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PURPOSE. Uveal melanoma is a common primary intraocular malignancy accompanied by high
mortality. Previous evidence has highlighted the implication of microRNAs (miRNAs) and long
noncoding RNAs (lncRNAs) in uveal melanoma. Accordingly, we further uncovered the
possible role of lncRNA plasmacytoma variant translocation 1 gene (PVT1) and microRNA-17-
3p (miR-17-3p) in uveal melanoma.

METHODS. A series of experiments were performed to examine the relationship among lncRNA
PVT1, miR-17-3p, and murine double minute clone 2 oncoprotein (MDM2). Afterward, gain- and
loss-of-function approaches were used with uveal melanoma cells to verify the role of lncRNA
PVT1, miR-17-3p, and MDM2 in the tumorigenesis and development of uveal melanoma.

RESULTS. Highly expressed lncRNA PVT1 and MDM2, yet lowly expressed miR-17-3p, were
identified in ocular uveal melanoma tissues versus normal adjacent tissues. Then, dual luciferase
reporter gene assay, RNA binding protein immunoprecipitation, and RNA pull-down assays
showed that lncRNA PVT1 specifically bound to miR-17-3p, and that MDM2 was a target gene of
miR-17-3p. Gain- and loss-of-function studies elucidated that silencing of lncRNA PVT1 or
overexpression of miR-17-3p resulted in decreased MDM2 expression and increased
transcriptional activity of p53, in addition to inhibiting uveal melanoma cell proliferation,
migration, and invasion, yet promoted cell apoptosis in vitro. In addition, lncRNA PVT1 silencing
or miR-17-3p overexpression was noted to inhibit tumor growth in vivo.

CONCLUSIONS. Downregulation of lncRNA PVT1 could potentially promote miR-17-3p
expression to suppress tumorigenesis and development of uveal melanoma by activating
the p53 signaling pathway through binding to MDM2.

Keywords: long noncoding RNA plasmacytoma variant translocation 1 gene, microRNA-17-3p,
murine double minute clone 2 oncoprotein, p53, uveal melanoma

Uveal melanoma is a primary intraocular tumor that occurs
owing to melanocytes residing in the stroma.1 Uveal

melanoma often forms undetectable micrometastases prior to
diagnosis, which subsequently multiply to develop metastatic
tumors, resulting in resistance to therapies.2 Metastasis is a
defining characteristic of uveal melanoma and is the main
contributor to the high mortality seen in patients.3 In recent
years, the local control of the tumor has been an effective
option in the treatment of uveal melanoma; however, half of
these patients end up with advanced metastatic disease within
15 years.4

Long noncoding RNAs (lncRNAs) have been shown to play a
role in the initiation and growth of the tumor owing to their
ability to regulate chromatin organization, transcription, and
posttranscription by modulating protein molecules, DNA, RNA,
and/or their combinations.5 In this study, the involvement of
lncRNA plasmacytoma variant translocation 1 gene (PVT1) and
microRNA-17-3p (miR-17-3p) in uveal melanoma tumorigenesis
and development, and the underlying mechanism, were
investigated. LncRNA PVT1 is a kind of lncRNA mapped to
chromosome 8q24 and its copy-number amplification is a
common event in malignant disease development.6 LncRNA
PVT1 expression is positively related to the risk of metastasis in

primary uveal melanoma.7 Our study revealed that there is a
specific binding region between the lncRNA PVT1 sequence
and the miR-17-3p sequence, and lncRNA PVT1 may downreg-
ulate expression of miR-17-3p, as determined by an online
analysis software. MicroRNAs (miRNAs or miRs) have been
extensively reported to be potential diagnostic and prognostic
biomarkers in melanoma.8 Uveal melanoma cell lines and
tissues exhibit poor expression of several miRNAs, such as miR-
145 and miR-224-5p, and their overexpression can suppress
migration, proliferation, and cell cycle of uveal melanoma
cells.9,10 miRNAs contain 18 to 24 nucleotides and are known
to target more than one-third of human mRNAs, regulating the
target gene expression.11 The results from in silico analysis have
verified murine double minute clone 2 oncoprotein gene
(MDM2) as a target gene of miR-17-3p. MDM2, encoded by the
human homologue of the mouse double minute 2 gene, is a
kind of oncoprotein that is upregulated in multiple cancers.12,13

MDM2 has been reported to be negatively controlled by p53,
which thereby contributes to proapoptotic gene transcription
in uveal melanoma.14 Our study was conducted with the main
objective of elucidating the potential functional relevance of
the PVT1/miR-17-3p/MDM2 network in the initiation and
progression of uveal melanoma.
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MATERIALS AND METHODS

Ethics Statement

The study was conducted with the approval of the Ethics
Committee of The Second Hospital of Jilin University. Informed
written consent was obtained from each participant prior to
the study following the Declaration of Helsinki. The animal
experiment strictly adhered to the Guide for the Care and Use

of Laboratory Animals published by the National Institutes of
Health and adhered to the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research to minimize the
pain, suffering, and discomfort to experimental animals.

Study Subjects

Uveal melanoma tissues were collected from 28 uveal
melanoma patients at The Second Hospital of Jilin University
from July 2016 to April 2018, along with 12 control samples of
uveal tissues. Ocular uveal melanoma tissues and matched
adjacent normal tissues (choroidal tissue), which were
confirmed through histopathologic findings, were collected
and stored in liquid nitrogen for subsequent analyses.15

Cell Culture

Four common human melanoma cell lines, namely, OCM-1A,
MUM-2C, C918, and MUM-2B, were purchased from the Cell
Bank of Chinese Academy of Sciences (Shanghai, China)
(http://www.cellbank.org.cn). Human uveal melanocytes
(UMs) were obtained from American Type Culture Collection.
After recovery, OCM-1A, MUM-2C, C918, and MUM-2B cells
were cultured in Roswell Park Memorial Institute (RPMI) 1640
(GIBCO-BRL, Invitrogen, Mt Waverly, VIC, Australia) containing
10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100
mg/mL streptomycin, and UMs were cultured in FIC (Invi-
trogen, Carlsbad, CA, USA) containing 10% FBS, 100 U/mL
penicillin, and 100 mg/mL streptomycin at 378C with 5% CO2.
When cell confluence reached 90%, subculture was carried
out. Afterward, two cell lines with much higher lncRNA PVT1
expression were screened by reverse transcription–quantita-
tive polymerase chain reaction (RT-qPCR) for subsequent
experiments.

RNA Isolation and RT-qPCR

The total RNA was extracted by Trizol (15596026; Invitrogen,
Carlsbad, CA, USA) and the concentration and purity were
measured by a Nano-Drop ND-1000 spectrophotometer (Nano-
Drop Technologies, Wilmington, DE, USA). Next, 1 lg total
RNA was reverse transcribed into complementary DNA
according to a PrimeScript RT reagent Kit (RR047A; Takara
Bio, Inc., Otsu, Shiga, Japan) and TaqMan MicroRNA Reverse
Transcription Kit (Applied Biosystems, Inc., Foster City, CA,
USA). The primers were designed and synthesized by Shanghai
Sangon Biotechnology Co., Ltd. (Shanghai, China) (Table),

based on the instructions provided on the EasyScript First-
Strand cDNA Synthesis SuperMix (Cat. No. AE301-02; Beijing
TransGen Biotech Co., Ltd., Beijing, China). Afterward, the
products underwent RT-qPCR (SYBR Premix Ex TaqTM II;
Takara Biotechnology Ltd., Dalian, China) using ABI 7500 FAST
Real-Time PCR System (Applied Biosystems, Foster City, CA,
USA). Relative expression of target genes was calculated by
using the 2�DDCt method.16

Western Blot Analysis

The tissues or cells were resuspended in radioimmunoprecip-
itation assay (RIPA) lysis buffer (P0013B; Beyotime Biotechnol-
ogy Co., Shanghai, China) containing phenylmethylsulfonyl
fluoride and phosphatase inhibitor to isolate total protein.
Afterward, the proteins were separated by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis and transferred
onto nitrocellulose membranes. The membranes were blocked
with 5% skim milk powder and incubation was carried out
overnight at 48C with the following primary antibodies
purchased from Abcam, Inc. (Cambridge, UK): rabbit poly-
clonal antibody to MDM2 (1:1000, ab38618); p53 (1:1000,
ab131442); p21 (1:1000, ab188224); and glyceraldehyde-3-
phosphate dehydrogenase (GADPH) (1:2500, ab9485), which
was used as a loading control. After being rinsed three times
(15 min/time) with Tris-buffered saline Tween-20 (TBST) the
following day, the membranes were incubated with horserad-
ish peroxidase–labeled secondary goat anti-rabbit immuno-
globulin G (IgG) (1:5000, ab205718) for 2 hours. Subsequently,
the membranes were rinsed three times (15 min/time) with
TBST again. The immunocomplexes on the membrane were
visualized with enhanced chemiluminescence (ECL) solution
and photographed by SmartView Pro 2000 (UVCI-2100; Major
Science, Cambridge, MA, USA). The band intensities were
quantified by using Quantity One software (Bio-Rad, Hercules,
CA, USA).

Fluorescence In Situ Hybridization (FISH)

The cover glasses were placed at the bottom of a 24-well plate
and the cells were inoculated at a density of 6 3 104 cells/well.
When the cells reached 60% to 70% confluence, the cover
glasses were removed. Next, the cells were fixed and
permeabilized with pre-cold permeabilization buffer at 48C
for 5 minutes. Subsequently, prehybridization solution was
added to the cells and blocked at 378C for 30 minutes.
Meanwhile, hybridization solution was preheated at 378C. After
the removal of prehybridization solution in each well, the cells
were hybridized overnight with Stellaris RNA FISH (Biosearch
Technologies, Novato, CA, USA) probe hybridization solution
against lncRNA PVT1 probe at 378C under dark conditions.
Next, the cells were washed with wash solution I, II, and III at
428C, and stained with 40,6-diamidino-2-phenylindole (DAPI)
for 10 minutes. The samples were then mounted and observed
under a fluorescence microscope (Olympus, Tokyo, Japan).

TABLE. Primer Sequences for RT-qPCR

Gene Forward Sequence (50-30) Reverse Sequence (50-30)

PVT1 TCTGGGGAATAACGCTGGTG CAGCCACAGCCTCCCTTAAA

miR-17-3p ACACTCCAGCTGGGACTGCAGTGAAGGCAC TGGTGTCGTGGAGTCG

MDM2 GAATCATCGGACTCAGGTACATC TCTGTCTCACTAATTGCTCTCCT

p53 CAGCACATGACGGAGGTTGT TCATCCAAATACTCCACACGC

p21 TGTCCGTCAGAACCCATGC AAAGTCGAAGTTCCATCGCTC

U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT

GADPH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
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Dual Luciferase Reporter Gene Assay

An online prediction software, RNA22 (https://cm.jefferson.
edu/rna22/Precomputed/; available in the public domain), was
used to predict target genes of miR-17-3p, which was further
validated by dual luciferase reporter gene assay. Briefly, target
site sequence (WT) of the 30-untranslated region (UTR) of
lncRNA PVT1 and MDM2 and site-directed mutation site (Mut)
of the WT target site were synthesized. pmiR-RB-REPORT-
PVT1-3 0-UTR and pmiR-RB-REPORT-MDM2-3 0-UTR plasmids
(Guangzhou RiboBio Co., Ltd., Guangzhou, Guangdong, China)
underwent restriction enzyme digestion. Subsequently, the
artificially synthesized gene fragments WT and Mut were
inserted into pmiR-RB-REPORT vectors (Guangzhou RiboBio)
with the empty plasmids transfected as a control group. The
correctly sequenced luciferase reporter plasmids WT and Mut
were used for subsequent transfection for 48 hours. Afterward,
relative fluorescence value was detected with the luciferase
assay kit (RG005; Beyotime Biotechnology).17

RNA Binding Protein Immunoprecipitation (RIP)
Assay

A RIP kit (Millipore, Billerica, MA, USA) was used to detect the
binding between lncRNA PVT1, miR-17-3p, and Ago2 (binding
to miRNA and required for RNA-mediated gene silencing
[RNAi] by the RNA-induced silencing complex [RISC]). The
OCM-1A cells were lysed with RIPA lysis buffer (P0013B;
Beyotime Biotechnology) for 5 minutes. After centrifugation at
21,912.8g at 48C for 10 minutes, one portion of the
supernatant was taken as input, while the other portion was
subjected to coprecipitation with antibody. Briefly, beads were
resuspended in RIP wash buffer, after which 5 lg antibody was
added for binding. Subsequently, the magnetic bead-antibody
complex was resuspended and incubation was carried out at
48C overnight with cell extract. The magnetic bead-protein
complex was collected on a magnetic base. The sample and
the input were digested with proteinase K, after which the
RNA was extracted for subsequent RT-qPCR detection. The
antibodies used in RIP assay included rabbit anti-human Ago2
(1:50, ab186733; Abcam), which was mixed for 30 minutes
with rabbit anti-human IgG (1:100, ab109489; Abcam) used as
negative control (NC).

RNA Pull-Down Assay

OCM-1A cells were transfected with 50 nM biotinylated WT-
bio-miR-17-3p (wild-type miR-17-3p) and MUT-bio-miR-17-3p
(mutant miR-17-3p, which cannot bind to lncRNA PVT1)
(Wuhan GeneCreate Biological Engineering Co., Ltd., Hubei,
China). After 48 hours, the cells were collected and lysed. The
lysate was then incubated overnight at 48C with beads (S3762;
Sigma-Aldrich Chemical Company, St. Louis, MO, USA) pre-
coated with RNase-free BSA and yeast tRNA at 48C overnight.
Subsequently, the cells were washed twice with precooled lysis
buffer, three times with low-salt buffer, and once with high-salt
buffer. Finally, the bound RNA was purified by Trizol, and RT-
qPCR was conducted to detect the enrichment of lncRNA
PVT1.

Cell Treatment

Recovered OCM-1A cells were cultured in 1640 culture
medium containing 10% calf serum in 5% CO2 at 378C. The
medium was changed at an interval of 3 days. OCM-1A cells at
the logarithmic phase growth were selected. All target
plasmids were purchased from Dharmacon (Lafayette, CO,
USA). OCM-1A cells (3 3 105 cells/well) were seeded in a six-

well plate and cultured in fresh complete medium. Afterward,
the cells were transfected with the following plasmids, using a
Lipofectamine 2000 kit (Invitrogen, Inc., Carlsbad, CA, USA):
lncRNA PVT1 (pcDNA3.1-lncRNA PVT1), si-lncRNA PVT1
(pGPU6/Neo-lncRNA PVT1), miR-17-3p mimic, lncRNA PVT1
þ miR-17-3p mimic (pcDNA3.1-lncRNA PVT1 þ miR-17-3p
mimic), miR-17-3p inhibitor, si-MDM2 (pGPU6/Neo-MDM2),
and miR-17-3p inhibitor þ si-MDM2 (miR-17-3p inhibitor þ
pGPU6/Neo-MDM2) as well as their corresponding controls
(lncRNA PVT1 NC [pcDNA3.1], si-lncRNA PVT1 NC [pGPU6/
Neo], miR-17-3p mimic NC, si-MDM2 NC [pGPU6/Neo],
lncRNA PVT1 þmiR-17-3p mimic NC, miR-17-3p inhibitor NC
and si-MDM2 NC). The target plasmids pcDNA3.1 and pGPU6/
Neo were purchased from Dharmacon Research, Inc., and
Shanghai GenePharma Co., Ltd. (Shanghai, China). Subsequent-
ly, 4 lg target plasmids and 10 lL Lipofectamine 2000 were
diluted by 250 lL serum-free Opti-MEM (Gibco, Carlsbad, CA,
USA) medium, which was then allowed to stand for 5 minutes.
The two were mixed well and left to stand for 30 minutes.
Subsequently, the mixture was added to the wells and cultured
in 5% CO2 at 378C for 6 hours. The cells were then further
cultured for 48 hours.

Cell Counting Kit-8 (CCK-8) Assay

The cells were dispersed to make a single cell suspension by
using a pipette. Next, the cells (2.5 3 103 cells/well) were
seeded in a 96-well plate and cultured in 5% CO2 at 378C. Each
group was repeated in three wells. A total of 10 lL CCK-8
reagent (CK04; Dojindo Laboratories, Kumamoto, Japan) was
then added to each well after 24, 48, and 72 hours of culture,
and then cultured for 2 hours in 5% CO2 at 378C. The optical
density (OD) values were measured at 450 nm with an
automated enzyme reader (Multiskan MK3; Thermo, Waltham,
MA, USA). A cell growth curve was drawn with the average OD
values of each group as abscissa (x-axis) and the time as
ordinate (y-axis) in order to calculate cell viability.

Clonogenic Assay

The stably transfected OCM-1A cells (500 cells/well) were
oscillated in a six-well plate and cultured in RPMI-1640
medium for 2 weeks. Afterward, 1% crystal violet (Beyotime
Biotechnology) was used to stain the proliferating colony.
Finally, the number of colonies was counted and colonies with
‡50 cells were photographed.

Annexin V-Fluorescein Isothiocyanate (FITC)/
Propidium Iodide (PI) Double-Staining Assay

The apoptosis of OCM-1A cells after 24-hour culture was
measured with the use of Annexin V-FITC/PI double-staining
kit (556547; Shanghai Shuojia Biotechnology Co., Ltd.,
Shanghai, China). In short, after different centrifugations,
OCM-1A cells were resuspended in 300 lL 13 binding buffer.
Subsequently, Annexin V-FITC was added and incubation was
carried out for 15 minutes. A total of 5 lL PI was added into the
cells for 5-minute incubation in ice bath with the avoidance of
light. Finally, a flow cytometer (Cube6; Partec, Muenster,
Germany) was applied to detect FITC at the excitation
wavelength of 480 nm and 530 nm, as well as PI at an
excitation wavelength above 575 nm.

The serum in the cell culture medium was removed prior to
cell transfection, after which cell cycle was synchronized by
using serum starvation method. Afterward, cell transfection
was conducted. Cells were prepared into a single cell
suspension. Then, 70% precooled ethanol was added to the
cells, which were fixed overnight at 48C. Cells were
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resuspended in 100 lL PBS and adjusted to a concentration of
1 mg/mL after the addition of RNase, followed by a water bath
at 378C for 30 minutes. Subsequently, PI staining solution was
added to the cells to obtain a final concentration of 50 lg/mL,
after which the cells were stained for 40 minutes at 48C
without light exposure. The DNA content was measured at a
wavelength above 575 nm to calculate the percentage of cell
cycle.

Scratch Test

A uniform horizontal line was drawn on the back of a six-well
plate with a marker pen. Cells were then made into a single cell
suspension and counted. Cells were seeded in a six-well plate at
a density of 1 3 106 cells/well for 24 hours and then cultured in
RPMI-1640 medium containing 10% FBS. A sterile 10-lL
micropipette tip, which was perpendicular to the horizontal
line on the back, was applied to make a scratch. The exfoliated
cells induced by the pipette tip were removed, after which the
cells were added with serum-free medium and cultured in 5%
CO2 at 378C. Finally, the cells were observed and photographed
under a microscope (Olympus) at 0 hours and 24 hours.

Transwell Assay

Thirty microliters of diluted Matrigel (1 mg/mL) was added to
cover the apical chamber of Transwell chamber, followed by
incubation for 4 hours at 378C. Subsequently, the cell
suspension (1 3 106 cells/mL) was inoculated. Next, the
basolateral chamber was added with 700 lL RPMI-1640
medium containing 10% FBS, followed by incubation for 24
hours. Subsequently, the cells were fixed and stained with
0.05% crystal violet. Later, the chambers were rinsed with
distilled water and the cells were gently wiped off in the
basolateral chambers with a medical cotton ball. Finally, the
invasive cells were photographed and counted under an
inverted microscope (XSP-8CA; Shanghai Optical Instrument
Factory, Shanghai, China).

Xenograft Tumor in Nude Mice

Thirty male BALB/c nude mice (aged 5 weeks, weighing 19–21
g; Shanghai Experimental Animal Center of the Chinese
Academy of Sciences, Shanghai, China) were raised in a
specific pathogen-free (SPF) grade environment with 12 hours
of day/night cycle, constant temperature (258C), and constant
humidity (45%–50%), along with easily accessible sterile food
and water. Next, mice were subcutaneously injected with an
equal volume of OCM-1A cells (1 3 107 cells) treated with
siRNA against PVT1 (si-LncRNA PVT1 group), NC of si-LncRNA
PVT1 (si-LncRNA PVT1 NC group), miR-17-3p agomir (miR-17-
3p agomir group), and miR-17-3p agomir NC (miR-17-3p
agomir NC group) into the left axilla. Following successful
inoculation, the tumor was observed every 5 days, and the long
diameter (a) and short diameter (b) of the tumor were
measured and recorded. The tumor volume was calculated
with the following formula: Tumor Volume ¼ (a 3 b2)/2. A
tumor growth curve was then plotted. The nude mice were
killed on the 35th day and the intact transplanted tumor was
weighed.

Statistical Analysis

SPSS 21.0 statistical software (IBM Corp., Armonk, NY, USA)
was used for data processing. The measurement data were
described as mean 6 standard deviation (SD). Data between
two groups were compared with independent sample t-test.
Comparisons among multiple groups were assessed by 1-way

analysis of variance (ANOVA), followed by Tukey’s post hoc
tests. Data at different time points were compared by repeated
measures ANOVA, followed by a Bonferroni post hoc test. P

value < 0.05 was considered statistically significant.

RESULTS

LncRNA PVT1 Silencing Impedes Biological
Functions of Uveal Melanoma Cells

Initial RT-qPCR results depicted in Figures 1A and 1B showed
higher lncRNA PVT1 expression in uveal melanoma tissues
than in adjacent normal tissues (P < 0.05). Moreover, lncRNA
PVT1 expression in OCM-1A, MUM-2C, C918, and MUM-2B cell
lines was much higher than that observed in UMs (all P <
0.05), with OCM-1A and C918 cell lines having the highest
lncRNA PVT1 expression. Therefore, OCM-1A and C918 cell
lines were selected for subsequent experiments.

The subsequent findings from CCK-8, clonogenic assay
(Figs. 1C–E), OCM-1A cell apoptosis and cell cycle (Figs. 1F–I),
and scratch test and Transwell assay (Figs. 1J–M) revealed that
OCM-1A cells transfected with lncRNA PVT1 showed an
increase in S phase–arrested cells and in viability, invasion,
and migration, while cell apoptosis, as well as G1 phase–
arrested cells, was decreased (P < 0.05). However, si-lncRNA
PVT1 transfection had opposite results with the aforemen-
tioned factors (all P < 0.05).

RT-qPCR and Western blot analysis verified that expression
of miR-17-3p, p53, and p21 in OCM-1A cells transfected with
lncRNA PVT1 was decreased, while MDM2 expression was
increased (P < 0.05), the tendency of which was reversed
upon si-lncRNA PVT1 transfection (P < 0.05) (Figs. 1N–P). In
addition, all the aforementioned experiments were repeated in
C918 cells. The findings suggested that all the results obtained
from C918 cell lines were consistent with those from OCM-1A
cell lines. These results showed that lncRNA PVT1 was
overexpressed in uveal melanoma, and silencing of lncRNA
PVT1 could result in the inhibition of proliferation, migration,
and invasion of uveal melanoma cells.

LncRNA PVT1 Can Bind to miR-17-3p

RT-qPCR was conducted to detect the expression of miR-17-3p in
UM, OCM-1A, MUM-2C, C918, and MUM-2B cell lines. The results
showed upregulated expression of miR-17-3p in OCM-1A, MUM-
2C, C918, and MUM-2B cell lines in comparison with that in UMs
(P < 0.05) (Fig. 2A). An online prediction software, RNA22
(https://cm.jefferson.edu/rna22/Precomputed/; available in the
public domain),18 was used to determine that there is a binding
site between lncRNA PVT1 and miR-17-3p, and miR-17-3p can
target and bind to lncRNA PVT1 (Fig. 2B). The results of the dual
luciferase reporter gene assay showed a significant decrease in
luciferase activity of lncRNA PVT1 WT (P < 0.05), while that of
lncRNA PVT1-MUT remained unaffected by miR-17-3p mimic
transfection (P > 0.05) (Fig. 2C). As depicted in Figures 2E and
2F, the cells transfected with WT-miR-17-3p bound more lncRNA
PVT1 than cells transfected with MUT-miR-17-3p and Bio-NC (P
< 0.05), which further demonstrated that lncRNA PVT1 can bind
with miR-17-3p. The results from FISH revealed that lncRNA
PVT1 was localized at the cytoplasm (Fig. 2G).

As shown in Figures 2H and 2I, the expression of miR-17-3p,
p53, and p21 was higher, and MDM2 expression was lower, in
cells transfected with miR-17-3p mimic than in cells transfected
with miR-17-3p mimic NC (P < 0.05). Expression of miR-17-3p,
p53, and p21 was increased and MDM2 expression was
decreased by lncRNA PVT1 þ miR-17-3p mimic in contrast to
lncRNA PVT1þmiR-17-3p mimic NC (all P < 0.05).
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FIGURE 1. Silencing of lncRNA PVT1 inhibits the proliferation, migration, and invasion of uveal melanoma cells. The expression of lncRNA PVT1 in
uveal melanoma tissues and matched adjacent normal tissues measured by RT-qPCR (A). The expression of lncRNA PVT1 in human UMs as well as
uveal melanoma cell lines OCM-1A, MUM-2C, C918, and MUM-2B measured by RT-qPCR (B). The viability of cells transfected with lncRNA PVT1 and
si-lncRNA PVT1 detected in CCK-8 assay (C). Colony formation in response to transfection of lncRNA PVT1 and si-lncRNA PVT1 (D, E). Cell
apoptosis in response to transfection of lncRNA PVT1 and si-lncRNA PVT1 detected by flow cytometry (F, G). Cell cycle in response to transfection
of lncRNA PVT1 and si-lncRNA PVT1 detected by flow cytometry (H, I). Cell migration in response to transfection of lncRNA PVT1 and si-lncRNA
PVT1 measured by scratch test (J, K). Cell invasion in response to transfection of lncRNA PVT1 and si-lncRNA PVT1 measured by Transwell assay (L,
M). The expression of miR-17-3p, MDM2, p53, and p21 in response to transfection of lncRNA PVT1 and si-lncRNA PVT1 measured by RT-qPCR (N).
Western blot analysis of p21, p53, and MDM2 proteins in response to transfection of lncRNA PVT1 and si-lncRNA PVT1, which was normalized to
GAPDH (O, P). *P < 0.05 versus cells transfected with lncRNA PVT1 NC, #P < 0.05 versus cells transfected with si-lncRNA PVT1 NC. Data (mean 6
SD) between two groups were analyzed by using unpaired t-test, while those at different time points were compared by repeated measures ANOVA,
followed by a Bonferroni post hoc test. The experiment was repeated in triplicate.

FIGURE 2. LncRNA PVT1 can bind to miR-17-3p. The expression of miR-17-3p in UM, OCM-1A, MUM-2C, C918, and MUM-2B cell lines detected by
RT-qPCR (A). The binding site between miR-17-3p and lncRNA PVT1 predicted by using online software RNA22 (https://cm.jefferson.edu/rna22/
Precomputed/; provided in the public domain) (B). The binding of miR-17-3p to lncRNA PVT1 confirmed by dual luciferase reporter gene assay (C).
*P < 0.05 versus cells transfected with NC. The binding of miR-17-3p to lncRNA PVT1 analyzed by RNA pull-down assay (D). The binding of lncRNA
PVT1 to Ago2 detected by RIP assay (E). *P < 0.05 versus cells transfected with IgG. Subcellular localization of lncRNA PVT1 (3400) revealed by
FISH (F). Expression of miR-17-3p, MDM2, p53, and p21 in response to miR-17-3p mimic and lncRNA PVT1þmiR-17-3p mimic transfection detected
by RT-qPCR (G). Western blot analysis of p21, p53, and MDM2 proteins, which was normalized to GAPDH in response to miR-17-3p mimic and
lncRNA PVT1þmiR-17-3p mimic transfection (H, I). *P < 0.05 versus cells transfected with miR-17-3p mimic NC, #P < 0.05 versus cells transfected
with lncRNA PVT1þmiR-17-3p mimic NC. Data (mean 6 SD) were analyzed by unpaired t-test and those at different time points were compared by
repeated measures ANOVA, followed by a Bonferroni post hoc test. The experiment was repeated in triplicate.
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LncRNA PVT1 Promotes Biological Functions of
Uveal Melanoma Cells via miR-17-3p

To determine whether miR-17-3p mediated the effect of
lncRNA PVT1 on uveal melanoma cells, we altered the
expression of miR-17-3p and lncRNA PVT1. The results

showed a decrease in OCM-1A cell viability, invasion, and
migration, and an increase in cell apoptosis, and G1 phase–
arrested cells, while S phase–arrested cells were reduced upon
miR-17-3p mimic transfection (all P < 0.05). Moreover, similar
trends for these indicators were observed in OCM-1A cells
transfected with lncRNA PVT1 þmiR-17-3p mimic in contrast

FIGURE 3. LncRNA PVT1 promotes proliferation, migration, and invasion of uveal melanoma cells. Cells were transfected with miR-17-3p mimic
NC, miR-17-3p mimic, lncRNA PVT1þmiR-17-3p mimic, and lncRNA PVT1þmiR-17-3p mimic NC. The viability of cells in response to different
transfections detected in CCK-8 assay (A). Colony formation in response to different transfections (B, C). Cell apoptosis in response to different
transfections detected by flow cytometry (D, E). Cell cycle in response to different transfections detected by flow cytometry (F, G). Cell migration in
response to different transfections (H, I). Cell invasion in response to different transfections (J, K). *P < 0.05 versus cells without any treatment, #P

< 0.05 versus cells transfected with lncRNA PVT1þmiR-17-3p mimic NC. Data (mean 6 SD) at different time points were compared by repeated
measures ANOVA followed by a Bonferroni post hoc test, while those among multiple groups were assessed by 1-way ANOVA followed by Tukey’s
post hoc tests. The experiment was repeated in triplicate.
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to lncRNA PVT1 þ miR-17-3p mimic NC transfection (all P <
0.05) (Fig. 3). All of the above experiments were repeated in
C918 cells. The findings suggested that all the results obtained
from C918 cell lines were consistent with those from OCM-1A
cell lines. These results suggest that lncRNA PVT1 could
stimulate proliferation, invasion, and migration of uveal
melanoma cells through the downregulation of miR-17-3p.

miR-17-3p Activates p53 by Targeting MDM2

Uveal melanoma tissues showed low miR-17-3p expression and
high MDM2 expression (P < 0.05) (Figs. 4A–C). Moreover,
there was a binding site between miR-17-3p and MDM2 (Fig.
4D). Dual luciferase reporter gene assay showed a remarkable
decrease in luciferase activity following cotransfection of miR-
17-3p and MDM2-WT (P < 0.05), while that following
cotransfection of miR-17-3p and MDM2-MUT remained unaf-
fected (P > 0.05) (Fig. 4E), suggesting a target relationship
between miR-17-3p and MDM2.

Subsequent results from RT-qPCR and Western blot
analysis showed that expression of miR-17-3p, p53, and
p21 was decreased, while MDM2 expression was elevated in
cells transfected with miR-17-3p inhibitor (all P < 0.05). The
expression of miR-17-3p was decreased (P < 0.05), while the
expression of MDM2, p53, and p21 did not change in cells
transfected with miR-17-3p inhibitor þ si-MDM2 (P > 0.05).
There were no significant changes detected in the expres-
sion of miR-17-3p (P > 0.05), while p53 and p21 expression
was higher and MDM2 expression was lower (P < 0.05) in
cells treated with si-MDM2 (Figs. 4F–H). In comparison with
cells treated with si-MDM2, the expression of miR-17-3p,
p53, and p21 was reduced, while MDM2 expression was
enhanced, in cells treated with miR-17-3p inhibitor þ si-

MDM2 (P < 0.05). The above results demonstrated that miR-
17-3p can promote the activation of p53 by suppressing
MDM2.

miR-17-3p Suppresses Viability, Migration, and

Invasion of Uveal Melanoma Cells by

Downregulating MDM2

Following miR-17-3p inhibitor transfection, OCM-1A cell
viability (Figs. 5A–C), invasion (Figs. 5J, 5K), and migration
(Figs. 5H, 5I) were increased, while cell apoptosis (Figs. 5D,
5E) was decreased with fewer cells at the G1 phase and more
cells at the S phase (Figs. 5F, 5G) (all P < 0.05). No obvious
changes were observed in relation to cell cycle, apoptosis,
migration, and invasion of cells transfected with miR-17-3p
inhibitor þ si-MDM2 (P > 0.05). Moreover, transfection with
si-MDM2 resulted in decreased cell viability, invasion, and
migration, while apoptosis was increased with more G1
phase–arrested cells and fewer S phase–arrested cells when
compared with cells transfected with si-MDM2 NC (all P <
0.05). In comparison with cells treated with si-MDM2,
enhanced cell viability, invasion, and migration and more S
phase–arrested cells were detected, while apoptosis was
reduced and G1 phase–arrested cells were fewer in those
cells treated with miR-17-3p inhibitor þ si-MDM2 (P < 0.05).
In addition, we repeated all the above-mentioned experi-
ments in C918 cells. The findings suggested that all the results
obtained from C918 cell lines were consistent with those
from OCM-1A cell lines. The aforementioned findings
indicated that overexpressed miR-17-3p can repress viability,
migration, and invasion of uveal melanoma cells through
MDM2 downregulation.

FIGURE 4. miR-17-3p facilitates the activation of p53 by inhibiting MDM2. Expression of miR-17-3p and MDM2 in uveal melanoma tissues and
matched adjacent normal tissues measured by RT-qPCR (A). Western blot analysis of MDM2 protein in uveal melanoma tissues and matched adjacent
normal tissues, which was normalized to GAPDH (B, C). The binding site between miR-17-3p and MDM2 predicted by using online software RNA22
(https://cm.jefferson.edu/rna22/Precomputed/; available in the public domain) (D). The binding of miR-17-3p to MDM2 confirmed by dual
luciferase reporter gene assay (E). *P < 0.05 versus cells transfected with NC. Expression of miR-17-3p, MDM2, p53, and p21 in response to miR-17-
3p inhibitor, miR-17-3p inhibitor NC, si-MDM2, si-MDM2 NC, and miR-17-3p inhibitorþ si-MDM2 transfection measured by RT-qPCR (F). Western
blot analysis of p21, p53, and MDM2 proteins in response to miR-17-3p inhibitor, miR-17-3p inhibitor NC, si-MDM2, si-MDM2 NC, and miR-17-3p
inhibitorþ si-MDM2 transfection, which was normalized to GAPDH (G, H). *P < 0.05 versus cells transfected with miR-17-3p inhibitor NC, #P <
0.05 versus cells transfected with si-MDM2 NC, and P < 0.05 versus cells transfected with si-MDM2. Data (mean 6 SD) at different time points were
compared by the repeated measures ANOVA followed by a Bonferroni post hoc test, while those among multiple groups were assessed by 1-way
ANOVA followed by Tukey’s post hoc tests. The experiment was repeated in triplicate.
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LncRNA PVT1 Silencing or miR-17-3p

Overexpression Reduces Tumorigenic Ability of

Uveal Melanoma in Nude Mice by Restoring p3 and

Reducing MDM2

As shown in Figure 6, the tumor volume and weight were
smaller, the expression of miR-17-3p, p53, and p21 was higher,
and MDM2 expression was lower in mice injected with cells
expressing si-lncRNA PVT1 than in mice injected with cells
expressing si-lncRNA PVT1 NC (all P < 0.05). Moreover,
compared with mice injected with cells expressing miR-17-3p
agomir NC, tumor volume and weight were decreased,

expression of miR-17-3p, p53, and p21 was increased, and
MDM2 expression was decreased in mice injected with cells
expressing miR-17-3p agomir (all P < 0.05). Therefore, lncRNA
PVT1 impaired miR-17-3p–mediated MDM2-p53 upregulation,
thereby stimulating tumorigenic ability of uveal melanoma in
vivo.

DISCUSSION

With a high risk of distant tumor spread, the metastatic feature
of uveal melanoma usually causes high mortality.3 Various
lncRNAs have been reported to facilitate uveal melanoma

FIGURE 5. Overexpressed miR-17-3p represses viability, migration, and invasion of uveal melanoma cells by downregulating MDM2. Cells were
transfected with miR-17-3p inhibitor, miR-17-3p inhibitor NC, si-MDM2, si-MDM2 NC, and miR-17-3p inhibitor þ si-MDM2. The viability of cells with
different transfections detected by CCK-8 assay (A). Colony formation in response to cells with different transfections (B, C). Cell apoptosis in response to
different transfections detected by flow cytometry (D, E). Cell cycle in response to different transfections detected by flow cytometry (F, G). Cell
migration in response to different transfections measured by scratch test (H, I). Cell invasion in response to different transfections detected by Transwell
assay (J, K). *P< 0.05 versus cells transfected with miR-17-3p inhibitor NC, #P< 0.05 versus cells transfected with si-MDM2 NC, and P< 0.05 versus cells
transfected with si-MDM2. Data (mean 6 SD) at different time points were compared by the repeated measures ANOVA followed by a Bonferroni post hoc
test, while those among multiple groups were assessed by 1-way ANOVA followed by Tukey’s post hoc tests. The experiment was repeated in triplicate.
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development.19,20 The experiments conducted in the present
study demonstrated the mechanism by which lncRNA PVT1 is
involved in uveal melanoma, which was found to be through
the regulation of miR-17-3p and MDM2-p53. Collectively, our
findings revealed that silencing of lncRNA PVT1 or overex-

pression of miR-17-3p can decrease MDM2 expression and
increase p53 transcriptional activity, thereby inhibiting the
tumorigenesis and development of uveal melanoma.

Initially, uveal melanoma tissues presented with overex-
pressed lncRNA PVT1 and poorly expressed miR-17-3p. It has
been reported that lncRNA PVT1 is often highly expressed in
cancer cells and tissues and acts as an oncogenic lncRNA in
uveal melanoma.7 Multiple miRNAs, including miR-340b/c and
miR-137, have poor expression in uveal melanoma cells, and in
cases where there is an upregulation, these miRNAs play a
suppressor role during the development of uveal melano-
ma.21,22 Moreover, metastatic melanoma cell lines have low
expression of miR-17-5p.23 LncRNA PVT1 silencing transfec-
tion resulted in inhibited proliferation, migration, and invasion
of uveal melanoma cells. Xu et al.7 have found that
overexpressed lncRNA PVT1 can independently predict a poor
overall survival for patients with primary uveal melanoma,
owing to the role lncRNA PVT1 plays as a carcinogenetic factor
through a variety of epigenetic mechanisms, such as affecting
transcription activity and regulating the expression of miRNAs,
which are in line with our present findings.7 Upregulated miR-
17-5p could inhibit the aggressive behavior of the disease in
melanoma by increasing posttranscriptional events and down-
regulating the expression of PD-L1.23 The antitumor effects of
miR-17 on melanoma have also been reported by Khorshidi et
al.24 Therefore, lncRNA PVT1 and miR-17-3p can be potential
biological biomarkers of uveal melanoma diagnosis.

FIGURE 6. Silencing of lncRNA PVT1 or overexpressed miR-17-3p reduces the tumorigenic ability of uveal melanoma in nude mice. Xenograft
tumors and quantitative analysis of tumor mass after injection with cells expressing si-lncRNA PVT1 and miR-17-3p agomir (A–C). The expression of
miR-17-3p, MDM2, p63, and p21 after injection with cells expressing si-lncRNA PVT1 and miR-17-3p agomir detected by RT-qPCR (D). Western blot
analysis of p21, p53, and MDM2 proteins after injection with cells expressing si-lncRNA PVT1 and miR-17-3p agomir, which was normalized to
GAPDH (E, F). *P < 0.05 versus mice injected with si-lncRNA PVT1 NC, #P < 0.05 versus mice injected with miR-17-3p agomir NC. Data (mean 6
SD) at different time points were compared by repeated measures ANOVA followed by a Bonferroni post hoc test, while those among multiple
groups were assessed by 1-way ANOVA, followed by Tukey’s post hoc tests. The experiment was repeated in triplicate.

FIGURE 7. The schematic diagram depicts the PVT1/miR-17-3p/
MDM2/p53 axis regulating the proliferation, migration, and invasion
of uveal melanoma cells. LncRNA PVT1 promotes the proliferation,
migration, and invasion of uveal melanoma cells while suppressing cell
apoptosis by upregulating MDM2 and reducing p53 by binding to miR-
17-3p.
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Furthermore, our study found that lncRNA PVT1 has a
promoting effect on tumorigenesis and development of uveal
melanoma by downregulating the expression of miR-17-3p,
which subsequently promoted MDM2 expression and inacti-
vation of p53. A previous study25 has identified miR-33a as a
target of an lncRNA, CCAT1, and the knockdown of CCAT1
could result in the significant upregulation in the expression
of miR-33a, which acts to suppress the invasion, proliferation,
and migration abilities of melanoma cells. Wei et al.26 have
revealed that UCA1 binds to miR-507 to promote cell cycle,
proliferation, and invasion of melanoma cells. The target
relationship between MDM2 and miR-17-3p has also been
demonstrated in glioblastoma in a previously conducted
study.27 Furthermore, MDM2 is targeted and negatively
regulated by miR-17-3p in gastric cancer cells.28 Several
studies have also demonstrated the regulatory function of the
miR-17-3p/MDM2/p53 axis in several types of cancer,
including melanoma.29 miR-509-5p decreases the G1/S-phase
transition of the cell cycle by targeting MDM2 and inhibits the
migration, growth, and invasion of cancer cells in cervical
cancer and hepatoma.30 As reported previously, MDM2 is
poorly expressed in many human cancers and plays an
oncogenic role mainly by suppressing the antitumor ability of
p53.31,32 The aforementioned findings suggest that lncRNA
PVT1 silencing might play a protective role against the
development of uveal melanoma by upregulating miR-17-3p
and activating the p-53 signaling pathway while decreasing
MDM2 expression.

CONCLUSION

In conclusion, lncRNA PVT1 can upregulate MDM2 by
binding to miR-17-3p, thus aggravating uveal melanoma (Fig.
7). The function of lncRNA PVT1 in uveal melanoma was
further explored in our study at the cellular and animal levels,
the results of which suggested that lncRNA PVT1 regulates
MDM2 expression by binding to miR-17-3p, ultimately
affecting the occurrence and development of uveal melanoma
through p53. The results of this study clarify the function of
lncRNA PVT1 in uveal melanoma and its molecular mecha-
nism, and it has the potential to be used as a candidate
molecular marker of uveal melanoma. Investigation of the
PVT1/miR-17-3p/MDM2-p53 network in uveal melanoma
yields a better understanding of its in-depth mechanisms
and may have potentially important therapeutic implications
in the treatment of uveal melanoma.
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