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Netrin-1 promotes retinoblastoma-associated angiogenesis
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Background: Retinoblastoma (Rb) is the most common intraocular cancer of infancy and childhood, with 
an incidence of nearly 0.006% in all live births. Although a functional loss or inactivation of both alleles of 
the retinoblastoma 1 (RB1) gene during retinal development appears to be the predominant etiology for Rb, 
genes associated with tumor angiogenesis are also likely to be involved in the development of this condition. 
Netrin-1 is a factor that regulates pathological angiogenesis, while its role in Rb is largely unknown. The 
present study examined the role of netrin-1 in Rb.
Methods: The expression of netrin-1 in Rb was assessed using public databases and using clinical specimens 
by RT-qPCR for mRNA and by ELISA for protein. The expression of netrin-1 was suppressed in Rb by 
siRNA and the effects on cell growth were determined by a CCK-8 assay, while the effects on angiogenesis 
were examined in vitro using human umbilical vein endothelial cell (HUVEC) assays and in vivo by 
quantification of tumor vessel density. 
Results: Analysis of published databases revealed that the netrin-1 gene is significantly upregulated in Rb, 
which was confirmed by immunohistochemistry on clinical specimens. Inhibition of netrin-1 in Rb cell lines 
significantly reduced their effects on angiogenesis in vitro using a HUVEC co-culture assay without affecting 
cell growth. Inhibition of netrin-1 expression in vivo suppressed the growth of grafted Rb, and this effect 
could be abolished by co-expression of vascular endothelial growth factor A (VEGF-A).
Conclusions: This data demonstrated a novel role for netrin-1 in the regulation of Rb-associated cancer 
vascularization and may represent a novel therapeutic target for patients with Rb.
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Introduction

Retinoblastoma (Rb) is the most common intraocular cancer 
of infancy and childhood, with an incidence of nearly 0.006% 
in all live births (1). A functional loss or inactivation of both 
alleles of the retinoblastoma 1 (RB1) gene during retinal 
development is believed to be the predominant etiology for 
Rb (2). However, additional genetic changes are required for 

the continued growth and spread of Rb. Specifically, genes 
associated with tumor angiogenesis are likely to be involved 
in the development and progression of this cancer (3). 

Unfortunately, current treatments for Rb have been 
hampered by an incomplete understanding of the 
specific pathogenesis of the disease and thus, a lack of a 
specific molecular target. Earlier studies have focused on 
blood supply as a potential therapeutic target (3). The 
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histopathology of Rb has demonstrated the presence of viable 
tumor cells adjacent to blood vessels surrounded by necrotic 
cells, which graphically illustrates the exquisite dependence 
of Rb cells on blood supply (3). Indeed, the outgrowth of 
Rb relies on adequate angiogenesis, which is accomplished 
through expression of proangiogenic factors such as vascular 
endothelial growth factor A (VEGF-A) (4). Inhibition of 
angiogenesis has been shown to effectively eliminate Rb 
cells (5,6), suggesting that anti-angiogenic therapy may 
be a promising innovative treatment strategy against this 
specific vulnerability of the cancer. However, VEGF-A is a 
potent proangiogenic factor and plays a substantial role in 
the homeostasis of various tissues and organs in the human 
body (7-11) and therefore, therapies targeting VEGF-A may 
cause a multitude of adverse side effects. Thus, an alternative 
angiogenic target must be sought.

Netrin-1 is a diffusible, laminin-associated protein that 
acts as a guidance cue during neurogenesis (12). During 
development, netrin-1 is predominantly expressed in 
the central nervous system (12) while in adult mammals, 
netrin-1 and its receptors are expressed in both neural and 
non-neural tissues (13). Interestingly, netrin-1 has been 
found to be highly expressed in human metastatic breast 
tumors (14) and aggressive neuroblastoma (15) and is likely 
related to tumor-associated angiogenesis (16). Moreover, 
netrin-1 has been shown to regulate angiogenesis in 
diabetic kidney disease (17). However, the precise role of 
netrin-1 in Rb has not been fully examined. This current 
study investigated the expression and role of netrin-1 in Rb 
both in vitro and in vivo. We present the following article in 
accordance with the ARRIVE reporting checklist (available 
at https://dx.doi.org/10.21037/atm-21-5560).

Methods

Culture and transfection of human Rb cell lines 

Human Rb cell lines Y79, WERI-Rb-1, NCC-Rbc-57, 
NCC-Rbc-92, and NCC-Rbc-T1 were purchased from 
American Type Culture Collection (ATCC, Rockville, MD, 
USA) and Creative Bioarray (Shirley, NY, USA). All cells 
were maintained in Dulbecco’s modified Eagle’s medium 
(DMEM, Invitrogen, St. Louis, MO, USA) supplemented 
with L-glutamine and 5% fetal bovine serum (FBS; Sigma-
Aldrich, St Louis, MO, USA) in a humidified chamber with 
5% CO2 at 37 ℃. Plasmids expressing small interfering 
(si)RNA netrin-1 or a scrambled sequence for netrin-1 
together with a luciferase reporter (to allow in vivo cell 

tracing by bioluminescent assay) under a CMV promoter 
were purchased from Santa Cruz (SC-42044, Beijing, 
China). Transfections were performed with 1.5 µg plasmid 
using Lipofectamine 3000 (Invitrogen).

Animal experiments

All experiments were performed under a project license 
(SH9H-2019-A529-1) granted by the institutional ethics 
board of the Shanghai Jiao Tong University, in compliance 
with institutional guidelines for the care and use of 
animals. A protocol was prepared before the study without 
registration. Male and female 12-week-old nude mice (body 
weight ~22 g; both genders were used to exclude a possible 
effect of sex on experimental results) were purchased from 
Shanghai Laboratory Animal Center (SLAC) (Shanghai, 
China). Both male and female nude mice were used and 
distributed evenly in each experimental group. Mice were 
housed under a 12-hour light-dark cycle. A power test 
(P<0.05) was performed to determine the exact number 
of mice to obtain legitimate effects. Grouping included 
an allocation concealment method to ensure minimal 
confounders. No criteria were used for excluding animals 
(or experimental units) during the experiment, and no data 
were excluded during the analysis. The study did not have 
humane endpoints. 

For xenograft procedures and bioluminescence analyses, 
mice were anesthetized by 2.5% isoflurane inhalation. 
Transfected WERI-Rb-1 cells were subcutaneously 
grafted into the mice (200 cells/mouse). The xeno-tumor 
was assessed with a bioluminescent assay (IVIS imaging 
system, Perkin Elmer, Santa Clara, CA, USA) 1 month after 
transplantation. The mice were assigned into the following 
three groups, and each group contained 5 mice. Group 
1 mice received subcutaneous transplantation of control 
WERI-Rb-1 cells transfected with a scrambled vector. 
Group 2 mice received subcutaneous transplantation of 
WERI-Rb-1 cells transfected with si-netrin-1 and group  
3 mice received subcutaneous transplantation of WERI-
Rb-1 cells transfected with si-netrin-1 and biweekly 
injections of recombinant VEGF-A (100 ng/mouse, Sigma-
Aldrich) into the tumor site.

Cell proliferation assay

The in vitro proliferation potential of Rb cells was assessed 
with using the Cell Counting Kit-8 (CCK-8) assay (Roche, 
Indianapolis, IN, USA), in which the absorbance value (OD) 
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of the cells was quantified at 540 nm. 

Immunohistochemistry, enzyme-linked immunosorbent 
assay (ELISA), and quantification of vessel density

Immunohistochemistry was performed using primary rabbit 
anti-netrin-1 (Abcam, Cambridge, MA, USA) and anti-
CD31 antibodies (Becton-Dickinson Biosciences, San Jose, 
CA, USA), followed by a secondary cy3-conjugated anti-
rabbit antibody (Jackson ImmunoResearch Labs, West 
Grove, PA, USA). The quantification of the CD31+ area was 
performed using NIH ImageJ software, based on 5 slides that 
were 20 µm apart from each other. Five mice were analyzed 
in each group. ELISA for netrin-1 was performed with a 
human Netrin-1 ELISA kit (ABIN6958077, antibodies-
online.com) according to the manufacturer’s instructions. 
The absorption was measured at 450 nm. The protein 
concentration was determined by comparing the relative 
absorbance of the samples with the standards.

Real time quantitative polymerase chain reaction (RT-qPCR)

A SYBR Green PCR Kit (Qiagen, Shanghai, China) was 
used for RT-qPCR with the designed primers purchased 
from Qiagen (no sequence information was provided). 
The RT-qPCR reactions were performed in triplicate. 
The gene values were assessed with the 2-ΔΔCt method and 
obtained after sequential normalization to β-actin as the 
experimental control.

Bioinformatics and statistical analysis

Data were obtained from the Gene Expression Omnibus 
(GEO, https://www.ncbi.nlm.nih.gov/geo/) public 
database (18). Two gene expression profiles (GSE174200 
and GSE172170) were selected and the GEO2R online 
analysis tool was used to detect the differentially expressed 
genes (DEGs). The study was conducted in accordance 
with the Declaration of Helsinki (as revised in 2013). The 
P value, adjusted P value, and log fold change (FC) were 
calculated. Pathway enrichment analyses of the DEGs were 
performed using Metascape (https://metascape.org) and 
Kyoto Encyclopedia of Genes and Genomes (KEGG) (19).  
All data in the current study were summarized and 
statistically analyzed with GraphPad Prism 7 (GraphPad, 
Chicago, IL, USA). One-way analysis of variance (ANOVA) 
was performed to compare the data from different groups. 
The values are expressed as mean ± standard deviation (SD). 

A P value <0.05 was considered statistically significant. 

Results

Enhanced angiogenesis and upregulation of netrin-1 in Rb 

Previous reports have suggested the importance of 
angiogenesis in the development and progression of Rb. 
Thus, the angiogenesis status and the levels of netrin-1 
were examined in Rb specimens. Data obtained from 
the GEO database were screened to identify the DEGs 
between Rb samples and control retina samples. Analyses 
of the significantly downregulated and upregulated genes 
revealed that they were enriched in many pathways including 
angiogenesis (Figure 1A). Moreover, netrin-1 was identified 
as a significantly upregulated gene in Rb samples (Figure 1B). 
These data suggested the Rb patients showed enhanced 
angiogenesis and upregulated netrin-1 expression.

Enhanced netrin-1 expression in Rb and Rb cell lines

Immunohistochemistry revealed significantly higher 
expression of netrin-1 in Rb specimens compared to normal 
retina (Figure 2A). Moreover, higher levels of netrin-1 
mRNA (Figure 2B) and protein (Figure 2C) expression were 
detected in 5 Rb cell lines, named Y79, WERI-Rb-1, NCC-
Rbc-57, NCC-Rbc-92, and NCC-Rbc-T1 compared to 
healthy retina samples. These data are consistent with the 
analyses of the GEO database samples, demonstrating an 
upregulation of netrin-1 in Rb.

Silencing netrin-1 expression in cells

To assess the functionality of netrin-1 in Rb, plasmids 
expressing the siRNA for netrin-1 were constructed with 
a luciferase reporter under a CMV promoter. A control 
plasmid carrying a scrambled sequence of netrin-1 was 
also constructed (Figure 3A). The knockdown efficiency 
of these plasmids was assessed in 5 Rb cell lines using the 
luciferase assay. A significant depletion of both netrin-1 
mRNA (Figure 3B) and protein (Figure 3C) expression was 
observed, suggesting that the si-netrin-1 effectively depleted 
netrin-1 expression in Rb cells.

Netrin-1 depletion compromises angiogenesis without 
affecting Rb growth in vitro

To assess the effects of netrin-1 depletion on Rb cell growth, 
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Figure 1 Rb samples show enhanced angiogenesis and upregulation of netrin-1 compared to healthy retina samples. Data was obtained from 
the GEO database and analyzed using the online tool GEO2R. (A) The differentially expressed genes in Rb were enriched in numerous 
pathways including angiogenesis; (B) a volcano map of the differentially expressed genes in Rb samples shows netrin-1 as an upregulated gene. 

Figure 2 Netrin-1 expression is increased in Rb and Rb cell lines. (A) Representative immunohistochemistry images showing netrin-1 
expression in Rb samples and normal retina samples; (B) relative netrin-1 mRNA expression in 5 Rb cell lines compared to a normal retina 
sample; (C) relative netrin-1 protein expression in 5 Rb cell lines compared to a normal retina sample. Rb cells lines: Y79, WERI-Rb-1, 
NCC-Rbc-57, NCC-Rbc-92, and NCC-Rbc-T1; *, P<0.05; N=5; scale bar is 100 µm.
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CCK-8 assays were performed. Silencing of netrin-1 did 
not alter cell growth in either Y79 nor WERI-Rb-1 cells 
(Figure 4A,4B). When the si-netrin-1 transfected Rb cells 
were co-cultured with human umbilical vein endothelial 
cells (HUVECs) (Figure 4C), the vessel structure formation 
was significantly reduced (Figure 4D,4E), suggesting that 
netrin-1 depletion compromised angiogenesis without 
affecting Rb proliferation.

Silencing netrin-1 compromises Rb growth and tumor 
angiogenesis in vivo

The effects of netrin-1 silencing on Rb growth was assessed 
in vivo using nude mice. Mice were given subcutaneous 

transplantation of WERI-Rb-1 cells transfected with either 
scrambled or si-netrin-1. Interestingly, netrin-1 depletion 
significantly reduced Rb growth in vivo (Figure 5A,5B), 
and this effect was abolished by administration of 
VEGF-A (Figure 5A,5B). Furthermore, silencing netrin-1 
resulted in significantly reduced Rb tumor vessel density 
(Figure 5C,5D), and again, this effect was ameliorated 
in mice given VEGF-A (Figure 5C,5D). These results 
suggested that netrin-1 is required for Rb-associated 
angiogenesis in cancer growth.

Discussion

Netrin-1 acts as a crucial guidance cue for axonal 

Figure 3 Silencing netrin-1 by construction of a siRNA plasmid. (A) Illustration of plasmids carrying the siRNA for netrin-1 or a scrambled 
netrin-1 sequence and a luciferase reporter under a CMV promoter; (B) relative netrin-1 mRNA expression in Rb cells transfected with si-
netrin-1 or scrambled plasmid as assessed by RT-qPCR; (C) relative netrin-1 protein expression in Rb cells transfected with si-netrin-1 or 
scrambled plasmid as assessed by ELISA. Rb cell lines: Y79, WERI-Rb-1, NCC-Rbc-57, NCC-Rbc-92, and NCC-Rbc-T1; *, P<0.05; N=5. 
IRES, internal ribosome entry site; CMV, cytomegalovirus; RT-qPCR, 1uantitative reverse transcription polymerase chain reaction; ELISA, 
enzyme-linked immunosorbent assay.
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Figure 4 Netrin-1 depletion compromises angiogenesis without affecting Rb growth in vitro. (A,B) The CCK-8 assay was used to assess cell 
proliferation in Rb cells transfected with si-netrin-1 or the scrambled plasmid; (C) transfected Rb cells were co-cultured with HUVECs as 
shown in the illustration; (D,E) the vessel structure formation was analyzed in both Y79 and WERI-Rb-1 cell lines. *, P<0.05; N=5; scale bar 
represents 100 µm. CCK-8, Cell Counting Kit-8; Rb, retinoblastoma; HUVEC, human umbilical vein endothelial cell; HUVECs, human 
umbilical vein endothelial cells.

growth cones and neurons, which is highly receptor 
dependent (12). Moreover, its angiogenesis capability has 
significant impact on tissue and organ development (12). 
Indeed, the current study demonstrated a proangiogenic 
role for netrin-1 in Rb growth and progression. This 
finding is important since the involvement of netrin-1 in 
angiogenesis appears to be tissue- and organ- dependent. 
While some studies have shown that netrin-1 promotes 
angiogenesis (20), others have demonstrated an antiangiogenic 
effect (21). Furthermore, there is evidence to show that netrin-1 
exhibits a proangiogenic effect at low concentrations but an 
antiangiogenic function in high concentrations (22). Thus, 
future studies should examine the effects of different levels of 
netrin-1 expression on Rb development.

This study demonstrated that netrin-1 may be a potential 
therapeutic target in Rb. Targeting netrin-1, rather than 
the more potent proangiogenic factor VEGF-A, has 
several advantages. VEGF-A exerts many physiological 
and pathological effects on different tissues and organs, 
and targeting VEGF-A may result in a range of unwanted 
adverse events in other organ systems. Moreover, the 
effects of VEGF-A are very dosage-dependent and there 
is a narrow physiologic range (23-26), and thus, relatively 
small changes in VEGF-A may have a great effects. Indeed, 
studies have shown that inactivation of only one allele of 
VEGF-A in mice resulted in embryonic lethality at mid-
gestation (27,28), while a 2-fold increase in VEGF-A levels 
resulted in embryonic lethality in mice (29). Therefore, 
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Figure 5 Silencing netrin-1 compromises Rb growth and tumor angiogenesis in vivo. Nude mice received subcutaneous transplantation 
of WERI-Rb-1 Rb cells transfected with either scrambled vector or si-netrin-1. (A,B) Rb tumor growth in vivo was assessed by 
bioluminescence; (C,D) tumor vessel density was analyzed by CD31+ area assessed by immunohistochemistry. *, P<0.05; N=5 (5 mice in each 
experimental group); scale bar represents 100 µm. VEGF-A, vascular endothelial growth factor A.

targeting netrin-1 levels may be a much safer treatment in 
Rb patients. In addition, netrin-1 upregulation appears to 
be specific to Rb and other malignant disorders (30) and 
thus, any therapies which target netrin-1 may exert more 
specificity compared to therapies which target VEGF-A.

Inflammation and angiogenesis are often simultaneously 
coordinated in many pathological  s ituations,  and 
inflammation appears to be predisposing event for 
angiogenesis in diseases such as ischemic vascular diseases 
and cancers (31,32). Therefore, future studies should 
investigate the effects of netrin-1 on Rb-associated 
inflammation, specially, the effects on lymphocyte 
differentiation and recruitment, and macrophage infiltration 
and polarization.
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