and upregulates the expression of 
genes essential to cell proliferation and survival,21 including 
BIRC5, CTGF, and CYR61.22–24 Merlin is one of the upstream 
components of the Hippo pathway. Li et al observed that 
Merlin binds to DCAF1 in the nucleus to suppress the activity 
of the E3 ubiquitin ligase CRL4. This consequently inhibits the 
ubiquitination of LATS1/2 and promotes the phosphorylation 
of YAP. The phosphorylation of YAP leads to its cytoplasmic 
retention, spatial separation with transcription factors, and 
degradation, and results in antitumor activity.25–27 Based on 
the above findings, we also attempted to determine whether 
miR-25-3p exerts cancer-promoting effects via the Hippo 
pathway.

In this study, we confirmed the role of miR-25-3p in OS 
progression and determined the underlying mechanism with 
an aim to identify a potential candidate for miRNA therapy.

Materials and Methods
Bioinformatic Analysis
Data for Merlin mRNA levels and overall survival time of 
patients with OS were retrieved from the TARGET data-
base (URL: https://ocg.cancer.gov/programs/target). The 
data have been presented in Supplemental Table 1. The 
relationship between Merlin expression levels and survival 
time was analyzed using Kaplan-Meier analysis.

Cell Cultures
U-2 OS, 143B, and 293T cells were purchased from ATCC. 
hFOB1.19, MG-63, and Saos-2 cells were obtained from 
IMMOCELL (Xiamen, Fujian, China, URL: http://immocell. 
com/index.html). The negative control and treatment cells 
were maintained in Dulbecco’s modified Eagle medium 
DMEM (Gibco, Detroit, MI, USA) supplemented with 10% 
fetal bovine serum (FBS, Gibco), 2 mM L-glutamine (Gibco), 
100 U/mL penicillin (Gibco), and 100 U/mL streptomycin 
(Gibco).

Plasmid Constructs
The 3ʹ UTR of NF2 was amplified by quantitative real-time 
polymerase chain reaction (RT-qPCR) using human genomic 
DNA. The primers used are listed in Table 1. The 3ʹ UTR 
fragment of NF2 was cloned downstream of the firefly lucifer-
ase reporter gene in the pmirGLO vector (Promega, Madison, 
WI, USA). The mutant version of the Merlin-3ʹUTR plasmid 
was constructed using QuikChange II Site-Directed 
Mutagenesis Kit (Agilent Technologies, CA, USA).
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NF2 was amplified by PCR and cloned into the lenti-
viral vector pCDH-EF1-MCS-Puro for the overexpressing 
Merlin. The primers used for PCR are listed in Table 1.

Dual-Luciferase Reporter Activity Assay
293T cells were seeded in a 24-well plate and co-transfected 
with the mimic control or the miR-25-3p mimic and the 
pmirGLO-WT Merlin-3ʹUTR plasmid or the pmirGLO- 
Mutant Merlin-3ʹUTR plasmid after they achieved 6080% 
confluence. The following day, the 293T cells were lysed and 
the luciferase activity was measured using the Dual- 
Luciferase Reporter Assay System (Promega, Madison, WI, 
USA) and normalized to Renilla luciferase activity. Each 
treatment was carried out in triplicate.

Transfection
The miR-25-3p mimic and the appropriate negative con-
trol mimic (mimic NC) were purchased from RiboBio 
(Guangzhou, Guangdong, China). U-2 OS and 143B cells 
were seeded in respective 6-well plates. Once the cells 
reached 6080% confluence, they were transfected with 
the miR-25-3p mimic (200 pmol/well) or the mimic NC 
(200 pmol/well) using Lipofectamine™ 2000 (Invitrogen, 
Carlsbad, NY, USA). Four micrograms of pCDH-Merlin 
plasmid was used per well during co-transfection with the 
miR-25-3p mimic. After transfection for 24 h, the cells 
were harvested for the subsequent experiments. The trans-
fection efficiency was determined by RT-qPCR and 
Western blotting.

Table 1 Primers for Plasmid Constructs

pmirGLO-Merlin-3ʹUTR-F 5ʹ-CTCGCTAGCCTCGAGACCTGCCACTTCTCCTGCTAC-3’

pmirGLO-Merlin-3ʹUTR-R 5ʹ-ATGCCTGCAGGTCGACCATTTAAGTTATAATCGTTC-3’
pmirGLO-Merlin-3ʹUTR -Mut-F 5ʹ-TCTTATGCTAGCATGCCTTGAACTACGACCCTG-3’

pmirGLO-Merlin-3ʹUTR -Mut-R: 5ʹ-CAAGGCATGCTAGCATAAGAGGGGCTGGGCTC-3’

Merlin-F 5ʹ-CTAGAGCTAGCGAATTCATGGCCGGGGCCATCGCTTC-3’
Merlin-R 5ʹ-TCGCGGCCGCGGATCCGAGCTCTTCAAAGAAGGCCAC-3’

Table 2 Primers for RT-qPCR Assay

miR-25-RT 5ʹ-GTCGTATCCAGTGCAGGGTCCG 
AGGTATTCGCACTGGATACGACTCAGAC-3’

miR-25-3p-F 5ʹ- GCGCATTGCACTTGTCTCG-3’

miR-25-3p-R 5ʹ- AGTGCAGGGTCCGAGGTATT-3’

U6-RT 5ʹ-CGCTTCACGAATTTGCGTGTCAT-3’

U6-F 5ʹ-GCTTCGGCAGCACATATACTAAAAT-3’

U6-R 5ʹ-CGCTTCACGAATTTGCGTGTCAT-3’

Merlin-F 5ʹ- TGAACGCACGAGGGATGAGTTG-3’

Merlin-R 5ʹ- GCCTTTTCAGCCAACAGGTCAG-3’

BORC5-F 5ʹ-CCACTGAGAACGAGCCAGACTT-3’
BORC5-R 5ʹ-GTATTACAGGCGTAAGCCACCG-3’

CTGF-F 5ʹ-CTTGCGAAGCTGACCTGGAAGA-3’

CTGF-R 5ʹ-CCGTCGGTACATACTCCACAGA-3’

CYR61-F 5ʹ-GGAAAAGGCAGCTCACTGAAGC-3’

CYR61-R 5ʹ-GGAGATACCAGTTCCACAGGTC-3’

18S RNA-F 5ʹ-CGACGACCCATTCGAACGTCT-3’

18S RNA-R 5ʹ-CTCTCCGGAATCGAA CCCTGA-3’
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RT-qPCR Assay
Total RNA was isolated from the 143B and U-2 OS cells 
using Total RNA Extraction Reagent (Vazyme, Nanjing, 
Jiangsu, China). Merlin, BORC5, CTGF, and CYR61 
cDNA was synthesized using a HiScript II 1st Strand 
cDNA Synthesis Kit (Vazyme). MiR-25 was reverse tran-
scribed using a miRNA 1st Strand cDNA Synthesis Kit 
(Vazyme) according to the instructions of the manufac-
turer. qPCR was performed using iQ5 Real-Time PCR 
Detection System (Bio-Rad Laboratories, Hercules, CA, 
USA) with a ChamQ SYBR qPCR Master Mix kit 
(Vazyme). The thermocycling conditions were as follows: 
95 °C for 3 min, followed by 45 cycles of 95 °C for 20 sec, 
58 °C for 20 sec, and 72 °C for 20 sec. Each detection was 
performed in triplicate. The primers used in the qPCR 
experiment are listed in Table 2. The expression levels of 
Merlin, BORC5, CTGF, and CYR61 were normalized to 
U6 or 18S rRNA expression levels.

Western Blotting
143B and U-2 OS cells were lysed using RIPA buffer. The 
lysates (30 μg/sample) were loaded for electrophoresis on 10% 
denaturing SDS-PAGE gels, following which they were trans-
ferred onto a polyvinylidene difluoride membrane. The mem-
brane was blocked by treating with Tris-HCl buffer containing 
5% bovine serum albumin for 2 h. Following this, the mem-
brane was probed with primary antibodies overnight at 4 °C, 
washed five times with Tris-HCl buffer, and incubated with 
secondary antibodies at 28 °C for 1 h. Next, the membranes 
were washed for five times and the bands were visualized using 
a Chemiluminescent Detection Reagent kit (South San 
Francisco, CA, USA). The following antibodies were used in 
the study: Merlin (Cat: 21,686-AP, Proteintech, Chicago, IL, 
USA), YAP (Cat: 14074T, Cell Signaling, Boston, MA, USA), 
p-YAP (Cat: 13008T, Cell Signaling), GAPDH (Cat: 5174, 
Cell Signaling), anti-rabbit IgG and HRP-linked antibody (Cat: 
7074, Cell Signaling).

EdU Incorporation
After transfection for 24 h, the U-2 OS and 143B cells 
were incubated with DMEM containing EdU (50 µm, 
RiboBio) at 37 °C for 4 h. The cells were fixed with 4% 
formaldehyde for 20 min, following which glycine was 
added and the mixture was maintained 10 min. After 
treatment with 0.5% Triton X-100 at 28 °C and mainte-
nance for 15 min, the cells were washed thrice with PBS. 
Next, the cells in each well were treated with 200 μL of 

1X Apollo reaction cocktail for 20 min. Subsequently, 
nuclear DNA was stained with DAPI (5 μg/mL). The 
cells were imaged using a fluorescent microscope 
(MOTIC, Hong Kong, China).

Cell Proliferation Assay
After transfection for 24 h, the U-2 OS and 143B cells 
were seeded into 96-well plates at a density of 104 cells 
per well. An MTT assay kit (Cat: QF0025, Qiancheng 
Biotech, Shanghai, China) was used to evaluate cell via-
bility at each time point according to the manufacturer’s 
instruction. The SpectraMax Absorbance Reader 
(Molecular Devices, San Francisco, CA, USA) was used 
to measure the absorbance at 490 nm. The data are repre-
sented in terms of mean ± s.d. for sextuple wells.

Colony Formation Assay
After transfection for 24 h, the U-2 OS and 143B cells were 
seeded into 6-well plates at a density of 103 cells per well 
and cultured in DMEM supplemented with 10% FBS for 
1–2 weeks. When the colonies were visible to the naked eye, 
the cells were fixed with methanol for 20 min. After washing 
thrice, the colonies were stained with 0.5% crystal violet in 
PBS for 20 min. Lastly, the colonies were imaged. The 
experiments were performed thrice independently, and the 
numbers of colonies were counted for analysis.

Cell Cycle Assay
After transfection for 48 h, the U-2 OS and 143B cells 
were harvested and fixed in 70% ethanol at 4 °C overnight. 
The next day, the cells were washed twice with PBS and 
incubated with 0.2% Triton X-100 and 10 μg/mL RNase in 
PBS at 37 °C for 30 min. Next, the cells were stained with 
propidium iodide (PI, 20 μg/mL) in dark at 28 °C for 30 
min. The stained cells were observed using a flow cyt-
ometer NovoCyte (Cat: 1300, ACEA, San Diego, CA, 
USA). The experiments were performed thrice 
independently.

Cell Apoptosis Assay
After transfection for a 24-h period, the U-2 OS and 143B 
cells were treated with 10 μg/mL cisplatin (Selleck, 
Shanghai, China) at 37 °C for 24 h. Next, the cells were 
harvested and stained with 200 µg/mL Annexin 
V-fluorescein isothiocyanate (FITC) and 30 µg/mL PI 
(Cat: A211-02, Vazyme, Nanjing, China) in dark at 28 ° 
C for 10 min. Immediately afterwards, the fluorescence for 
106 cells per sample was analyzed using the flow 
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cytometer NovoCyte, and the percentage of apoptotic cells 
were determined. The experiments were performed thrice 
independently.

Wound Healing Assay
After transfection for 24 h, the U-2 OS and 143B cells 
were seeded in 6-well plates. When the cells reached 
100% confluence, a 200 μL pipette tip was used to 
wound the cells by a straight scratch. The cells were 
sequentially maintained in serum-free DMEM. Wound 
healing was observed under a microscope (MOTIC).

Transwell Assay
Transwell plates (Corning, Coring, NY, USA) were used to 
perform the migration and invasion assays. After transfec-
tion for 24 h, 2–5 × 105 U-2 OS and 143B cells were 
seeded in the upper chambers. For the invasion assay, the 
membrane of the upper chamber was pre-coated with 
5-fold diluted Matrigel (BD Biosciences, Sparks, MD). 
The following day, the migrated/invasive cells were fixed 
with 4% formaldehyde and stained with 0.5% toluidine 
blue. Lastly, the migrated/invasive cells were imaged and 
counted in three random fields.

Statistical Analysis
Statistical analyses were performed using SPSS software 
22.0 (IBM SPSS, Armonk, NY, USA). Unpaired Student’s 
t-test was performed for the pairwise comparison of 
groups. ANOVA (two-way analysis of variance) was per-
formed to identify significant differences among multiple 
groups. p < 0.05 was considered statistically significant.

Results
Low Expression Levels of Merlin Were 
Linked to Poor Prognosis
Studies have shown that Merlin plays the role of a tumor 
suppressor.11–13 To investigate the clinical significance of 
Merlin in OS, we analyzed the data on the mRNA levels 
of NF2 in 87 patients with OS retrieved from the TARGET 
database. The results of the Kaplan-Meier survival analysis 
showed that patients with low Merlin expression exhibited 
a shorter OS duration (Figure 1A), which indicates that 
Merlin may also serve as a tumor suppressor in OS. There 
were no data corresponding to normal tissues in the TCGA 
database; therefore, we compared the Merlin expression 
levels between a normal osteoblast (hFOB1.19) and malig-
nant cells (U-2 OS, 143B, Saos-2, and MG-63). As shown in 

Figure 1BD, Merlin was expressed at low levels in malig-
nant cells compared to that in hFOB1.19. Among malignant 
cells, U-2 OS cells had the lowest expression levels of 
Merlin, while 143B cells had the highest. Based on the 
above results, we selected U-2 OS and 143B cells for the 
subsequent experiments.

MiR-25-3p Binds Directly to the 3ʹ UTR 
of Merlin and Downregulates the 
Expression of Merlin
To identify the potential miRNAs that target Merlin, 
we performed a search using the TargetScan database 
and identified hsa-miR-25-3p as a candidate miRNA 
(Figure 2A). Next, we used a dual-luciferase reporter 
assay to determine whether miR-25-3p binds directly to 
the 3ʹ UTR of Merlin in 293T cells. As shown in 
Figure 2B, the co-transfection of the miR-25-3p 
mimic with the pmirGLO-Merlin 3ʹUTR plasmid sig-
nificantly inhibited luciferase activity compared to that 
in the negative control. This could be reversed by 
a mutation at the miR-25-3p binding site in Merlin 3ʹ 
UTR (Figure 1B). Furthermore, there were obvious 
reductions in the mRNA and protein levels of Merlin 
in U-2 OS and 143B cells after transfection with miR- 
25-3p (Figure 2C and D). The overexpression of 
Merlin after transfection with the pCDH-Merlin plas-
mid reversed the reduction in Merlin mRNA and pro-
tein levels (Figure 2C and D). Collectively, these data 
indicate that miR-25-3p directly targets Merlin and 
downregulates its expression.

MiR-25-3p Promotes Cellular 
Proliferation
To confirm the effects of miR-25-3p and Merlin on the 
growth of OS cells, we first performed an MTT assay to 
evaluate cell viability. As shown in Figure 3A, miR-25- 
3p significantly promoted the growth of U-2 OS and 
143B cells. Additionally, transfection of the miR-25-3p 
mimic observably promoted colony formation (Figure 
3B and C). The number of colonies increased from 
207 ± 10 to 381 ± 15 (p < 0.001) for 143B cells and 
from 208 ± 8 to 467 ± 23 (p < 0.001) for U-2 OS cells. 
Moreover, the EdU proliferation assay showed that 
transfection with miR-25-3p increased the percentage 
of EdU+ cells, which were cells in replication (Figure 
3D and E). For 143B cells, the percentages were 34.1 ± 
1.4% and 51.6 ± 3.0% (p < 0.01) in the mimic NC 
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group and the miR-25-3p group, respectively. For U-2 
OS cells, the percentages were 34.6 ± 12.6% and 44.3 ± 
0.5% (p < 0.01) in the mimic NC group and the miR- 
25-3p group, respectively. Collectively, these results 
suggest that miR-25-3p promotes cell growth. The cell 
cycle assay revealed that miR-25-3p reduced the percen-
tage of cells in the G0/G1 phase (Figure 4A and B) 
from 35.2 ± 0.8% to 30.0 ± 1.1% (p < 0.01) for 143B 
cells and from 45.5 ± 1.0% to 29.4 ± 2.5% (p < 0.001) 

for U-2 OS cells. These findings indicate that miR-25- 
3p promotes cell growth by facilitating entry into the 
S phase and protecting cells from G0/G1 arrest. In 
addition, co-transfection of the pCDH-Merlin plasmid 
with the miR-25-3p mimic reversed the effects of miR- 
25-3p (Figures 3AE and 4A and B). In summary, the 
above data indicates that miR-25-3p promotes the repli-
cation of cells by targeting Merlin, and thereby pro-
motes cell growth.

Figure 1 Low expression of Merlin was linked to poor prognosis in patients with osteosarcoma in the data retrieved from TCGA database. TCGA: The Cancer Genome 
Atlas. (A) The Kaplan-Meier survival analysis showed that patients with low Merlin expression exhibited a shorter OS time. (B) RT-qPCR analysis of the Merlin expression 
levels in cells. (C) Representative image of Western blotting analysis. (D) Semiquantitative analysis of Merlin protein levels in cells. The data are expressed in terms of mean ± 
s.d. *p < 0.05, **p < 0.01, ****p < 0.0001.
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MiR-25-3p Inhibits Apoptosis Induced by 
Cisplatin
Next, we attempted to study the influence of miR-25-3p in 
apoptosis regulation. We used 10 μg/mL cisplatin to treat 
143B and U-2 OS cells after transfection. Annexin V-FITC 
and PI were used to stain the apoptotic cells. As shown in 
Figure 4C and D, transfection with miR-25-3p reduced the 
percentage of apoptotic cells from 24.5 ± 2.0% to 15.1 ± 
1.1% (p < 0.01) for 143B cells and from 14.0 ± 0.2% to 
7.8 ± 0.9% (p < 0.001) for U-2 OS cells, both reductions 
being significant. Moreover, the co-overexpression of 
Merlin reversed the reduction induced by miR-25-3p 
(Figure 4C and D). These results suggest that miR-25-3p 
inhibits cellular apoptosis induced by cisplatin by targeting 
Merlin.

MiR-25-3p Improves Metastasis
To investigate the effect of miR-25-3p on cell migration, 
we performed the wound healing assay as well as the 

transwell cell migration assay. As shown in Figure 5A, 
transfection of the miR-25-3p mimic significantly pro-
moted the migration of U-2 OS and 143B cells. The 
number of migrated cells in the miR-25a-3p group were 
observably higher than that in the mimic NC group 
(Figure 5B and C). Moreover, miR-25-3p also increased 
the number of invasive cells (Figure 5D and E), which 
indicates that miR-25-3p promoted invasion by U-2 OS 
and 143B cells. In addition, co-overexpression of Merlin 
reversed the miR-25-3p-induced inhibition of migration 
and invasion. These data indicate that miR-25-3p/Merlin 
signaling plays an essential role in promoting 
metastasis.

MiR-25-3p Promotes Cell Growth and 
Inhibits Apoptosis via the Hippo Pathway
The Hippo pathway is a conserved signaling pathway 
involved in the control of cell growth and apoptosis,28–30 

and YAP phosphorylation acts as a negative signal for it.27 

Figure 2 MiR-25-3p targets Merlin directly and downregulates its expression. (A) Merlin 3ʹ UTR targeted by miR-25-3p and its mutant. (B) Dual-luciferase reporter assay 
indicating that miR-25-3p directly targeted Merlin 3ʹ UTR. (C) RT-qPCR analysis was performed 24 h after transfection. The results showed that miR-25-3p reduced the 
Merlin mRNA levels in U-2 OS 143B cells. (D) MiR-25-3p downregulated the protein expression of Merlin in U-2 OS and 143B cells upon transfection for 24 h. The data are 
expressed in terms of mean ± s.d. NS: not significant. ***p < 0.001.
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Merlin is an upstream component of the Hippo pathway.26 

We investigated the regulatory effects of miR-25-3p on the 
molecules downstream of Merlin. As shown in Figure 6A, 
miR-25-3p suppressed the phosphorylation of YAP. 
Moreover, the mRNA expression levels of several YAP- 
targeting genes, such as BIRC5, CTGF, and CYR61,22 

were upregulated after transfection with the miR-25-3p 
mimic (Figure 6B). In addition, the reduction in phosphor-
ylation and increase in mRNA levels were reversed upon 
the co-overexpression of Merlin. The above findings sug-
gest that miR-25-3p regulates the Hippo pathway by tar-
geting Merlin.

Figure 3 MiR-25-3p promotes cell growth. (A) MTT assay of osteosarcomatous cells demonstrated that miR-25-3p promotes cell growth, and that Merlin reversed this 
effect. (B) Representative images of cell colony formation assay. (C) Histogram of the colony numbers (n = 3). (D) Representative images of the EdU proliferation assay. 
Bars, 100 μm. (E) Quantification of EdU+ cells (n = 3). The data are expressed in terms of mean ± s.d. **p < 0.01, ***p < 0.001.
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Discussion
OS is the second leading cause of cancer-associated mor-
tality among young individuals worldwide;3–5 however, the 
underlying mechanism that modulates its occurrence and 
pathophysiology remains unclear. Merlin has been identified 
as an anti-oncogene31,32 and plays an essential role in OS. 
MiRNAs are composed of17,20-22 nucleotides and exhibit 
either anti-oncogenic or oncogenic properties based on the 

characteristics of their targeting genes.14,33 The levels of 
miR-25-3p in carcinoma tissues and sera of patients with 
OS is higher than those in normal people. Several studies 
have shown that miR-25-3p promotes the progression of 
cancers such as triple negative breast cancer, cervical can-
cer, and gastric cancer.34–36 However, whether miR-25-3p 
targets Merlin and also acts as an oncogenic miRNA in OS 
remained unclear in earlier studies. In this study, we 

Figure 4 Cell cycle and apoptosis assay using flow cytometry. (A) Representative images of cell cycle analysis. (B) MiR-25-3p improves cell proliferation by inducing entry 
into the S phase. The data are expressed in terms of mean ± s.d. of data from triplicate wells. **p < 0.01, ***p < 0.001. (C) Representative images of apoptosis analysis. (D) 
MiR-25-3p inhibited the apoptosis of osteosarcomatous cells. The data are expressed in terms of mean ± s.d. of data from triplicate wells. **p < 0.01, ***p < 0.001.
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revealed that miR-25-3p directly targets Merlin and down-
regulates its mRNA and protein expression. Moreover, our 
data revealed that miR-25-3p promotes cell proliferation, 
migration, and invasion, while it suppresses cell apoptosis, 
which suggests that miR-25-3p acts as an oncogenic 
miRNA that targets Merlin expression.

Although we have demonstrated that miR-25-3p is an 
oncogenic microRNA, the downstream molecules of miR- 
25-3p/Merlin remain unexplored. It has been reported that 
Merlin is an upstream molecule of the Hippo pathway, 

which has recently emerged as a pathway associated with 
the control of cell growth and apoptosis.28–30 At the plasma 
membrane, Merlin recruits LATS kinases and coordinates 
their activation by Mst1, which induces the phosphoryla-
tion and subsequent activation of LATS1/2.11 Activated 
LATS1/2 inhibits YAP and TAZ activity by phosphorylat-
ing them. Eventually, phosphorylated YAP/TAZ fail to 
accumulate in the nucleus, which hinders their co- 
transcriptional activity.37 Merlin expression appears to be 
accompanied with high YAP phosphorylation. Moreover, 

Figure 5 MiR-25-3p suppresses cell migration and invasion. (A) Wound healing assay. Bars, 200 μm. (B) Representative images of the transwell migration assay. (C) 
Histogram representing number of migrated cells per field. The data are expressed in terms of mean ± s.d. of data from triplicate wells. ***p < 0.01. (D) Representative 
images of the Matrigel invasion assay. Bars, 200 μm. (E) Histogram representing the number of invasive cells per field. The data are expressed in terms of mean ± s.d. of data 
from triplicate wells. ***p < 0.01.
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as shown by Wu et al, miR-25, the precursor of miR-25-3p, 
contributes to lung cancer cell proliferation and metastasis 
by targeting the LATS2/YAP signaling pathway.38 These 
findings indicate that miR-25-3p may regulate the Hippo 
pathway. Our study provided evidence that transfection 
with miR-25-3p reduced the levels of phosphorylated 
YAP in 143B and U-2 OS cells (Figure 6A), which conse-
quently facilitated the entry of YAP into the nucleus and 
activated the transcription of YAP-targeting genes such as 
BIRC5, CTGF, and CYR61 (Figure 6B), which are com-
mon oncogenes.22–24 These findings suggest that miR-25- 

3p exerts its oncogenic activity via the Hippo pathway. The 
process is outlined in Figure 7. In addition, Feng et al 
reported that miR-25 promotes the proliferation and moti-
lity of ovarian cancer cells by directly targeting LATS2.39 

Therefore, miR-25-3p may regulate the Hippo pathway by 
downregulating Merlin and LATS2. However, further con-
firmation is required. We aim to determine whether the 
overexpression of miR-25-3p can reverse the effects 
exerted by Hippo pathway inhibitors such as YAP-TEAD 
Inhibitor 1 (Peptide 17), which inhibit the binding of YAP/ 
TAZ to the transcription factor TEAD.

Figure 6 MiR-25-3p regulates the expression of downstream molecules in the Hippo pathway. (A) MiR-25-3p inhibited the phosphorylation of YAP. Western blot analysis 
was performed after a 48-h transfection period. Representative data from three independent experiments. (B) MiR-25-3p upregulates the mRNA expression of YAP target 
genes. RT-qPCR analysis was performed after a 24-h transfection period. The data are expressed in terms of mean ± s.d. of data from triplicate wells. ***p < 0.01.
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A miRNA can target numerous genes. Several targets 
of miR-25-3p have been reported, including, inter alia, 
BTG2, KLF2, and KLF4. miR-25-3p promotes cell pro-
liferation and metastasis by regulating these genes.36,40 We 
propose that miR-25-3p exerts its effects through the reg-
ulation of Merlin expression as well as by other means.

In conclusion, our results support the existence of the 
miR-25-3p/Merlin/YAP pathway. MiR-25-3p serves as an 
oncogenic microRNA in OS by downregulating Merlin. 
Our findings could lead to the development of novel drug 
targets for OS treatment.
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