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Abstract. Retinoblastoma (RB) is one of the most common 
forms of childhood intraocular cancer. While the occur‑
rence of RB is traditionally associated with dysregulation 
of the RB1 gene, efforts have been made to assess the role 
of several other pathways that may result in RB. The Notch 
signaling pathway has been identified as one of the sentinel 
pathways in retinal development and has been indicated to 
serve as a tumor suppressor. However, epigenetic modifica‑
tions of the Notch signaling pathway, and their consequences 
on tumor establishment and progression, have received 
little attention. The present study attempted to elucidate 
the microRNA (miR)‑mediated dysregulation of the Notch 
signaling pathway and its implications on tumor initiation. 
Upon recruitment of patients with RB (age, 4‑25 months), 
the levels of miR‑34b‑5p were determined in tumor and 
adjacent healthy tissues. Simultaneously, the serum levels of 
miR‑34b‑5p were measured in tumor and healthy samples 
using reverse transcriptase‑quantitative PCR (RT‑qPCR). 
Binding of miR‑34b‑5p to Notch1 and Notch2 were confirmed 
bioinformatically. In vitro studies were performed in Y79 
and Weri‑Rb‑1 RB cell lines. The cell lines were transfected 
with miR‑34b‑5p constructs and miR‑34b‑5p overexpression 
was confirmed using RT‑qPCR. The impact of miR‑34b‑5p 
overexpression on cell growth and cancer stemness markers 
(Sox‑2, Nanog, and CD133) was examined. The expression 
levels of Notch1 and Notch2 were evaluated in the presence of 
miR‑34b‑5p. The rescue of cell growth and cancer stemness 
phenotypes was evaluated by co‑transfection of miR‑34b‑5p 
with Notch1 or Notch2. The results of the present study indi‑
cated that the expression levels of miR‑34b‑5p were reduced 
in patient tissues and serum samples compared with those in 
healthy tissues and samples. Notch1 and Notch2 expression 

level was negatively correlated with the expression level 
of miR‑34b‑5p. Overexpression of miR‑34b‑5p resulted in 
reduced cell proliferation, migration, invasion and cancer 
stemness compared with the control group. Further in vivo 
experiments confirmed the inhibitory effects of miR‑34b‑5p 
on RB cell proliferation. Upon co‑transfection of miR‑34b‑5p 
with Notch1 or Notch2, these phenotypes were rescued 
with reversal of cell growth and tumor sphere formation. 
Collectively, the results indicated that miR‑34b‑5p func‑
tions as a tumor suppressor in RB via regulating the Notch 
signaling pathway. Therefore, miR‑34b‑5p may be explored 
for its utility as a therapeutic target in RB.

Introduction

One of the most common causes of childhood intraocular 
cancer is retinoblastoma (RB) (1). The incidence of RB is 
constant worldwide with 1 case per 15,000‑20,000 live births, 
equating to ~9,000 new cases per year (2). However, the 
greatest burden of RB is observed in Asia and Africa, which 
are regions with higher birth rate compared with Europe, 
USA or Canada (1). The regions with higher prevalence of RB 
have also been associated with higher mortality, which may 
be attributed to delayed diagnosis due to the lack of familial 
awareness, access to healthcare and the poor socioeconomic 
status (1).

RB is usually initiated by a random mutation in the RB1 
gene of the photoreceptor cells of the retina (2). The study of 
the RB1 gene, which was the first tumor suppressor gene to be 
identified, gave rise to the famous two‑hit hypothesis for cancer 
development propounded by Knudson et al (3). The multifunc‑
tional protein pRb (the product of RB1) has been associated 
with several tumor suppressive functions (4). Additionally, its 
role has also been investigated in the maintenance of genome 
stability and other epigenetic modifications (5), for example, 
decreases in pRB chromatin are associated with increases in 
spontaneous γH2AX deposition and aneuploidy (5).

However, the accuracy of the two‑hit hypothesis was chal‑
lenged with the genomic revolution, questioning the simplicity 
and reliability of RB development on the two‑hit hypothesis 
alone without taking into consideration chromosomal and 
epigenetic alterations (6). This highlighted the requirement for 
further investigation in order to understand the initiation and 
progression of RB.
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Studies in humans and mice have indicated that biallelic 
inactivation of RB1 resulted in increased copy numbers of 
MYCN, E2F3, DEK, KLF14 and MDM4 as well as decreased 
tumor suppressor genes CDH11 and NFGR (7‑9). These 
additional alterations were reported to be necessary for the 
development and progression of RB (10). While the role of 
genetics has been investigated, the role of epigenetic modifica‑
tions in the molecular mechanisms of RB remains relatively 
unexplored (11).

In the current study, the epigenetic modifications of Notch 
signaling in RB were investigated, as Notch receptors serve 
an important role in the specification and survival of stem and 
progenitor cells in retinal development (12). Furthermore, it 
has been indicated that Notch1 interacts with pRb via intracel‑
lular domains, resulting in pRb inactivation, which is therefore 
likely to contribute to the oncogenic activity of Notch1 (13). 
In addition, the Notch signaling pathway has been associated 
with increased cell proliferation, angiogenesis, recurrence 
and maintenance of cancer stem cell population and chemo‑
resistance in several cancer types, such as hepatocellular 
carcinoma, breast cancer and lung cancer (14‑18).

Dysregulation of the Notch signaling pathway either due 
to overexpression of the ligand or aberrant receptor expres‑
sion has been reported in several solid tumor studies, such 
as thyroid cancer, lung cancer and intracranial tumors (19). 
Moreover, activation of the Notch1 gene signature indepen‑
dently of common mutations has also been reported in chronic 
lymphocytic leukemia (20). While targeting the Notch pathway 
has been proposed as a therapeutic alternative in RB, a deeper 
understanding of the epigenetic regulatory mechanisms of 
Notch signaling in RB remains elusive (18).

The present study is amongst the first studies, to the best 
of our knowledge, to explore microRNA (miR)‑mediated 
epigenetic modulation of the Notch signaling pathway and its 
influence on phenotypes of tumor progression in RB. A previous 
study identified a 30‑miR core, which was revealed to be 
upregulated in RB in 12 patient tissues, using high‑throughput 
microarray analysis (11). These 30 miRs have been reported 
to target 182 cancer‑associated genes, albeit none of them was 
indicated to target the Notch genes. However, via a literature 
search, miR‑34b‑5p was revealed to be associated with Notch 
dysregulation in thyroid carcinoma and uterine cervix adeno‑
carcinoma (21,22). As the effect of miR‑34b‑5p‑mediated 
Notch dysregulation in RB development has not been yet 
investigated, the current study was designed to address this 
question. It was hypothesized that miR‑34b‑5p‑regulated 
Notch signaling may drive tumor progression in RB.

Materials and methods

Patient samples and inclusion criteria. The current study was 
performed at The Third Affiliated Hospital of Qiqihar Medical 
University (Qiqihar, China) in accordance with the principles 
of the Declaration of Helsinki and was approved by the clinical 
research Ethics Committee of The Third Affiliated Hospital 
of Qiqihar Medical University (Qiqihar, China). Patients 
(n=10) aged 4‑25 months diagnosed with RB and undergoing 
opthalmectomy between January 2014 and January 2017 at the 
hospital, with no preoperative chemo‑ and radiotherapy, were 
recruited in the present study and provided written informed 

consent. The diagnosis of retinoblastoma was based on the 
WHO criteria (23). To avoid RB contamination, healthy tissue 
was resected separately from an opposite quadrant of the tumor 
tissue (>5 mm from the tumor margin). Patient sera were also 
obtained. Briefly, the whole blood was allowed to clot by leaving 
it undisturbed at room temperature for 15‑30 min. The clot was 
removed by centrifuging at 1,000‑2,000 x g for 10 min and the 
supernatant serum was collected. Simultaneously, age‑matched 
normal sera were also collected from outpatients of physical 
examination excluding patients with infections, tumors and 
various congenital diseases. All sera were immediately snap 
frozen in liquid nitrogen and stored at ‑80˚C for further use. 
The clinical characteristics of the patients with RB and normal 
participants are listed in Table S1.

Cell line maintenance and transfection. Two human‑derived 
RB cell lines, Weri‑Rb‑1 and Y79, were obtained from the 
American Type Culture Collection and maintained as per the 
repository's instructions. Briefly, the cells were seed in 24‑well 
plate and cultured in RPMI‑1640 medium (Gibco; Thermo 
Fisher Scientific, Inc.) containing 10% FBS (Gibco; Thermo 
Fisher Scientific, Inc.) and antibiotics (penicillin and strepto‑
mycin; 100 U/ml each) at 37˚C in a 5% CO2 incubator till 80% 
confluence. Plasmids (400 ng) containing genes for Notch1 
or Notch2 in pcDNA3.1 vectors (Shanghai GenePharma Co., 
Ltd.) and 0.14 µl 20 µM stock of miR‑34b‑5p (5'‑AGG CAG 
UGU AAU UAG CUG AUU GU‑3') or control miR (5'‑UUC UCC 
GAA CGU GUC ACG UTT‑3') in 30 µl medium without serum 
or antibiotics were mixed with 0.75 µl Lipofectamine® 2,000 
(Invitrogen; Thermo Fisher Scientific, Inc.) for 15 min at room 
temperature to form transfection complexes. The complexes 
were added into each single well of 24‑well plate cultured RB 
cells. Assays were performed 48 h post‑transfection.

Reverse transcription‑quantitative PCR (RT‑qPCR). As per 
the manufacturer's protocol, total RNA was extracted using the 
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.) 
from RB cells (Y79 and Weri‑Rb‑1) and tissue samples. The 
RNA was converted to cDNA using a TaqMan® MicroRNA 
Reverse Transcription kit (Applied Biosystems; Thermo 
Fisher Scientific, Inc.). The thermocycling conditions were 
as follows: 16˚C for 30 min, 42˚C for 30 min and 85˚C for 
5 min. RT‑qPCR was performed using a TaqMan® Universal 
PCR Master Mix II (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) with small nuclear RNA U6 as the endog‑
enous control. The RT‑qPCR of mRNA was performed with 
Superscript III Platinum SYBR Green One‑Step qRT‑PCR 
kit (Invitrogen; Thermo Fisher Scientific, Inc.) using β‑actin 
as the house‑keeping gene. The RT‑qPCR were run on an 
ABI 7500 Real‑Time PCR system (Applied Biosystems) at 
95˚C for 2 min, followed by 30 cycles of amplification at 94˚C 
for 40 sec, annealing at 55˚C for 40 sec and extension at 72˚C 
for 1 min, with a final elongation step at 72˚C for 10 min, and 
the relative gene expression was estimated using the 2‑∆∆cq 
method (24). The primer sequences used for the gene expres‑
sion analysis were as follows: Notch1 forward, 5'‑GGG CTA 
ACA AAG ATA TGC AG‑3' and reverse, 5'‑ACT GAA CCT 
GAC CGT ACA GTT GGC AAA GTG GTC CAG‑3'; Notch2 
forward, 5'‑AAT CCC TGA CTC CAG AAC G‑3' and reverse, 
5'‑TGG TAG ACC AAG TCT GTG ATG AT‑3'; CD133 forward, 
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5'‑GAA AAG TTG CTC TGC GAA CC‑3' and reverse, 5'‑CTC 
GAC CTC TTT TGC AAT CC3'; SOX‑2 forward, 5'‑GGG AAA 
TGG AGG GGT GCA AAA GAG G‑3' and reverse, 5'‑TTG CGT 
GAG TGT GGA TGG GAT TGG TG‑3'; Nanog forward, 5'‑TCC 
TCC TCT TCC TCT ATA CTA AC‑3' and reverse, 5'‑CCC ACA 
ATC ACA GGC ATA G‑3'; and β‑actin forward 5'‑AAG GGA 
CTT CCT GTA ACA ATG CA‑3' and reverse, 5'‑CTG GAA 
CGG TGA AGG TGA CA‑3', miR‑34b‑5p forward 5'‑GTC GTA 
TCC AGT GCA GGG TCC GAG GTA TTC GCA CTG GAT ACG 
ACC AAT CA‑3' and reverse, 5'‑GCC TAG GCA GTG TCA TTA 
GC‑3'; and U6 forward 5'‑CTC GCT TCG GCA GCA CA‑3' and 
reverse, 5'‑AAC GCT TCA CGA ATT TGC GT‑3'.

MTT assay. RB cell (Weri‑Rb‑1 and Y79) proliferation 
was assessed using an MTT assay (Beyotime Institute of 
Biotechnology). Briefly, for each cell line, 5,000 cells were 
seeded in a 96‑well plate. MTT was added to each well on 
day 0, 1, 2, 3 and 4 post‑transfection at a final concentration 
of 0.5 mg/ml, and incubated for 4 h at 37˚C. The formation 
of formazan crystals was assessed under the microscope and 
the crystals were dissolved using DMSO. The absorbance was 
measured in a microplate reader at 450 nm.

Cell counting kit‑8 (CCK‑8) assay. Cellular proliferation was 
also measured using a commercial CCK‑8 assay (Beyotime 
Institute of Biotechnology). A total of 5,000 cells of the respec‑
tive RB cell lines were seeded in a 96‑well plate. Following 
transfection (day 0, 1, 2, 3 and 4), CCK reagent was added to 
each well at a final dilution of 1:10. The cells were subsequently 
incubated at 37˚C for 2 h and the absorbance was measured at 
450 nm in a microplate reader.

Western blot t ing. The transfected cells (Y79 and 
Weri‑Rb‑1 cells) were harvested using a commercial RIPA 
lysis buffer (Beyotime Institute of Biotechnology) and total 
protein content was estimated using a BCA assay (Beyotime 
Institute of Biotechnology). A total of 20 µg total protein/lane 
was separated using 10% SDS‑PAGE and electroblotted 
to a nitrocellulose membrane (Bio‑Rad Laboratories, 
Inc.). Following transfer, the membranes were blocked for 
1 h at room temperature with 5% non‑fat dried milk. The 
excess buffer was removed by washing in PBS buffer and 
the membranes were incubated with primary antibodies 
including Notch1 (cat. no. sc‑376403; 1:1,000), Notch2 (cat. 
no. sc‑518049; 1:500), CD133 (cat. no. sc‑19365; 1:500), 
SOX‑2 (cat. no. sc‑365823; 1:500), Nanog (cat. no. sc‑374103; 
1:500) and β‑actin (cat. no. sc‑47778; 1:1,000). overnight 
at 4˚C. After washing using TBST (Tris Buffered Saline 
with 0.1% Tween 20), the membranes were incubated for 
1 h with HRP‑conjugated species‑specific secondary anti‑
bodies (horseradish peroxidase conjugated goat anti‑rabbit 
Immunoglobulin G, cat. no. sc‑2004; and horseradish 
peroxidase conjugated goat anti‑mouse Immunoglobulin G, 
cat. no. sc‑2005; each at 1:10,000) at room temperature. All 
antibodies were purchased from Santa Cruz Biotechnology, 
Inc. Subsequently, the blots were developed using an ECL kit 
(Beyotime Institute of Biotechnology). The blots were devel‑
oped on an X‑ray film (Kodak) and densitometry analysis 
was performed using ImageJ software (version 1.48; National 
Institutes of Health).

Tumor sphere formation assay. For this assay, 24‑well plates 
with an ultra‑low attachment surface (Corning Inc.) were 
used. Transfected and non‑transfected Y79 and Weri‑Rb‑1 
cells were seeded at a density of 5,000 cells/well. All cells 
were cultured in RPMI‑1640 medium without serum, but 
supplemented with 20 ng/ml epidermal growth factor and 
10 ng/ml basic fibroblast growth factor (both from Invitrogen; 
Thermo Fisher Scientific, Inc.). The cells were maintained 
for 7 days at 37˚C in a 5% CO2 incubator. Using a light 
microscope (Nikon Corporation; magnification, x200) tumor 
spheres were imaged and only spheres with diameter over 
50 µm were counted using imageJ software (version 1.48; 
National Institutes of Health).

Xenograft tumor model. A total of 10 BALB/c nude mice 
(male, 4‑week‑old, 15‑20 g; Charles River Laboratories, 
Inc.) were randomly divided into two groups. One group 
was subcutaneously injected with 1x107 Y79 cells with 
miR‑34b‑5p overexpression, and the other group was 
injected with cells transfected with control miR. All mice 
were injected subcutaneously on their right flank. During 
the experimental phase, all mice had free access to food 
and water. To minimize any suffering of the animals, anes‑
thetics and analgesics were used for all surgical experiments. 
Animals were anesthetized with an intraperitoneal injection 
of 40 mg/kg sodium pentobarbital. When lack of movement 
and absence of corneal reflex, but presence of heartbeat and 
respiration were observed, the surgical experiments were 
performed. All mice were given Meloxicam (2.5 mg/kg, s.c.) 
every 12 h for three days after surgery. The mice were main‑
tained in an atmosphere of 60% humidity at a temperature 
of 26‑28˚C with a uniform dark‑light cycle of 12 h each of 
light and darkness. After 24 days, all mice were sacrificed 
by CO2 inhalation (20% of the cage vol/min) followed by 
cervical dislocation. Following confirmation of the animals' 
death, including presence of rigor mortis, lack of heartbeat, 
respiration and corneal reflex, tumor lesions were excised and 
photographed. The tumor weight (g), length (mm) and width 
(mm) was measured. Tumor volume was calculated using the 
following formula: Width2 x length/2 (25). The animal study 
was approved by the Animal Care and Use Committee of 
The Third Affiliated Hospital of Qiqihar Medical University 
(Qiqihar, China), complied with Guidelines for the ethical 
review of laboratory animal welfare People's Republic of 
China National Standard GB/T 35892‑2018.

Luciferase assay. The 3'‑untranslated (3'‑UTR) regions of 
Notch1 and Notch2 bearing the putative binding sites of 
miR‑34b‑5p were cloned into the psiCHECK‑2 plasmid 
(Promega Corporation). Mutant 3'‑UTR luciferase reporter 
vectors containing 5 mutated nucleotides on the miR‑34b‑5p 
binding sites were generated using the QuikChange Multi 
Site‑Directed Mutagenesis kit (Agilent Technologies, Inc.). 
The plasmids were co‑transfected with miR‑34b‑5p or control 
miR in RB cells using Lipofectamine 2,000 (Invitrogen; 
Thermo Fisher Scientific, Inc.). Using the Dual‑Luciferase® 
Reporter (DLR™) Assay System (Promega Corporation), 
firefly and Renilla luciferase signals were measured at 48 h 
post‑transfection and the firefly signal was normalized to that 
of Renilla, as per the manufacturer's instructions.
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Migration and invasion. Cell migration and invasion was 
measured using Transwell chambers (BD Biosciences) 
containing 24‑well inserts with 8‑µm pores with or without 
Matrigel coating (BD Biosciences) according to the manu‑
facturer's protocol. Briefly, The Matrigel matrix aliquot 
was thawed on ice. Matrigel was mixed with coating buffer 
thoroughly on ice. A total of 0.1 ml diluted Matrigel matrix 
coating solution was added to each insert using a sterile pipet. 
RB cells (2x105/well) were seeded in the upper chamber and 
incubated in RPMI‑1640 medium without FBS for 12 and 
24 h for the migration (without Matrigel coating) and invasion 
(with Matrigel coating) assays at 37˚C in a 5% CO2 incubator, 
respectively. Cells in the upper chamber were then removed, 
and the remaining cells were fixed in 4% paraformaldehyde 
for 5 mins and stained with 0.4% crystal violet for 1 mins 
at room temperature. Cells were quantified in five randomly 
selected fields for each membrane using a light microscope 
(Nikon Corporation; magnification, x400), and the average 
cell count of three individual membranes was defined as the 
migration or invasion index.

TargetScan online tool analysis. The TargetScan online tool 
(http://www.targetscan.org/vert_72/) was utilized to predict 
the targets of the miRNAs being assessed.

Statistical analysis. All experiments were performed in 
triplicate. Data are presented as the mean ± SD of the three 
independent sets of experiments. Statistical significance was 
examined using unpaired Student's t‑test or one‑way ANOVA 
followed by Tukey's multiple comparisons test. The correla‑
tion between miR‑34b‑5p and Notch1/Notch2 expression 
levels was determined using Pearson's correlation analysis. All 
statistical tests were performed using a licensed copy of SPSS 
(version 16; SPSS, Inc.). P<0.05 was considered to indicate a 
statistically significant difference.

Results

miR‑34b‑5p is downregulated in tumor tissues and serum of 
patients with RB. The expression level of miR‑34b‑5p was 
examined in serum obtained from 10 patients with RB and 
10 healthy participants. Additionally, the levels of miR‑34b‑5p 
were assessed in tumor tissues and paired adjacent non‑tumor 
tissues. The results indicated that the expression level of 
miR‑34b‑5p was significantly downregulated in RB serum 
(Fig. 1A) in comparison to serum from healthy participants. 
Moreover, compared with healthy adjacent tissues, miR‑34b‑5p 
levels were significantly reduced in RB tissues (Fig. 1B). These 
results revealed the decreased expression of miR‑34b‑5p levels 
in both serum and tumor samples from patients with RB 
compared with healthy serum and tissues.

miR‑34b‑5p inhibits RB cell proliferation, migration and 
invasion. To understand the role of miR‑34b‑5p in RB, func‑
tional assays were performed in RB cell lines, namely Y79 
and Weri‑Rb‑1. The efficiency of transfection was confirmed 
via RT‑qPCR, which indicated an increase in the expression 
of miR‑34b‑5p in RB cells, in comparison to cells transfected 
with miR controls (Fig. 2A). A comparison of the tumorigenic 
capacities between the miR‑34b‑5p and control miR groups was 

also performed. Cell proliferation was assessed using an MTT 
assay on Y79 and Weri‑Rb‑1 cells transfected with miR‑34b‑5p 
or control miR. The results indicated that miR‑34b‑5p transfec‑
tion significantly reduced RB cell proliferation compared with 
cells transfected with control miR (Fig. 2B). The proliferative 
capacity of the cells was also verified using a CCK‑8 assay. 
The results confirmed the findings of the MTT assay, indi‑
cating reduced proliferation of Y79 and Wer‑Rb‑1 cells in the 
presence of miR‑34b‑5p (Fig. 2C). In addition, in vivo experi‑
ments were performed by subcutaneous transplantation of Y79 
cells overexpressing miR‑34b‑5p which were verified using 
qRT‑PCR (Fig. 2D). Tumor xenografts induced by RB cells 
overexpressing miR‑34b‑5p exhibited a slower growth rate 
and lower weight and volume compared with cell expressing 
control miR. The largest tumor diameter was 9 mm, and tumor 
volume was 364.5 mm3 in the control group, while the largest 
tumor diameter was 3.8 mm, and tumor volume was 27.4 mm3 
in the miR‑34b‑5p group (Fig. 2D). Subsequently, it was 
investigated whether miR‑34b‑5p affected RB cell migration 
and invasion using a Transwell assay. As presented in Fig. S1, 
miR‑34b‑5p significantly inhibited RB cell migration and 
invasion compared with control miR. These results revealed 
that miR‑34b‑5p inhibited RB cell proliferation, migration and 
invasion.

miR‑34b‑5p reduces RB cell stemness. To assess the effect of 
miR‑34b‑5p on RB cell stemness, the expression of CD133, 
SOX‑2 and Nanog, which are sentinel markers of stem‑
ness (26), was examined using RT‑qPCR. The expression levels 
of the aforementioned markers were significantly decreased in 
miR‑34b‑5p‑overexpressing RB cells compared with control 
cells (Fig. 3A). The alteration in the expression levels was 
verified via western blotting (Fig. 3B), indicating a change 
in both mRNA and protein expression. RB stem cell renewal 
was assessed using a tumor sphere assay. It was observed that 
the presence of miR‑34b‑5p significantly reduced RB cell 
self‑renewal ability compared with control miR (Fig. 3C). 
These results indicated the ability of miR‑34b‑5p to inhibit 
stemness in RB cells.

miR‑34b‑5p directly targets Notch1 and Notch2. Prior to 
assessing the molecular mechanism that may account for 
the impact of miR‑34b‑5p on RB cells, putative targets of 
miR‑34b‑5p were predicted using TargetScan online tool. 
This bioinformatic analysis identified the 3'‑UTR of Notch1 
and Notch2 mRNA as potential miR‑34b‑5p binding targets 
(Fig. 4A), and further indicated that these sites were conserved. 
It was hypothesized that Notch1 and Notch2 were potential 
targets of miR‑34b‑5p and their dysregulation by miR‑34b‑5p 
may serve a role in RB development. This was verified using 
a luciferase reporter assay involving a luciferase reporter 
bearing either wild‑type or mutant Notch1 or Notch2 3'‑UTR. 
The results indicated that co‑transfection with miR‑34b‑5p 
significantly repressed luciferase activity compared with 
control miR (Fig. 4B). Notch1 and Notch2 protein levels were 
determined in Y79 and Weri‑Rb‑1 cells following miR‑34b‑5p 
transfection. As presented in Fig. 4C, a reduction in the levels 
of Notch1 and Notch2 expression was observed following 
transfection with miR‑34b‑5p in Y79 and Weri‑Rb‑1 cells, 
compared with cells transfected with control miR. These 
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Figure 1. miR‑34b‑5p expression is downregulated in both the serum and tissues of patients with RB. (A) The expression level of miR‑34b‑5p was compared 
in serum samples from 10 patients and 10 healthy participants using reverse transcription‑quantitative PCR. (B) miR‑34b‑5p expression was assessed in RB 
tissues and paired adjacent healthy tissues excised from patients with RB. ***P<0.001 vs. healthy serum or healthy tissues. miR, microRNA; RB, retinoblastoma.

Figure 2. miR‑34b‑5p reduces RB cell proliferation. (A) miR‑34b‑5p overexpression was confirmed in Y79 and Weri‑Rb‑1 cells post‑transfection with 
miR‑34b‑5p or miR control for 48 h using reverse transcription‑quantitative PCR. (B) MTT assay was performed in Y79 and Weri‑Rb‑1 RB cells overex‑
pressing miR‑34b‑5p. (C) Relative cell proliferation was confirmed using Cell Counting Kit‑8 assay. (D) Images of tumors and evaluation of tumor weight (g) 
and volume (mm3) after subcutaneous injection of Y79 cells with miR‑34b‑5p or control miR for 24 days. Overexpression of miR‑34b‑5p was verified in the 
subcutaneous tumor tissues. *P<0.05 and ***P<0.001 vs. control miR. miR, microRNA; RB, retinoblastoma.
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observations suggested that Notch1 and Notch2 were possible 
targets of miR‑34b‑5p.

Negative correlation between miR‑34b‑5p and Notch1/2 in 
RB samples. Pearson's correlation analysis was performed 
to assess the correlation between miR‑34b‑5p and its targets, 
Notch1 and Notch2, in the tumor tissues of patients with RB. 
A negative correlation was observed between miR‑34b‑5p and 
Notch1, and miR‑34b‑5p and Notch2 expression levels (Fig. 5).

miR‑34b‑5p inhibits RB cell proliferation and stemness via 
Notch1 and Notch2. To determine whether miR‑34b‑5p inhibits 
RB cell proliferation and stemness via Notch1 and Notch2, 
rescue experiments were performed by overexpressing Notch1 
or Notch2 in Y79 RB cells transfected with miR‑34b‑5p. 
Overexpression of Notch1 or Notch2 was confirmed via western 
blotting in Y79 RB cells following Notch1 or Notch2 plasmid 
transfection in comparison to empty vector controls (Fig. S2). 
Firstly, Notch1 and miR‑34b‑5p were co‑transfected into Y79 

RB cells. The overexpression of Notch1 was confirmed in 
Y79 RB cells co‑transfected with miR‑34b‑5p compared with 
cells transfected with empty vector (Fig. 6A). These cells were 
subjected to CCK‑8 proliferation and tumor sphere assays. As 
indicated in Fig. 6B and C, overexpression of Notch1 rescued 
the decrease in cell proliferation and stemness, which was 
inhibited by miR‑34b‑5p. Similarly, overexpression of Notch2 
significantly reversed the decrease in RB cell proliferation and 
stemness induced by miR‑34b‑5p (Fig. 6D‑F).

Discussion

The present study aimed to assess the role of miR‑mediated 
regulation of Notch1 and Notch2, thereby influencing the initi‑
ation and progression of RB. Notch1 was selected as a target 
gene, owing to its significance in retinal development (27). 
Additionally, targets beyond RB1, which may or may not 
be regulating RB1, were sought. The association of Notch1 
dysregulation with several other malignancies along with 

Figure 3. miR‑34b‑5p reduces RB cell stemness. RB cell stemness in cells transfected with miR‑34b‑5p was assessed by detecting sentinel stem cell markers, 
such as CD133, Sox‑2 and Nanog, at (A) the transcriptional level via reverse transcription‑quantitative PCR and (B) the protein level via western blotting. The 
density of CD133, Sox‑2 and Nanog was quantified relative to β‑actin. (C) Tumor sphere formation was assessed in Y79 and Weri‑Rb‑1 RB cells transfected 
with miR‑34b‑5p (magnification, x200). *P<0.05 vs. control miR. miR, microRNA; RB, retinoblastoma.
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RB justified the target choice. While the impact of common 
mutational and non‑mutational events on Notch1‑induced 
dysregulation and cancer has been previously studied (20), 
the present study aimed to elucidate the role of miR‑mediated 
epigenetic modifications in RB. miR‑34b‑5p as a potential 

miR candidate in RB with Notch1 and Notch2 as its gene 
targets was identified.

miR‑34b‑5p is a member of the miR‑34 family consisting 
of miR‑34a, miR‑34b and miR‑34c. It has been previously 
reported that endogenous expression of miR‑34b‑5p exhibited 

Figure 4. miR‑34b‑5p directly targets Notch1 and Notch2. (A) Graphical illustration of miR‑34b‑5p putative binding sites in wild‑type Notch1 and Notch2 
3'‑UTRs and the mutant Notch1 and Notch2 3'‑UTRs containing 5 altered nucleotides in the putative target site. (B) Y79 and Weri‑Rb‑1 retinoblastoma cells 
transfected with miR‑34b‑5p or control miR and Notch1 wild‑type, Notch1 mutant, Notch2 wild‑type or Notch2 mutant 3'‑UTR luciferase reporter plasmids 
were subjected to a luciferase assay. (C) Notch1 and Notch2 expression was detected using western blotting. The density of Notch1 and Notch2 was quantified 
relative to β‑actin. *P<0.05 vs. control miR. miR, microRNA; UTR, untranslated region; WT, wild type; Mut, mutant.

Figure 5. Negative correlation between miR‑34b‑5p and Notch1 or Notch2 expression levels in RB samples. In 10 tissues from patients with RB, Pearson's 
correlation analysis was performed between the expression level of miR‑34b‑5p and that of Notch1 (P<0.05, r=‑0.610) or Notch2 (P<0.05, r=‑0.415). 
miR, microRNA; RB, retinoblastoma.
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tumor suppressive characteristics (28). Although the targets of 
miR‑34a are well characterized, the targets of miR‑34b/c have 
received little attention, essentially because of the differential 

expression of the members of the miR‑34 family (29). While 
miR‑34a is ubiquitously and highly expressed in the brain 
tissue, miR‑34b and miR‑34c are predominantly expressed in 

Figure 6. miR‑34b‑5p inhibits RB cell proliferation and stemness via Notch1 and 2. (A) Western blot analysis of Notch1 expression in Y79 RB cells following 
transfection with control miR + vector, miR‑34b‑5p + vector or miR‑34b‑5p + Notch1 for 48 h. The density of each group was quantified relative to β‑actin. 
(B) Relative cell proliferation was determined using CCK‑8 assay and (C) a tumor sphere assay was performed in Y79 RB cells following transfection with 
control miR + vector, miR‑34b‑5p + vector or miR‑34b‑5p + Notch1 (magnification, x200). (D) Western blot analysis of Notch2 expression in Y79 RB cells 
following transfection with control miR + vector, miR‑34b‑5p + vector or miR‑34b‑5p + Notch2 for 48 h. The density of each group was quantified relative 
to β‑actin. (E) Y79 RB cells co‑transfected with control miR + vector, miR‑34b‑5p + vector or miR‑34b‑5p + Notch2 were (E) subjected to CCK‑8 assay 
and (F) assessed for their ability to form tumor spheres (magnification, x200). *P<0.05 vs. control miR + Vector. miR, microRNA; RB, retinoblastoma; 
CCK‑8, cell counting kit‑8.
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the lung tissue. Thus, the significance of miR‑34b‑5p‑mediated 
epigenetic modifications in different cancers has been less 
explored (28). Furthermore, the correction of an annotation 
error of miR‑34b‑5p has resulted in the identification of its func‑
tion as a tumor suppressor, when endogenously expressed (30). 
Therefore, while the targets of miR‑34a are well character‑
ized (29), the targets of miR‑34b are only currently beginning 
to be explored (31‑33). The present study focused on Notch1 
and Notch2, which were identified as targets of miR‑34b‑5p via 
a bioinformatics‑based analysis tool (34), essentially because 
of the significance of Notch1 and Notch2 in retinal develop‑
ment via the suppression of photoreceptor differentiation and 
the maintenance of cells in their progenitor states (34). While 
activation of Notch1 and Notch2 via the upregulation of the 
ligands Jagged‑2 and Delta‑like protein 4 is well known, the 
epigenetic regulation of Notch1 and Notch2 is less studied, to 
the best of our knowledge (35).

The present study firstly indicated that miR‑34b‑5p levels 
were reduced in RB tissues compared with adjacent non‑tumor 
healthy tissues. Moreover, the serum levels of miR‑34b‑5p 
were decreased in patient sera as compared with those in 
age‑matched controls. This observation is the first demonstra‑
tion of dysregulation of miR‑34b‑5p in RB, to the best of our 
knowledge.

The overexpression of miR34‑b‑5p in the RB cell lines 
Y79 and Weri‑Rb‑1 was associated with reduced cell growth, 
expression of sentinel markers of cancer stemness (Nanog, 
Sox‑2 and CD133) and formation of colonies. Additionally, the 
association of miR‑34b‑5p with its proposed targets (Notch1 
and Notch2) was examined in tissues from patients with 
RB. The negative correlation that was observed between the 
levels of miR34b‑5p and that of Notch1 or Notch2 suggested 
an inhibitory role of miR34b‑5p in Notch1 and Notch2 
expression.

The reduced cell proliferation upon miR34b‑5p overex‑
pression in the RB cell lines may be attributed to the role of 
Notch signaling in G1/S progression of the cell cycle, as it has 
been demonstrated in T cells (36). Canonical and non‑canon‑
ical Notch signaling pathways may induce the expression of 
cyclin D3, CDK 4 and CDK 6 (36). Another study in laryngeal 
squamous cell carcinoma indicated that knockdown of Notch1 
was associated with decreased phosphorylation of ERK, AKT, 
as well as decreased expression of c‑Myc, p21, Bcl‑2, cyclin 
D1, CDK4 and Cyclin E, along with increased expression of 
Bax (37).

The significance of Notch signaling in cancer stem cells 
(CSC) has been elucidated. Targeting of the Notch signaling 
pathways via gamma secretase inhibitors (GSIs) has been 
revealed to decrease cancer cell stemness and is being assessed 
for its therapeutic benefits (38). In pancreatic cancers, inhibi‑
tion of Notch activation, via either GSI or Hes‑1 short hairpin 
RNA, resulted in a significant decrease in the proportion of 
cancer stem cells and tumor sphere formation (38). Hes‑1 is a 
downstream target of Notch1 and influences the maintenance 
and differentiation of certain stem cells in pancreatic cancer 
(38). Other mechanisms of Notch‑induced CSC include over‑
expression of the C‑X‑C chemokine receptor type 4, which 
is known to be responsible for stemness‑like properties and 
promotion of chemotaxis via the stromal cell‑derived factor 1 
axis (12).

In conclusion, the present study demonstrated that 
the downregulation of miR‑34b‑5p in RB resulted in the 
upregulation of Notch1 and Notch2 and was subsequently 
associated with oncogenic properties, such as dysregulation of 
cell growth, induction of cancer cell stemness and promotion of 
tumor sphere formation. The current preliminary investigation 
suggested a potential therapeutic role for miR‑34b‑5p in the 
treatment of RB via regulating the Notch signaling pathway. 
However, the findings of the present study are preliminary 
and require further verification via in vivo studies, alongside a 
more detailed understanding of the regulation of miR‑34b‑5p 
in RB.
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