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A B S T R A C T   

Objective: To explore the role and mechanisms of lncRNA nuclear enriched abundant transcript 1 
(NEAT1) in angiogenesis of retinoblastoma (RB) cells. 
Methods: This study investigated the roles of NEAT1 in RB progression. The RNA expression levels 
of NEAT1, miR-106a, and hypoxia-inducible factor-1alpha (HIF-1α) examined by quantitative 
reverse transcription polymerase chain reaction (RT-qPCR) were compared between RB cells and 
normal retinal pigment epithelial (RPE) cells. The binding sites between NEAT1 and miR-106a, 
and between miR-106a and HIF-1α were predicted by the TargetScan database and verified 
using the dual-luciferase reporter assay. By transfection of overexpression plasmid or shRNA of 
NEAT1, and/or treatment of miR-106a inhibitor or mimics, proliferation, invasion, and angio-
genesis of RB cells (measured by the MTT assay, the Transwell assay, and the tube formation 
assay, respectively) were compared between groups. Group comparisons were analyzed using 
one-way analysis of variance (ANOVA), and Tukey’s post-hoc test was employed for further 
statistical assessment. P-value less than 0.05 was considered statistically significant. 
Results: The RNA expression levels of NEAT1 and HIF-1α were upregulated in RB cells, whereas 
the expression level of miR-106a was downregulated compared with RPE cells. NEAT1 over-
expression or miR-106a knockdown advanced proliferation, invasion, and tube formation of RB 
cells. As a target of NEAT1, miR-106a could sponge HIF-1α to downregulate HIF-1α expression 
level. Functional analyses indicated that miR-106a knockdown reversed the inhibitory effects of 
NEAT1 silencing on the proliferation, invasion, and tube formation of RB cells. Furthermore, miR- 
106a overexpression suppressed RB cell angiogenesis by downregulating HIF-1α expression level. 
Conclusion: NEAT1 promoted proliferation, invasion, and angiogenesis of RB cells through 
upregulation of HIF-1α expression level by sponging miR-106a, demonstrating that NEAT1 may 
be a novel target for RB treatment.   

1. Introduction 

Retinoblastoma (RB) is a prevalent type of eye cancer primarily affecting young children, constituting 4% of all childhood eye 
tumors [1,2]. Despite advancements in novel treatments and pharmacological interventions, RB mortality remains elevated, mainly 
necessitating eyeball removal to impede tumor progression [3,4]. The current therapeutic approaches involve chemotherapy, surgery, 
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and external beam radiotherapy, and these treatments are associated with adverse effects, such as the risk of secondary malignancies. 
Hence, there is a critical need to identify further effective therapeutic strategies for RB. 

Long non-coding RNAs (lncRNAs), a class of RNAs exceeding 200 nucleotides without annotated coding regions, play pivotal roles 
in regulating various cellular processes, including differentiation, proliferation, migration, invasion, and apoptosis [5,6]. Recent ev-
idence has revealed that several lncRNAs can regulate RB progression [7,8]. For instance, lncRNA KCNQ1OT1 has been implicated in 
promoting cancer progression by regulating RB cell proliferation and migration through downregulation of miR-134 [9]. Another 
lncRNA, nuclear enriched abundant transcript 1 (NEAT1), has been identified as an oncogenic gene in numerous human cancer types, 
with dysregulation tightly linked to cancer carcinogenesis and progression [10–12]. Recent findings indicated the elevated NEAT1 
expression in RB tissues and cells compared with normal controls [13]. Moreover, NEAT1 appears to exacerbate RB progression 
through interacting with the miR-204/CXCR4 axis or the miR-24-3p/LRG1 axis [13–15]. However, the exact function and specific 
mechanisms of NEAT1 in RB remain to be investigated. 

MicroRNAs (miRNAs), small non-coding RNAs spanning 18–22 nucleotides, play crucial roles in the onset and advancement of 
various diseases, encompassing cancers, cardiovascular diseases, and glioblastoma [16,17]. Recent investigations have indicated a 
diminished expression of miR-106a in several cancer types, including prostate cancer and breast cancer, suggesting its potential as a 
biomarker [18,19]. In addition to its potential as a promising biomarker for several forms of cancer, miRNA-106a (miR-106a) could 
also regulate cancer cells proliferation, apoptosis, migration, and metastasis through different signaling pathways. Previous studies 
that support this hypothesis have shown that miRNA-106a promoted the migration and proliferation of breast cancer cells by binding 
to DAX-1 [19]. Additionally, miR-106a promoted prostate carcinoma cell growth by downregulating phosphatase tension homolog 
expression [20]. However, the exact function and mechanisms of miR-106a in RB have not yet been well elucidated. 

Hypoxia-inducible factor-1alpha (HIF-1α), a vital molecular regulator in hypoxia signaling, plays a crucial role in restoring oxygen 
homeostasis by mediating glycolysis, erythropoiesis, and angiogenesis [21]. Its involvement in cancer progression is marked by the 
modulation of hypoxia-responsive gene expression, influencing cell proliferation, energy metabolism, invasion, and metastasis 
[21–23]. Notably, studies have recently demonstrated that HIF-1α was upregulated in RB tissues [9,24]. Moreover, HIF-1α level was 
closely related to the survival and proliferation of RB cells [25,26]. Besides, HIF-1α has been implicated in vascular development and 
angiogenesis [27–29]. Given the importance of angiogenesis in the stroma for cancer progression, this bioinformatic analysis predicted 
binding sites between miR-106a and HIF-1α. The objective of the present study was to investigate whether miR-106a could regulate 
key biological processes in RB cells, including proliferation, invasion, and angiogenesis, through interacting with HIF-1α. 

In the present study, the roles and underlying mechanisms of NEAT1 in RB were explored. The expression level of NEAT1 was 
upregulated in RB cells. Gain- and loss-of-function experiments revealed that NEAT1 promoted the proliferation, invasion, and 
angiogenesis of RB cells via the miR-106a/HIF-1α axis, thereby aggravating the progression of RB. This study aimed to address the gaps 
in existing knowledge and prior research by emphasizing several key strengths. One of the primary strengths lies in the exploration of 
lncRNAs, specifically concentrating on NEAT1. While previous studies have implicated various lncRNAs in RB progression [7,8], the 
present study uniquely assessed the regulatory role of NEAT1, shedding light on its potential as a therapeutic target. Moreover, the 
integration of miR-106a and its interplay with HIF-1α could add another layer of complexity to our understanding of RB pathogenesis. 
Although miRNAs have been implicated in various cancer types [16,17], the specific functions of miR-106a in RB remain elusive. By 
investigating its regulatory role in conjunction with HIF-1α, this study pioneered a comprehensive exploration of their involvement in 
RB progression. Additionally, this study employed a robust methodology, including cell culture experiments, molecular analyses, and 
functional assays. Consequently, this study distinguished itself by elucidating the intricate roles of NEAT1, miR-106a, and HIF-1α in 
RB, providing a unique perspective on potential therapeutic targets. 

2. Materials and methods 

Ethical approval 

The current study was approved by the Ethics Committee of Beijing Rehabilitation Hospital (Beijing, China; Approval No. 
2019bkkyLW007). 

2.1. Cell culture 

Normal retinal pigment epithelial cells (ARPE-19) and RB cells (Y-79, SO-RB50, and HXO-RB44) were provided by the American 
Type Culture Collection (ATCC; Manassas, VA, USA). The cells were cultured in a Dulbecco’s modified Eagle’s medium (DMEM) 
(Gibco, New York, NY, USA), which was supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (PenStrep) 
(Grand Island, NY, USA). The cells were cultured in a humidified incubator (37 ◦C, 5% CO2) and the media were changed every 2 days. 
Cells were cultured until passage 3, and they were then utilized for subsequent experiments. 

2.2. Cell transfection 

The lentiviruses used in this study, including sh-NEAT1, sh-NC, pcDNA3.1 overexpression lentivirus (pc-NEAT1 and pc-HIF-1α), 
and corresponding negative controls (pc-DNA3.1, pc-NC), as well as miR-106a mimics, mimics’ control, miR-106a inhibitor, and the 
inhibitor control, were supplied by GenePharm (Shanghai, China). Y-79 cells (1 × 104 cells/well) were seeded into 24-well plates and 
grown until reaching the confluence of 70%. The confluent cells were subsequently transfected with RNAs (10 nM) or vectors (1 μg per 
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well) using the Invitrogen Lipofectamine 3000 reagent (Thermo Fisher Scientific, Inc., Waltham, MA, USA). The sequences used for cell 
transfection were summarized as follows: 

sh-NEAT1: 5′-GGGAGAGATGACTGAGTTA-3’; 
sh-NC: 5′-TTCTCCGAACGTGTCACGT-3’; 
miR-106a mimics: 5′-AAAAGUGCUUACAGUGCAGGUAG-3’; 
miR-106a mimics’ control: 5′-UUCUCCGAACGUGUCACGUTT-3’; 
miR-106a inhibitor: 5′-CUACCUGCACUGUAAGCACUUUU-3’; 
miR-106a inhibitor control: 5′-CAGUACUUUUGUGUAGUACAA-3’. 

2.3. Quantitative reverse transcription polymerase chain reaction (RT-qPCR) 

Total RNA was isolated using TRIzol® reagent (Invitrogen, Carlsbad, CA, USA). In addition, cDNA was synthesized using the 
PrimeScript RT Master Mix (Takara, Shiga, Japan), and RT-qPCR was conducted on a Real-Time PCR system (7500; Thermo Fisher 
Scientific, Inc.) using TB Green Fast qPCR Mix (Takara). The thermal cycling conditions for PCR were as follows: initial denaturation at 
94 ◦C for 6 min, followed by 35 cycles of denaturation at 92 ◦C for 35 s, annealing at 58 ◦C for 35 s, extension at 70 ◦C for 35 s, and a 
final extension at 70 ◦C for 10 min. The 2− ΔΔCT method was used to quantify the levels of genes. The primer sequences used in this 
study were listed as follows: 

NEAT1-F: 5′-CTTCCTCCCTTTAACTTATCCATTCAC-3′; 
NEAT1-R: 5′-CTCTTCCTCCACCATTACCAACAATAC-3′; 
MiR-106a-F: 5′-GAAAAGTGCTTACAGTGCAG-3′; 
MiR-106a-R: 5′-GTCCAGTTTTTTTTTTTTTTTCTACCT-3′; 
HIF-1α-F: 5′-TGATTGCATCTCCATCTCCTACC-3′; 
HIF-1α-R: 5′-GACTCAAAGCGACAGATAACACG-3′; 
GADPH-F: 5′-TGGTGAAGACGCCAGTGGA-3′; 
GAPDH-R: 5′-GCACCGTCAAGGCTGAGAAC-3′; 
U6 small nuclear RNA-F: 5ʹ-CTCGCTTCGGCAGCACA-3ʹ; 
U6 small nuclear RNA-R: 5ʹ-AACGCTTCACGAATTTGCGT-3ʹ. 

2.4. Western blotting 

Total protein was collected using the RIPA kit (#P0027; Beyotime, Shanghai, China). A BCA kit (#23229; Thermo Fisher Scientific, 
Inc.) was utilized to measure protein concentrations. A total of 10 μg protein was electrophoresed through 10% sodium dodecyl-sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene difluoride (PVDF) membranes (#3010040001; 
Millipore, Burlington, MA, USA). The membranes were blocked with 5% milk for 2 h at room temperature (RT) and incubated 
overnight with primary antibodies against HIF-1α (#ab179483; 1:2000; Abcam, Cambridge, UK), VEGF (#ab150375; 1:4000; Abcam), 
Ki-67 (#ab16667; 1:1000; Abcam), MMP9 (#ab76003; 1:5000; Abcam), and GAPDH (#ab181602; 1:10,000; Abcam) at 4 ◦C. The 
membranes were washed four times, and the appropriate secondary horseradish peroxidase (HRP) antibodies (1:5000) were added. 
The membranes were subsequently incubated for 2 h at RT. After incubation, the membranes were washed four times with TBST. The 
protein bands were detected using enhanced chemiluminescence with a CL-XPosure™ film (Thermo Fisher Scientific). Band intensities 
were quantified using ImageJ 1.50 software. 

3. MTT assay 

Y79 cells (3 × 104 cells/well) were seeded into 96-well plates for 48 h. 15 μL MTT solution (5 mg/mL; Sigma-Aldrich, St. Louis, MO, 
USA) was added to the plates. The plates were subsequently incubated at RT for 5 h. The media were removed and 200 μL DMSO was 
added to plates, followed by incubation for 15 min. To evaluate cell viability, the optical density (OD) value at 570 nm was measured 
using a spectrophotometer (BD Biosciences, Franklin Lakes, NJ, USA). 

3.1. Transwell assay 

Cell invasion was examined using the Transwell assay as previously described [30]. In brief, Y-79 cells (1 × 105 cells/well) were 
added to the upper chamber of the Transwell insert (8 μm pore size; BD Biosciences) with a serum-free medium. A DMEM supple-
mented with 10% FBS was added to the lower chamber. After 24 h, cells that were migrated into the lower chamber were fixed with 4% 
paraformaldehyde and incubated with 0.1% crystal violet for 30 min at RT. After washing, the cells were counted under an inverted 
microscope (Nikon, Tokyo, Japan) from five randomly selected fields. 

3.2. Tube formation assay 

150 μL thawed Matrigel solution (10 mg/mL, BD Biosciences) was added to each well of a 48-well plate and was incubated at RT for 
30 min. After cultivation in a DMEM (serum starvation) for 2 h, the Y-79 cells were seeded into the 48-well plates and were incubated 
at RT for 5 h. Tube formation was detected by phase-contrast microscopy (Nikon), and the total number of tubes was quantified by 
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ImageJ 1.50 software. 

3.3. Luciferase reporter assay 

Wild-type (WT) NEAT1, mutant (MUT) NEAT1, WT HIF-1α, and MUT HIF-1α fragments were purchased from GenePharma and 
inserted into PsiCHECK-2 vectors (Promega, Madison, WI, USA). For the dual-luciferase reporter assay, Y-79 cells (5 × 104 cells/well) 
were seeded into 24-well plates and cultured to reach a confluence of 70%. The cells were subsequently co-transfected for 48 h with 
NEAT1-WT, NEAT1-MUT, HIF-1α-WT, HIF-1α-MUT, and either miR-106a mimics or mimics’ control using Lipofectamine® 3000 
reagent (Invitrogen). Luciferase activity was detected using the Dual-Luciferase Assay system (Promega). 

3.4. Statistical analysis 

All data were analyzed using SigmaStat 10.0 software (SPSS) and presented as mean ± standard deviation (SD). The normality test 
was conducted on the data using the Kolmogorov-Smirnov test. Group comparisons were analyzed using one-way analysis of variance 
(ANOVA), and Tukey’s post-hoc test was employed for further statistical assessment. P < 0.05 was considered statistically significant. 

4. Results 

4.1. NEAT1, miR-106a, and HIF-1α expression levels were dysregulated in RB cells 

To explore whether NEAT1, miR-106a, and HIF-1α expression levels would be dysregulated in RB cells, these expression levels in 
normal retinal pigment epithelial cells (ARPE-19) and RB cells (Y-79, SO-RB50, and HXO-RB44) were measured by RT-qPCR. The 
mRNA levels of NEAT1 and HIF-1α were significantly higher (P < 0.05), while miR-106a mRNA level was significantly lower (P <
0.05), in RB cells relative to ARPE-19 cells (Fig. 1A–C). Furthermore, the protein levels of HIF-1α and VEGF were higher in RB cells 
than those in ARPE-19 cells as measured by Western blotting (Fig. 1D). Taken together, the expression levels of NEAT1, miR-106a, and 
HIF-1α were dysregulated during RB, and they might play key roles in disease progression. 

Fig. 1. Expression levels of NEAT1, miR-106a, and HIF-1α in RB cells. The mRNA levels of (A) NEAT1, (B) miR-106a and HIF-1α, and (C) ARPE-19 
in RB cells (Y-79, SO-RB50, and HXO-RB44) were measured by RT-qPCR. (D) The protein levels of HIF-1α and VEGF in these cells were measured by 
Western blotting (uncropped blot is available in Supplementary Fig. 1D-GAPDH, Fig. S1D-HIF-1A, and Fig. S1D-VEGFA). 
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Fig. 2. NEAT1 knockdown inhibits the proliferation, invasion, and tube formation of RB cells. Y-79 cells were transfected with sh-NC, sh-NEAT1, 
pc-DNA3.1, or pc-NEAT1. (A) The expression level of NEAT1 was measured by RT-qPCR. (B) Y-79 cell proliferation was measured using the MTT 
assay. (C) The invasion of pretreated Y-79 cells was assessed by the Transwell assay (magnification = 100×). (D) The capillary-like structure 
formation of pretreated Y-79 cells was evaluated by tube formation assay (magnification = 100×). (E) Ki-67, MMP9, and VEGF protein levels in Y- 
79 cells were detected by Western blotting ((uncropped blot is available in supplementary Fig.2E-GAPDH, Fig.2E-KI67, Fig.2E-MMP9, and 
Fig.2E-VEGF). 
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4.2. NEAT1 promoted the proliferation, invasion, and angiogenesis of RB cells 

To clarify the potential roles of NEAT1 in RB, Y-79 cells were transfected with sh-NC, sh-NEAT1, pc-DNA3.1, or pc-NEAT1. The 
efficacy of transfection was determined by RT-qPCR. NEAT1 expression level in Y-79 cells was significantly downregulated after 
transfection with sh-NEAT1 (P < 0.05), while it was upregulated after transfection with pc-NEAT1 relative to the negative control 
group (Fig. 2A). The results of MTT assay revealed that NEAT1 knockdown markedly suppressed cell proliferation, while NEAT1 
overexpression promoted cell proliferation (P < 0.05) (Fig. 2B). Furthermore, the results of the Transwell assay indicated that the Y-79 
cell invasion was inhibited after transfection with sh-NEAT1, while it was promoted after transfection with pc-NEAT1 (Fig. 2C). To 
further assess the role of NEAT1 in angiogenesis, the tube formation assay was conducted. NEAT1 knockdown significantly inhibited 
tube formation (P < 0.05). In contrast, NEAT1 overexpression promoted tube formation (Fig. 2D). Moreover, the expression levels of 
Ki-67, MMP9, and VEGF were reduced in Y-79 cells transfected with sh-NEAT1, whereas those of the same genes were upregulated in 
Y-79 cells transfected with pc-NEAT1 (P > 0.05) (Fig. 2E). Taken together, NEAT1 could promote RB cell proliferation, invasion, and 
angiogenesis. 

4.3. The correlation between NEAT1, miR-106a, and HIF-1α in RB cells 

Generally, lncRNAs may function as molecular sponges for miRNAs. According to the dysregulation of NEAT1, miR-106a, and HIF- 
1α in RB cells, it was hypothesized that there might be biological associations between NEAT1, miR-106a, and HIF-1α. Bioinformatic 
analysis predicted the presence of complementary sites between NEAT1 and miR-106a, and between miR-106a and HIF-1α (Fig. 3A). 
Furthermore, the results of the dual-luciferase reporter assay disclosed that the luciferase activity in NEAT1-WT was inhibited by miR- 
106a mimics, while luciferase activity was not altered in the NEAT1-MUT group (Fig. 3B). Additionally, the luciferase activity in the 
HIF-1α-WT group was significantly reduced by the miR-106a mimic (P < 0.05). No significant change was found in the HIF-1α-MUT 
group (P > 0.05) (Fig. 3B). NEAT1 knockdown reduced the miR-106a expression level (Fig. 3C). The miR-106a expression level was 
elevated in Y-79 cells transfected with miR-106a mimics, whereas it was reduced in Y-79 cells transfected with the miR-106a inhibitor. 
Collectively, these findings confirmed successful transfection. Moreover, HIF-1α expression level in Y-79 cells was significantly 
upregulated by transfection with the miR-106a inhibitor (P < 0.05), while it was reduced by transfection with the miR-106a mimics 
(Fig. 3D). Consequently, these data indicated that NEAT1 could negatively regulate miR-106a expression level, and miR-106a could 
negatively regulate HIF-1α expression level. 

Knockdown of miR-106a reversed the inhibitory effects of sh-NEAT1 on proliferation, invasion, and angiogenesis of RB cells. 
To further explore whether NEAT1 could modulate RB cell progression by targeting miR-106a, Y-79 cells were transfected with 

miR-106a inhibitor, NC inhibitor, sh-NEAT1 + NC inhibitor, or sh-NEAT1 + miR-106a inhibitor. Cell proliferation was enhanced in the 
Y-79 cells transfected with miR-106a inhibitor (P < 0.05), and it was reduced by silencing of NEAT1. Additionally, the reduction of cell 
proliferation was reversed following miR-106a knockdown (Fig. 4A). The results of the Transwell and tube formation assays revealed 
that miR-106a knockdown significantly promoted Y-79 cell invasion and tube formation (P < 0.05) (Fig. 4B and C). Meanwhile, the 
suppression of invasion and tube formation induced by NEAT1 knockdown was also significantly reversed by miR-106a inhibitor (P <
0.05) (Fig. 4B and C). Furthermore, miR-106a knockdown increased Ki-67, MMP9, and VEGF protein levels in Y-79 cells. Consistently, 
the miR-106a inhibitor partly abolished the suppressive effect of sh-NEAT1 on Ki-67, MMP9, and VEGF expression levels (Fig. 4D). 
Taken together, these data indicated that NEAT1 could positively regulate RB cell proliferation, invasion, and tube formation by acting 
as a molecular sponge for miR-106a. 

4.4. NEAT1 regulated RB cell proliferation, invasion, and angiogenesis through the miR-106a/HIF-1α axis 

To further examine how NEAT1 could promote RB progression through the miR106a/HIF-1α axis, pc-HIF-1α, pc-HIF-1α + miR- 
106a mimics, pc-HIF-1α + sh-NEAT1, or their negative controls were transfected into Y-79 cells. Firstly, RT-qPCR and Western blotting 
were performed to measure the transfection efficiency of pc-HIF-1α. The mRNA and protein levels of HIF-1α were both markedly 
upregulated in the pc-HIF-1α group compared with those in the pc-NC group (P < 0.05) (Fig. 5A and B). The MTT assay data indicated 
that cell proliferation was enhanced after pc-HIF-1α transfection, whereas the proliferative effect was blocked by miR-106a over-
expression or NEAT1 knockdown (Fig. 5C). Additionally, HIF-1α overexpression significantly increased Y-79 cell invasion and 
angiogenesis (P < 0.05); however, these effects were suppressed when the cells were co-transfected with miR-106a mimics or sh- 
NEAT1 (Fig. 5D and E). Furthermore, the protein levels of Ki-67, MMP9, and VEGF were upregulated in Y-79 cells transfected with 
pc-HIF-1α. NEAT1 knockdown or miR-106a overexpression inhibited the increased expression levels of Ki-67, MMP9, and VEGF 

Fig. 3. The targeting relationship between NEAT1, HIF-1α, and miR-106a. (A) The potential binding sites between HIF-1α and miR-106a, NEAT1, 
and miR-106a were predicted using the TargetScan database. (B) Luc-NEAT1-WT or Luc-NEAT1-MUT plasmids were co-transfected with miR-106a 
mimics or NC mimics in Y-79 cells for 24 h, followed by luciferase quantification (top), and Luc-HIF-1α-WT or Luc-HIF-1α-MUT plasmids were co- 
transfected with miR-106a mimics or NC mimics in Y-79 cells for 24 h, followed by luciferase quantification (bottom). (C) Y-79 cells were trans-
fected with sh-NC or sh-NEAT1 for 24 h and miR-106a levels were subsequently detected by RT-qPCR. (D) Y-79 cells were transfected with miR- 
106a mimics, NC mimics, miR-106a inhibitor, or the NC inhibitor for 24 h, and the levels of miR-106a (left) and HIF-1α (right) were detected by RT- 
qPCR. (E) Y-79 cells were transfected with miR-106a mimics, NC mimics, miR-106a inhibitor, or the NC inhibitor for 24 h, and HIF-1α and VEGF 
protein levels were subsequently detected by Western blotting (uncropped blot is available in supplementary Fig.3E-GAPDH, Fig.3E-HIF1A, and 
Fig.3E-VEGF). 
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induced by pc-HIF-1α (P < 0.05) (Fig. 5F). Collectively, these findings demonstrated that NEAT1 could regulate cell proliferation, 
invasion, and angiogenesis through the miR-106a/HIF-1α signaling pathway. Fig. 6 illustrates the mechanism of NEAT1, miR-106a/ 
HIF-1α in RB versus normal RPE. 

Fig. 4. MiR-106a knockdown reverses the effects of sh-NEAT1 on RB cells. Y-79 cells were transfected with NC inhibitor or miR-106a inhibitor, or 
co-transfected with sh-NEAT1 and the NC inhibitor, sh-NEAT1, and miR-106a inhibitor. (A) Cell proliferation was assessed by the MTT assay. (B) 
The Transwell assay was employed to evaluate the invasion of pretreated Y-79 cells (magnification = 100×). (C) The capillary-like structure for-
mation of pretreated Y-79 cells was assessed using the tube formation assay (magnification = 100×). (D) Ki-67, MMP9, and VEGF protein levels 
were detected by Western blotting (uncropped blot is available in supplementary Fig.4D-GAPDH, Fig.4D-KI67, Fig.4D-MMP9, and Fig.4D-VEGF). 
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Fig. 5. NEAT1 regulates the proliferation, invasion, and tube formation of RB cells through miR-106a/HIF-1α signaling pathway. (A and B) Y-79 
cells were transfected with pc-NC or pc- HIF-1α. The mRNA level (A) and protein level (B) of HIF-1α were detected by RT-qPCR and Western 
blotting, respectively. Y-79 cells were transfected with pc-NC, or pc-HIF-1α alone, or co-transfected with pc-HIF-1α and NC mimics, pc-HIF-1α and 
miR-106a mimics, pc-HIF-1α and sh-NC, pc-HIF-1α, and sh-NEAT1. (C) Cell proliferation was evaluated by the MTT assay. (D) The Transwell assay 
was employed to assess the invasion of pretreated Y-79 cells (magnification = 100×). (E) The capillary-like structure formation of pretreated Y-79 
cells was evaluated using the tube formation assay (magnification = 100×). (F) Ki-67, MMP9, and VEGF protein levels were measured using Western 
blotting ((uncropped blot is available in Supplementary Fig. 5F-GAPDH, Fig. 5F-KI-67, Fig. 5F-MMP9 and Fig. 5F-VEGF). 
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Fig. 6. The mechanism of NEAT1, miR-106a/HIF-1α in RB versus normal RPE.  
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5. Discussion 

RB remains a major clinical challenge, accompanying by a poor prognosis in children [31]. Clarifying the molecular mechanisms 
underlying the occurrence and development of RB is essential to find new and effective targets for RB therapy. Recently, studies have 
demonstrated that lncRNAs play crucial roles in RB development and progression [24,32]. However, the functional role and under-
lying mechanisms of NEAT1 in RB have not yet been comprehensively explored. In the present study, it was revealed that NEAT1 
expression level was upregulated in RB cells. Furthermore, it was indicated that NEAT1 could positively regulate RB cell proliferation, 
invasion, and angiogenesis by targeting miR-106a. 

NEAT1 expression level is dysregulated in several cancer types, and it is mainly considered as an oncogene. For instance, NEAT1 
expression level is elevated in breast cancer cells. Moreover, NEAT1 interference suppressed cell invasion, migration, and chemo-
therapy resistance [11]. Shao et al. reported that NEAT1 expression level was upregulated in cervical cancer tissues and NEAT1 
knockdown inhibited the glycolysis rate of cervical cancer cells [33]. Additionally, previous studies have demonstrated that NEAT1 
expression level was upregulated in RB cells compared with RPE cells, and silencing of NEAT1 repressed migration, invasion, and 
proliferation of RB cells, and promoted cell apoptosis [13,15]. Consistent with previously reported findings, the present study indi-
cated that NEAT1 was enriched in Rb cells. Furthermore, NEAT1 overexpression significantly promoted RB cell proliferation, invasion, 
and angiogenesis of RB cells, indicating the crucial role of NEAT1 in RB cells. 

Notably, lncRNAs regulate physiological processes by acting as molecular sponges for miRNAs [34]. In the present study, it was 
found that NEAT1 could target and positively regulate miR-106a expression level. MiR-106as a crucial tumor suppressor in diverse 
cancer types, including glioma, colorectal cancer, and breast cancer [35,36]. In the present study, miR-106a expression level was 
downregulated in RB cells compared with RPE cells, and knockdown of miR-106a increased RB cell proliferation, invasion, and 
angiogenesis. Furthermore, miR-106a knockdown reversed the inhibitory effects of NEAT1 silencing on RB cells. These findings 
suggested that NEAT1 could promote RB progression by targeting miR-106a. 

HIF-1α, an important transcription factor that regulates oxygen supply and metabolic demand, is accumulated under hypoxic 
conditions [37]. Previous studies have shown that HIF-1α-mediated pathways are crucial to cancer progression through the regulation 
of cell proliferation, migration, angiogenesis, and metastasis. Consistently, the results of the present study indicated that HIF-1α 
expression level was higher in RB cells compared with that in RPE cells. Moreover, as a downstream target of miR-106a, HIF-1α 
overexpression promoted RB cell proliferation and invasion. It was recently indicated that HIF-1α could induce VEGF expression (REF), 
and the HIF-1α/VEGF angiogenic pathway has remarkably attracted oncologists’ attention in several cancer types [37–40]. For 
instance, STAT1 overexpression could suppress glioma cell angiogenesis by downregulating the expression levels of HIF-1α and 
VEGF-A [41]. In the present study, HIF-1α overexpression induced VEGF expression level in RB cells and stimulated angiogenesis. 

The present study has some limitations. Firstly, the role of the NEAT1/miR-106a/HIF-1α axis was investigated only at cellular level, 
while it remains elusive whether it can be validated at the animal level. Secondly, we did not collect tissues from RB patients and 
compared the levels of NEAT1 to normal tissue, which should be further examined in the future research. Last but not least, it remains 
unknown when and how to target NEAT1 to achieve an optimal treatment benefit. 

6. Conclusions 

In conclusion, this study revealed that increased levels of NEAT1, miR-106a, and HIF-1α could affect the progression of RB. 
Overexpression of NEAT1 improved the RB cell proliferation, invasion, and angiogenesis by sequestering miR-106a, leading to increase 
HIF-1α expression level. This study unveiled a novel underlying mechanism involving NEAT1 in RB, suggesting potential theoretical 
targets for the treatment of RB. 
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