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Roles of the microRNA-338-3p/NOVAL axis in retinoblastoma
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Abstract. Retinoblastoma (RB) is an intraocular malignancy
that mainly affects young children. Previous reports have
demonstrated that mutations or the inactivation of the RBI gene
were the main cause of RB; however, disruption of the intracel-
lular signaling pathways following deficiency of RBI requires
further investigation. Based on the Gene Expression Omnibus
data and bioinformatics prediction, the present study aimed
to investigate the microRNA (miR)-338-3p/neuro-oncological
ventral antigen 1 (NOVALI) axis in RB. Subsequently, overexpres-
sion and knockdown of miR-338-3p and NOVAL, respectively,
were performed to study the role of miR-338-3p/NOVAL in
the progression of the RB cells. The results demonstrated that
overexpression of miR-338-3p significantly inhibited cell prolif-
eration, migration and invasion, and promoted apoptosis of the
RB cells. Moreover, knockdown of NOVA1 showed similar
results. A dual-luciferase reporter assay and rescue experiments
further confirmed the direct binding between miR-338-3p and
NOVAL. Taken together, the results indicated that miR-338-3p
acted as tumor suppressor by targeting the oncogene of NOVALI
in RB, which may serve as potential therapeutic targets in RB.

Introduction

Retinoblastoma (RB) is an intraocular malignancy affecting
young children, with the majority of reported cases occurring
before the age of 6 years old (1). The global incidence rate of RB
is ~1 in 16,000-18,000 live births per year (2). Common clinical
treatment strategies for RB include chemical volume reduction,
intra-arterial and intravitreal chemotherapy, transpupillary
thermotherapy, laser photocoagulation and scleral application
radiotherapy (3). The development of precision medicine and
tumor biological therapy, drugs or specific molecules that
target key regulatory proteases in cells have shown effective
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application prospects (4,5). Due to the high rate of intracranial
and distant metastasis of RB, which often endangers the lives
of children, there is an urgent requirement to investigate the
potential biological regulation mechanism of RB progression,
thereby improving the cure rate and reducing the mortality rate.

Most cases of RB develop from a mutation or the inactiva-
tion of the RBI tumor suppressor gene; however, the loss of RB1
function may directly or indirectly lead to the disruption of the
intracellular signaling pathways, which ultimately leads to tumor
progression (2,6). As intracellular signaling pathways have been
frequently associated with abnormal expression of microRNAs
(miRNA/miR), this led to the hypothesis that miRNAs could be
involved in RB development. As reported by previous studies,
miRNAs are endogenous, conserved non-coding RNAs that are
19-22 nucleotides in length (7). The most well-known function
of miRNA is to inhibit gene translation or induce subsequent
mRNA degradation by binding to the 3'-untranslated region
(3'-UTR) of their target mRNAs (8,9). miRNAs are differen-
tially expressed in tumor cells and have been associated with
the occurrence and development of tumors (10,11); therefore,
differentially expressed miRNAs in RB (compared with those in
healthy tissues or cells) in the Gene Expression Omnibus (GEO)
database were investigated in the present study. The GEO data-
base contains microarray, next-generation sequencing and other
high-throughput sequencing data (12). From the GEO database,
the GSE7072 dataset was used in the present study and it was
found that miR-338-3p expression was significantly decreased
in RB compared with that in healthy tissues. Previous studies
revealed that miR-338-3p was a tumor suppressor gene, and was
significantly decreased in non-small cell lung cancer (NSCLC),
nasopharyngeal carcinoma and gastric cancer (13-15). However,
to the best of our knowledge, the role of miR-338-3p in RB
remains unknown. Thus, miR-338-3p and its potential down-
stream targets were investigated in the present study.

Among the results from bioinformatics target prediction,
neuro-oncological ventral antigen 1 (NOVAI) was a gene of
interest. NOVALI is an RNA binding protein, which was found
to affect cellular signal transduction and ligand-binding, as well
as possesses ion channel electrophysiological properties (16).
It has been reported that NOVAL1 serves an important role in
the occurrence and development of various diseases, including
neurological diseases and tumors (17,18). However, the mecha-
nism of NOVAI in RB remains to be determined. Thus, the
present study aimed to identify the molecular mechanism of
NOVALI and the signaling pathway involved in RB.
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Materials and methods

Data collection and screening. The GSE7072 dataset from
the GEO database was used to screen target miRNAs for the
present research.

Cell culture. The human retinoblastoma (HXO-RB44,
SO-RB50, Y79 and WERI-Rb-1) and the human retinal
epithelial (ARPE-19) cell lines were purchased from the
Chinese Academy of Sciences Cell Bank, and were cultured
in DMEM, supplemented with 10% FBS (all from Hyclone;
Cytiva) at 37°C in a humidified incubator with 5% CO,. The
human retinal epithelial (ARPE-19) cell line, which was the
cell line closest to the source of the human retinoblastoma
cell lines (HXO-RB44, SO-RB50, Y79 and WERI-Rb-1), was
used as the control. The reported literatures also used ARPE
cells as the control of the Y79 cell line (19-21).

Tissue samples. The human retinoblastoma tissue samples were
obtained from The First Affiliated Hospital of Harbin Medical
University between April 2015 and September 2018. The RB
tumor and healthy adjacent tissues were matched. The distance
of healthy tissues from RB tissues was 2 cm. All patients (age,
35-58 years; seven female patients and five male patients) were
informed and agreed to the use of tissue samples. Ethics approval
was obtained for the use of human tissues from the Ethics
Committee of The First Affiliated Hospital of Harbin Medical
University. The data were evaluated using a paired t-test.

Cell transfection. miR-338-3p mimics (agomir-338-3p) and the
corresponding negative control (agomir-NC)
(cat. no. miR40000763-4-5 for agomir-338-3p and
cat. no. miR4N0000001-4-5 for agomir-NC) were purchased
from Guangzhou RiboBio Co., Ltd. The pcDNA-NOVAI and
pcDNA-3.1 plasmids (cat. no. 4857 for pcDNA-NOVAI1 and
pcDNA-3.1 plasmids; Shanghai GeneChem Co., Ltd.) were
constructed and purchased from Shanghai GeneChem Co., Ltd.
Agomir-338-3p, agomir-NC, and the pcDNA-NOVAI and
pcDNA-3.1 plasmids were transfected into the Y79 and
WERI-Rb-1 cells using Lipofectamine® 2000 (cat. no. 11668027,
Invitrogen; Thermo Fisher Scientific, Inc.) according to the manu-
facturer's instructions at 37°C for 48 h. For the agomir-338-3p,
agomir-NC and small interfering RNA (si)-NOVAI or si-NC
(Shanghai GeneChem Co., Ltd.) the amount used for transfection
was 100 pmol. The sequences of si-NOVAI were: Sense
5'-AGACAGAACCAGUCAGCAUTT-3' and antisense
5'-AUGCUGACUGGUUCUGUCUTT-3". The sequences of
si-NC were: Sense 5-UUCUCCGAACGUGUCACGUTT-3' and
antisense 5'-ACGUGACACGUUCGGAGAATT-3". For the
pcDNA-NOVAI and pcDNA-3.1 plasmids, the amount used for
transfection was 3 pg. The transfection was performed when the
cell density reached ~40%. After the transfection was completed,
the cells were cultured in a 37°C incubator for 48 h. Transfection
efficiency was determined using reverse transcription-quantitative
PCR (RT-gPCR). The cells were collected for further experimen-
tation at 48 h following transfection.

RT-gPCR. The extraction of total RNA from cells or tissues was
performed using TRIzol® (cat. no. 15596-026; Invitrogen;
Thermo Fisher Scientific, Inc.) according to the manufacturer's

instructions. First-strand cDNA was reverse transcribed from
RNA (37°C for 15 min, 98°C for 5 min) using the cDNA Synthesis
kit (cat. no. 04897030001; Roche Diagnostics). For RT-qPCR
analysis, the SYBR Green master mix (ROX) (cat.
no. 04913914001; Roche Diagnostics) was used with a 7500 Fast
Real-Time PCR system (Applied Biosystems; Thermo Fisher
Scientific, Inc.) at the following thermocycling conditions: Initial
denaturation (95°C for 10 min; 40 cycles of denaturation (95°C
for 15 sec), annealing (60°C for 30 sec) and elongation (72°C for
30 sec). GAPDH and U6 were used as the controls for mMRNA
and miRNA, respectively. All the primer sequences were
designed and synthesized by Sangon Biotech Co., Ltd. The
primer sequence used for qPCR was as follows: GAPDH
forward, 5'-CAAGGTCATCCATGACAACTTTG-3' and
reverse, 5-GTCCACCACCCTGTTGCTGTAG-3"; U6 forward,
5-CTCGCTTCGGCAGCACA-3'and reverse,5-AACGCTTCA
CGAATTTGCGT-3"; miR-338-3p forward, 5-TCCCCTAACT
CCCAGTGTCT-3' and reverse, 5-CTTGCCTTGGAGATTT
GGG-3'; and NOVAL forward, 5-GGGTTCCCATAGACCTG
GAC-3' and reverse, 5S'-CGCTCAGTAGTACCTGGGTAA-3".
Relative gene differential expression was determined using the
2-45% method (22). All experiments were repeated in triplicate.

Cell Counting Kit (CCK)-8 assay. The cells at a confluence of
60% in the logarithmic growth phase were cultured in 96-well
plates at 37°C in a humidified incubator for 24 h. Then, the cells
in each well were incubated with 10 ul CCK-8 solution (cat.
no. C0037; Beyotime Institute of Biotechnology) for 1 h on a
shaker according to the manufacturer's instructions. Following
which, the absorbance value was measured at 450 nm using a
microplate reader (Thermo Fisher Scientific, Inc.). The experi-
ments were performed in triplicate.

Colony formation assay. The cells (~400/well) in the different
treatment groups were seeded in 6-well plates and cultured
for 2 weeks. Subsequently, each well of the cells was washed
with PBS and fixed with 4% paraformaldehyde on ice for
15 min. Then, 0.1% crystal violet was used to stain the cells at
room temperature for 10 min. Finally, images of the cells were
captured using an optical camera (Olympus Corporation).

TUNEL assay. The TUNEL assay was performed using the
one-step TUNEL cell apoptosis detection kit (cat. no. C1088;
Beyotime Institute of Biotechnology) according to the manu-
facturer's instructions. In brief, the cells were fixed with
4% paraformaldehyde atroom temperature for 30 min and washed
with PBS. Then, the cells were incubated with 0.3% Triton X-100
in PBS for 5 min at room temperature. Following which, the
cells were stained with the staining mixture from the one-step
TUNEL cell apoptosis detection kit at room temperature for
30 min. The cells in the sections were observed using a fluores-
cence microscope (Olympus Corporation) in six fields of view
randomly selected under x200 magnification. The nuclei in the
apoptotic cells were stained with DAPI (10 zg/ml, cat. no. C1002;
Beyotime Institute of Biotechnology) at room temperature for
8 min. The number of positive cells was calculated using ImageJ
software (version 1.8.0; National Institutes of Health).

Western blot analysis. Total protein was extracted from the cells
or tissues using RIPA buffer (cat. no. PO013C; Beyotime Institute



%ﬁ SPANDIDOS
'3,‘ PUBLICATIONS

of Biotechnology), which was mixed with protease inhibitors
(Thermo Fisher Scientific, Inc.). The concentration of the total
protein was quantified using a BCA assay (cat. no. PC0020-500;
Beyotime Institute of Biotechnology). Then, 10% SDS-PAGE
was used to separate the proteins (100 pg), which were
subsequently transferred onto nitrocellulose membranes (cat.
no. 88025; Thermo Fisher Scientific, Inc.) for 2 h, at a current
of 300 mA. The membranes were blocked with 5% skimmed
milk for 2 h at room temperature, then incubated with the
following primary antibodies (all from Abcam) overnight at
4°C: NOVAI (cat. no. ab183024; 1:1,000), Bax (cat. no. ab32503;
1:1,000), Bcl-2 (cat. no. ab182858; 1:1,000), cleaved-caspase-3
(cat. no. ab32042; 1:1,000), tubulin (cat. no. ab7291; 1:1,000),
PI3K (cat. no. ab140307; 1:1,000), phosphorylated (p)-PI3K
(cat. no. ab278545; 1:1,000), AKT (cat. no. ab8805; 1:1,000),
p-AKT (cat. ab38449; 1:1,000). On the second day, the nitro-
cellulose membranes were incubated at room temperature for
45 min with the IRDye-labeled fluorescent secondary antibody
(IRDye-conjugated Goat anti-Mouse IgG, cat. no. 926-32210;
IRDye-conjugated Goat anti-Rabbit IgG, cat. no. 926-32211;
LI-COR Biosciences; 1:8,000) according to the source of the
primary antibody (rabbit or mouse). Subsequently, the bands
on the membranes were visualized using an Odyssey infrared
fluorescence scanning instrument (LI-COR Biosciences) and
the detection of band gray value was performed using Image
studio software (version 4.0; LI-COR Biosciences).

Cell migration and invasion assays. For the cell invasion
assay, the upper chambers (BD Biosciences) were precoated
with Matrigel (cat. no. 356234; BD Biosciences) at 37°C for
2 h, then 5x10* cells were seeded in the upper chambers of the
culture plate with Matrigel and cultured in serum-free medium.
The lower chambers contained medium supplemented with
15% FBS. After incubation at 37°C for 24 h, the cells that
invaded to the lower surface of the chamber were fixed with
4% paraformaldehyde at room temperature for 20 min, stained
with 0.1% crystal violet at room temperature for 15 min and
subsequently observed using an optical microscope (Olympus
Corporation). For the cell migration assay, the cells (5x10* cells
per well) were seeded in the upper chambers of the Transwell
plate without Matrigel and the same protocol as the invasion
assay was used. The cells were randomly selected from six
fields of view using a confocal microscope (Olympus CX23;
Olympus Corporation) at x200 magnification, then ImageJ
software (version 1.8.0; National Institutes of Health) was used
to calculate the number of invasive and migrated cells.

Dual-luciferasereporterassay.The Starbasev3.0 (http://starbase.
sysu.edu.cn/) and the TargetScanv7.2 (http://www.targetscan.
org/vert_72/) predictive databases were used to predict the poten-
tial targets of miR-338-3p in humans. Following bioinformatics
prediction and screening, potential binding sites were identified
between miR-338-3p and NOVAL. Therefore, a dual-luciferase
reporter assay was performed to verify that miR-338-3p directly
binds to NOVAI. Briefly, wild-type (wt) and mutant (mut) 3'-UTR
of NOVAI1 were cloned into the pmirGLO luciferase reporter
vector (Guangzhou RiboBio Co., Ltd.). Subsequently, the Y79
and WERI-Rb-1 cells were co-transfected with wt-NOVAL or
mut-NOVALI and 100 nM agomir-338-3p (Guangzhou RiboBio
Co., Ltd.) or 100 nM agomir-NC Shanghai GeneChem Co.,
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Ltd. using Lipofectamine® 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.) at 37°C for 48 h. Finally, luciferase activity was
determined using the dual-luciferase reporter assay system
(Promega Corporation) and normalized to Renilla luciferase
activity.

Tumor xenograft mouse model. The animal study was performed
in accordance with the Guide for the Care and Use of Laboratory
Animals (National Research Council), and was approved by
the Institutional Animal Care and Use Committee of Harbin
Medical University (Heilongjiang, China). The mouse were
kept under controlled conditions (temperature, 21°C; humidity,
50-55%) with a 12-h light/dark cycle, and free access to food
and water. A mouse xenograft model was randomly established
by subcutaneously injecting 1x10° Y79 cells into 4-week-old
female or male BALB/c nude mice (weight, 18-20 g) purchased
from the Shanghai Laboratory Animal Center, CAS. A total
of 9 mice were used as the NCs and 9 mice were assigned to
the agomir-338-3p group. Then, the mice were injected intra-
venously (tail vein) with either agomir-338-3p or agomir-NC
(10 nM). The tumor volumes were measured every 5 days
following observation and were calculated using the following
formula: Volume = (length x width?)/2. The maximum diam-
eter of the tumor was 1.85 cm and the maximum volume was
1.85x1.72x1.5 cm. A month later the mice were euthanized
using isoflurane (induction, 3% and maintenance, 2%). The
duration of isoflurane exposure was within 5 min. Death was
confirmed by the observing breathing rate, the heartbeat, the
pupils and the nerve reflex of the mouse. Finally, the tumor was
removed for further experiments.

Immunohistochemistry. The tumor tissues were fixed with
4% paraformaldehyde at room temperature for 30 min. After
the transplanted tumor was paraffin-embedded and sliced
into 0.5-ym sections, immunohistochemistry analysis was
performed. Briefly, the paraffin sections were dewaxed in xylene
and rehydrated in a graded alcohol series (100, 95 and 80%).
Then, the sections were blocked with 5% BSA (cat. no. ST025;
Beyotime Institute of Biotechnology) at 37°C for 1 h, and heated
in a microwave oven in sodium citrate buffer (0.1 mM, pH 6.0)
for 5 min for antigen retrieval. Subsequently, the sections were
incubated overnight at 4°C with a primary antibody against Ki67
(cat.no. ab15580; 1:1,000; Abcam). Following which, the sections
were incubated with a secondary antibody (cat. no. ab205718;
1:2,000; Abcam) at 37°C for 1 h. The sections were then stained
with diaminobenzidine at room temperature for 3-15 min and
counterstained with hematoxylin at room temperature for 5 min.
Finally, the images were captured using an Olympus light micro-
scope (Olympus Corporation) under x200 magnification.

Statistical analysis. All the data are presented as the
mean = SEM from three independent experiments. The
software used for statistical analysis was GraphPad Prism 5
(version 5.01; GraphPad Software, Inc.). Statistical analysis
between two groups was performed using an unpaired
Student's t-test, while in the analysis of miR-338-3p expression
levels in RB tumor and adjacent tissues, the data were analyzed
with a paired t-test. One-way ANOVA followed by Tukey's post
hoc test was performed when comparing >2 groups. P<0.05
was considered to indicate a statistically significant difference.
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Figure 1. Roles of miR-338-3p in the RB cell lines. The expression levels of (A) miRNAs in the RB tissues from the GSE7072 dataset. miR-338-3p expression
levels in (B) RB tissues compared with normal tissues, and (C) in the human RB (HXO-RB44, SO-RB50, Y79 and WERI-Rb-1) cells compared with the normal
human retinal epithelial (ARPE-19) cell lines. (D) Transfection efficiency of miR-338-3p mimics was confirmed using reverse transcription-quantitative PCR.
Overexpression of miR-338-3p inhibited the (E) proliferation and (F) colony formation ability of the Y79 and WERI-Rb-1 cells, as determined using Cell
Counting Kit-8 and colony formation assays, respectively. (G) Overexpression of miR-338-3p increased the rate of apoptosis in the Y79 and WERI-Rb-1 cells,
as determined using a TUNEL assay (x200 magnification). (H) Western blot analysis was used to analyze the protein expression levels of the apoptosis-related

ok

proteins. The data are presented as the mean + SEM from =3 independent experiments. "P<0.05, “P<0.01 and ““P<0.001 vs. ARPE-19 cells or agomir-NC.
RB, retinoblastoma; miRNA/miR, microRNA; NC, negative control; OD, optical density.

Results

Expression levels of miR-338-3p and possible roles in the
RB cell lines. First, the GEO database was used to identify
differentially expressed miRNAs in RB cases compared with

those in normal tissues or retinal epithelial cells. Notably, in
the GSE7072 dataset, it was found that miR-338-3p expres-
sion was significantly decreased in RB compared with that
in normal tissues (Fig. 1A). However, the role of miR-338-3p
in RB remains unknown. To further confirm the expression
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Figure 2. Effect of miR-338-3p on the migration and invasion of RB cells. (A) Representative images of the migration of the Y79 and WERI-Rb-1 cells, which
was assessed using a Transwell assay (x200 magnification). (B) Representative images of the invasion of the Y79 and WERI-Rb-1 cells, which was evaluated
using a Matrigel assay (x200 magnification). (C) Statistical analysis of cell migration. (D) Statistical analysis of cell invasion. The data are presented as the
mean = SEM from =3 independent experiments. "P<0.05 vs. agomir-NC. RB, retinoblastoma; miR, microRNA; NC, negative control.

of miR-338-3p in RB tissues and cell lines, RT-qPCR was
performed. It was found that the expression level of miR-338-3p
in human RB tissues was lower compared with that in normal
tissues (Fig. 1B). Similarly, the expression levels of miR-338-3p
in the human RB cell lines (HXO-RB44, SO-RB50, Y79 and
WERI-Rb-1) were downregulated (Fig. 1C), compared with
those in the normal human retinal epithelial cells (ARPE-19).
The Y79 and WERI-Rb-1RB cell lines were selected for
further experiments, as there was a notably lower expression
level of miR-338-3p compared with the other cell lines.

To determine the role of miR-338-3p in RB cells,
miR-338-3p was overexpressed in the Y79 and WERI-Rb-1
cells by transfecting them with agomir-338-3p. The transfec-
tion efficiency was confirmed using RT-qPCR (Fig. 1D).
After the overexpression of miR-338-3p, cell proliferation
and apoptosis were investigated, as well as the expression
levels of related protein markers. As shown in Fig. 1E and F,
overexpression of miR-338-3p significantly inhibited Y79 and
WERI-Rb-1 cell proliferation, compared with that observed
in cells transfected with agomir-NC, as detected using CCK-8
and colony formation assays. Conversely, the apoptotic ratio
of the Y79 and WERI-Rb-1 cells was significantly elevated

in the agomir-338-3p group (Fig. 1G). In addition, the expres-
sion levels of several key regulatory proteins in the apoptosis
signaling pathway were determined using western blot
analysis, and the results (Fig. 1H) were consistent with cell
apoptosis analysis. The aforementioned results suggested that
miR-338-3p may act as a tumor suppressor in the RB cells.

Overexpression of miR-338-3p inhibits the migration and
invasion of RB cells. Transwell and Matrigel assays were
performed to investigate the migratory and invasive abilities
of the RB cells, respectively. Compared with the agomir-NC
group, overexpression of miR-338-3p (agomir-338-3p group)
significantly suppressed the migratory and invasive abilities of
Y79 and WERI-Rb-1 cells (Fig. 2).

Target gene of miR-338-3p. The binding sites between
miR-338-3p and the 3'-UTR of NOVA1l mRNA were
predicted using the Starbasev3.0 and TargetScan online data-
bases (Fig. 3A), which indicated that NOVA1 was a potential
target gene of miR-338-3p. To confirm the binding sequences
between miR-338-3p and NOVAL, a dual-luciferase reporter
assay was performed. The binding sites of miR-338-3p with
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Figure 3. Target gene of miR-338-3p and its expression level in the RB cell lines. (A) Bioinformatics analysis predicted the binding sites between the 3’-UTR of
NOVAI1 and miR-338-3p. The binding sites between NOVA1 and miR-338-3p were verified using a dual-luciferase assay in the (B) Y79 and (C) WERI-Rb-1 cells.
The effect of miR-338-3p on the (D) mRNA and (E) protein expression levels of NOVA1. The mRNA and protein expression levels of NOVALI in the (F) Y79
and (G) WERI-Rb-1 cells. The data are presented as the mean + SEM from >3 independent experiments. "P<0.05 and “P<0.01 vs. ARPE-19 or agomir-NC. RB,
retinoblastoma; miR, microRNA; NOVAI, neuro-oncological ventral antigen 1; NC, negative control; wt, wild-type; mut, mutant; UTR, untranslated region.

the position 1,398-1,423 of NOVAI1 3'-UTR were used. The
results demonstrated that overexpression of miR-338-3p
suppressed luciferase activity in the Y79 and WERI-Rb-1
cells co-transfected with the reporter plasmid containing the
wt 3'-UTR of NOVALI and agomir-338-3p (Fig. 3B and C).
However, agomir-338-3p had no effect on luciferase activity
when the cells were transfected with the reporter plasmid
containing the MUT 3'-UTR of NOVALI.

Itwasfound thatoverexpression of miR-338-3p could notably
decrease the mRNA (Fig. 3D) and protein (Fig. 3E) expression
levels of NOVAL. As the expression levels of miR-338-3p were
lower in the Y79 and WERI-Rb-1 cells compared with those
in the ARPE-19 cells, it was hypothesized that the expression
levels of NOVAI1 would be increased. Subsequently, it was
found that the mRNA (Fig. 3F) and protein (Fig. 3G) expres-
sion levels of NOVAI were significantly higher in the Y79
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Figure 4. Effect of NOVAI knockdown on the cell biological activities of the RB cell lines. (A) Reverse transcription-quantitative PCR and (B) western blot
analysis were performed to determine the knockdown efficiency of NOVA1. Knockdown of NOVATI significantly inhibited the proliferation of the (C) Y79
and (D) WERI-Rb-1 cells, and was determined using Cell Counting Kit-8 and colony formation assays, respectively. (E) Knockdown of NOVALI significantly
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si, small interfering RNA; OD, optical density.

and WERI-Rb-1 cells compared with those in the ARPE-19
cells. These data suggested that NOVA1 was a direct target of
miR-338-3p.

Knockdown of NOVAI on the biological activities of the
RB cells. As the expression level of endogenous NOVALI

was increased in the RB cells, NOVAIl expression was
knocked down by transfecting the Y79 or WERI-Rb-1 cells
with si-NOVALI. Subsequently, various biological activities
of the cells were investigated. The knockdown efficiency
of NOVAI1 was determined using RT-qPCR (Fig. 4A) and
western blotting (Fig. 4B). Further analysis revealed that
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knockdown of NOVALI significantly inhibited the prolifera-
tion of the Y79 and WERI-Rb-1 cells, which was determined
using CCK-8 (Fig. 4C) and colony formation assays (Fig. 4D).
As shown in Fig. 4E, knockdown of NOVAL significantly
increased the apoptotic rate of both the Y79 and WERI-Rb-1
cells. The Transwell assay also confirmed that the NOVA1
gene may be an oncogene, as the migratory and invasive
abilities of the Y79 and WERI-Rb-1 cells were significantly
suppressed (Fig. 4F and G) following knockdown of NOVAL.
These findings indicated that NOVA1 may act as an oncogene
and serve a pivotal role in the progression of RB cells.

Co-transfection of agomir-338-3p and pcNOVAI plasmid
counteract each other. According to the aforementioned
results, it was suggested that the miR-338-3p/NOVA1 axis may
serve an important role in the progression of RB. Thus, rescue
experiments were performed by co-transfecting agomir-338-3p
and pcNOVALI plasmid into the Y79 and WERI-Rb-1 cells.
The efficiency of overexpression of NOVAI was verified via
RT-qPCR and western blot analysis (Fig. S1). The results
demonstrated that the decrease in NOVAI mRNA (Fig. 5A)
and protein (Fig. 5B) expression levels, following overex-
pression of agomir-338-3p, were rescued when the NOVAI1
overexpression plasmid (pcNOVA1) was co-transfected into
Y79 and WERI-Rb-1 cells. Similarly, the induced changes
in cell proliferation (Fig. 5C), apoptosis (Fig. 5D), migra-
tion (Fig. 5E) and invasion (Fig. 5F), following overexpression
of agomir-338-3p, were all partially reversed by the co-trans-
fection of the pcNOVAL plasmid.

Subsequently, the expression levels of several key regu-
latory proteins in the apoptosis signaling pathway were
determined using western blot analysis, and the results were
consistent with the results from the cell apoptosis experi-
ments (Fig. 6A). Overexpression of miR-338-3p increased
the rate of cell apoptosis. With regards to protein expression
levels, there was a decrease in the expression levels of Bcl-2,
and an increase in the expression levels of Bax and cleaved
caspase-3 in the agomir-338-3p group compared with those in
the agomir-NC group. In addition, as PI3K and AKT are known
as anti-apoptotic protein markers (23), the expression levels of
PI3K and AKT were also detected. The results demonstrated
that the expression levels of PI3K and AKT were decreased
in the agomir-338-3p group (Fig. 6B), which was consistent
with the increased level of apoptosis. Furthermore, all of the
miR-338-3p-induced protein alterations could be partially
reversed by the overexpression of NOVAL. Taken together, it
was indicated that the miR-338-3/NOVAI axis may serve an
oncogenic role in the progression of the RB cells.

Overexpression of miR-338-3p inhibits RB tumor progression
in vivo. To validate the aforementioned results in vivo, nude
mice were injected with the Y79 cells to establish xenograft
RB tumors. Then, the mice were injected intravenously with
either agomir-338-3p or agomir-NC. The tumor volumes were
measured every 5 days after the outline of the tumors were
observed. A month later, all the mice were sacrificed under
anesthesia and the tumor was removed for further analysis. As
presented in Fig. 7A, compared with that in the agomir-NC
group, overexpression of miR-338-3p significantly inhibited
the growth of the RB tumor, as determined by visual tumor

size (Fig. 7A), tumor volume (Fig. 7B) and weight (Fig. 7C).
In addition, the results of immunohistochemistry identified
that overexpression of miR-338-3p inhibited the expression
level of Ki67 (Fig. 7D), which indicated that the prolifera-
tion of the tumor cells was decreased. The expression levels
of NOVAL in the xenograft tumors were also downregulated
following overexpression of miR-338-3p (Fig. 7D), which
was consistent with the results of the in vitro experiments.
Furthermore, the expression levels of miR-338-3p in the
xenograft tumors after agomir-338-3p transfection were
confirmed using RT-qPCR (Fig. 7E). The expression levels of
PI3K and AKT were detected using western blot analysis, and
the results (Fig. 7F and G) indicated that overexpression of
miR-338-3p inhibited the expression levels of PI3K and AKT
(in the phosphorylation state), suggesting that the growth of
the tumor was inhibited. Consistent with the results obtained
from the RB cell lines, overexpression of miR-338-3p in the
xenograft tumors inhibited the expression levels of NOVALI.
The in vivo results further demonstrated the tumor suppressor
role of miR-338-3p in the RB cells.

Discussion

It is well-known that RB is a common infant retinal cancer,
which develops when both RBI alleles are mutated or have
a loss of function (6). Moreover, the occurrence and further
progression of RB requires additional epigenetic dysregula-
tion, following the inactivation of the RBI1 protein, which
manifests as the disruption of multiple signaling pathways
in the tumor cells (24). The epigenetic dysregulation in RB
includes abnormal histone modifications, DNA methylation
or acetylation and non-coding RNAs (25). With regards to
non-coding RNAs, aberrant non-coding RNA expression in RB
tumorigenesis and progression has been reported (21,26,27).
While aberrant non-coding RNAs may not be the initial cause
of RB, the progression of RB has been associated with these
molecular alterations.

In recent years, a large number of miRNAs have been
reported to serve as tumor suppressors or oncogenes in tumor
cells. For instance, miR-338-3p has been discovered to be a
tumor suppressor in numerous types of cancer, such as NSCLC,
nasopharyngeal carcinoma and gastric cancer (13-15). As the
expression level of miR-338-3p in RB was downregulated in
the GEO database, which was consistent with different types of
cancer examined in previous studies (28,29), it was suggested
that miR-338-3p could be a tumor suppressor. Thus, we hypoth-
esized that miR-338-3p may also be a tumor suppressor in RB.
Combined with the prediction from bioinformatics analysis,
it was found that the oncogene, NOVA1, was the downstream
target gene of miR-338-3p. Thus, the present study aimed to
further examine the miR-338-3p/NOVAL axis and its role
in RB progression. It was identified that the expression level
of miR-338-3p was increased in both RB tissues (compared
with that in normal tissues) and cell lines. Overexpression of
miR-338-3p notably inhibited the viability of the RB cells,
induced cell apoptosis and suppressed the migratory and inva-
sive abilities. In addition, the RB cells with decreased NOVA1
expression level exhibited a similar phenotype to cells with
miR-338-3p overexpression. The effects of agomir-338-3p on
the RB cells were partially reversed by NOVAL1 overexpression
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NOVAL. pcNOVALI partially reversed the (C) decrease in cell proliferation and (D) increase in cell apoptosis (TUNEL assay, x200 magnification) induced by
agomir-338-3p. pcNOVALI partially reversed the decrease in (E) cell migration and (F) invasion induced by agomir-338-3p (x200 magnification). The data are
presented as the mean = SEM from >3 independent experiments. “P<0.05 and “P<0.01 vs. agomir NC; “P<0.05 vs. agomir-338-3p-pcDNA3.1. RB, retinoblas-
toma; miR, microRNA; NOVALI, neuro-oncological ventral antigen 1; NC, negative control; OD, optical density.

plasmid. Mechanistically, the downstream target gene of  for the regulation of the aforementioned cellular activities. In
miR-338-3p, NOVAI, was demonstrated to be responsible  addition, the expression levels of several proteins associated
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Figure 6. Expression levels of apoptosis and anti-apoptotic pathway proteins. (A) The expression levels of key regulatory proteins in the apoptosis signaling
pathway, including Bcl-2, Bax and cleaved-caspase-3. (B) The expression levels of key regulatory proteins in the anti-apoptosis signaling pathway, including
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p, phosphorylated; miR, microRNA; NOVAL, neuro-oncological ventral antigen 1; NC, negative control.

with cell proliferation and apoptosis were determined in vivo
and in vitro; however, there was no direct evidence that the
miR-338-3p/NOVAL axis could directly regulate the function
or expression level of these proteins, although the present
study provided evidence that overexpression of miR-338-3p
or NOVAI could cause changes in the expression of these
proteins.

Accumulating evidence has reported the function of RB1
in RB (24,30,31). The main research goal of the present study
was to investigate the role of the miR-338-3p/NOVAI axis
in RB. Whether the alteration of the miR-338-3p/NOVAI1
axis was associated with RBI1 required further examination.
In the current study, the relevance of the miR-338-3/NOVAI1

axis to the RB1 gene was not determined. One possibility
is that NOVAL is a protein that can alternatively splice the
mRNA of certain genes, including oncogenes (32,33). After
the expression level of NOVAL is increased (for example, in
an environment of low miR-338-3p expression), the variable
splicing mode of the genes regulated by NOVAI changes,
which eventually leads to the disorder of the cell signaling
pathway (34).

A limitation of the present was that there were no experi-
ments to examine all the upstream and downstream proteins
associated with cell apoptosis, as well as the signal pathways
associated with cell proliferation, migration and invasion.
Furthermore, in the in vivo xenograft tumor experiment, only
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NOVAL, neuro-oncological ventral antigen 1.

the effect of miR-338-3p on RB tumors was confirmed. Due
to the technical difficulty of knocking down NOVAL in the
mice, there was a lack of NOVA1 knockdown experiments
in vivo. Moreover, due to the limitations of experimental
equipment, conditions and technical level, the present study
was currently unable to establish orthotopic mouse models.
Thus, the establishment of xenotransplantation mouse model
(Y-79 cells subcutaneously injected into mice) is permitted
and reasonable (35,36). These limitations in the present study
require further investigation.

Although the previous published literature has proved the
role of NOVALI in RB (37), the underlying molecular mecha-
nism remains unknown and needs to be verified by in vivo
animal experiments. The present study provided evidence
that the miR-338-3p/NOVAL axis serves a key regulatory
role in various activities of RB through in vivo and in vitro
experiments. To the best of our knowledge, this was the first
time that it has been confirmed in RB that miR-338-3p is a

tumor suppressor gene. Due to the complexity of the regula-
tory pathways inside the cell, other proteases or molecules are
also reported to regulate the progress of RB, including long
non-coding RNA (38) and circular RNA (39). These factors
ultimately led to changes in miRNAs. Therefore, miRNAs
serve important roles in the process of regulating cellular
activities.

In conclusion, the results of the present study suggested
that the miR-338-3p/NOVAL axis could be a key signaling
pathway in regulating the progression of the RB tumor.
Overexpression of miR-338-3p inhibited cell proliferation,
migration and invasion, as well as promoted the apoptosis of
the RB cells by targeting NOVAL. Understanding the aber-
rant molecular signaling pathways in RB could be beneficial
to develop improved treatments and prevention strategies in a
clinical setting. The present study, to determine the molecular
characteristics of RB, may theoretically contribute to the
potential therapeutic strategies for RB.
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