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Abstract

Angiogenesis is a critical player in tumor metastasis that is involved in the pathophysiology 

of the pediatric ocular cancer retinoblastoma (RB). This review summarizes evidence linking 

angiogenesis to RB prognostication, response to treatment, and therapy. Vascular endothelial 

growth factor (VEGF), a major pro-angiogenic growth factor, has potential as a biomarker of 

therapy response to RB treatment. High VEGF correlates with poor chemotherapy response, 

subsequent local invasion, and lower patient survival. VEGF levels are also strongly correlated 

with choroidal invasion, poor differentiation, and an overall negative disease prognosis for RB 

patients. In contrast, decreasing VEGF levels can predict vitreous seed regression after intravitreal 

chemotherapy. Further investigation is needed to determine the accuracy and clinical value of 

using aqueous humor liquid biopsies to assess VEGF levels to predict prognosis or therapy 

response. Anti-angiogenic agents including approved drugs and experimental compounds have 

shown potential in RB models and may become potential therapeutics, adjuvants to current 

chemotherapies, or treatments for chemotherapy complications, although there is limited evidence 

that anti-angiogenic monotherapy may be sufficient for RB. Overall, future research aimed at 

integrating angiogenesis markers and therapies with existing RB strategies holds promise for 

improving patient outcomes and personalizing treatment approaches.

Introduction

Retinoblastoma (RB) is the most common form of eye cancer in children and is fatal if 

untreated. The malignancy arising in the retina can spread elsewhere in the central nervous 

system through the optic nerve or invade the sclera and orbit through the choroid.1 The 

growing RB can deposit tumor cells below the retina known as subretinal seeds, or into the 

vitreous cavity known as vitreous seeds.1 These seeds are a sign of advanced RB and are 

especially challenging to control, frequently leading to enucleation.2 Angiogenesis is crucial 

in supporting the expanding RB tumor.3,4,5
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Angiogenesis is one of the first steps to metastasis and is triggered by tumor hypoxia 

causing neoplastic cells to release angiogenic growth factors, the most well-studied being 

vascular endothelial growth factor (VEGF).6 VEGF isoforms signal the formation of new 

blood vessels by binding to VEGF receptors (VEGFR) on the vascular endothelial cell 

surface. This leads to downstream signalling via multiple pathways, ultimately resulting 

in cell proliferation, cytoskeleton rearrangement, cell survival, and increased vascular 

permeability allowing for angiogenesis.7

It is well established that RB cells secrete VEGF in response to hypoxia.5 Furthermore, the 

progression and invasiveness of RB has been associated with increased levels of VEGF-A 

and VEGFR-2, the two most prominent isoforms of VEGF and VEGFR in angiogenesis 

signalling.4 This raises the possibility of RB treatments that target the VEGF angiogenic 

pathway and for VEGF levels to act as a prognostic factor.

Current treatments for RB include laser therapy, cryotherapy, enucleation, systemic 

chemotherapy, and intra-arterial or intravitreal chemotherapy. The most common systemic 

chemotherapeutic agents for RB are vincristine, etoposide, and carboplatin while melphalan 

and topotecan are used locally.8,9 However, chemotherapy treatments are still associated 

with vision loss, vitreous hemorrhage, persistent vitreous seeds, and a risk of relapse or 

secondary tumors.8,10 The development or addition of anti-angiogenic therapies have shown 

potential for treating RB and enhancing the efficacy of current chemotherapy. In addition, 

emerging research has shown the importance of angiogenesis signals as a biomarker for RB 

disease prognosis and therapy response. This paper will review the potential of angiogenic 

factors in the management of RB (Fig. 1).

VEGF as a Prognostic Factor for RB

Optic nerve and choroidal invasion are the two main factors indicating a poor prognosis 

for RB. However, this is usually determined only after enucleation provides a sample 

for histology analysis. Techniques such as liquid biopsy of the aqueous humor (AH) 

can provide an earlier prognosis and produce higher yield cell free DNA than peripheral 

blood samples.11 VEGF can be found in the ocular fluids and shows potential for being 

a prognostic factor that can guide management prior to enucleation, although most studies 

have relied on enucleated eye tissue.11

In 56 patients with advanced RB, intratumoral VEGF was observed on 

immunohistochemistry stains for tumors with choroidal invasion 77.1% of the time (Table 

1).12 In the same study, the c-Kit proto-oncogene was observed in cases of optic nerve 

invasion 73.1% of the time. c-Kit is a feature of aggressive RBs with a higher likelihood 

of combined pattern of tumor growth, optic nerve and choroidal invasion.12 There was a 

significant positive correlation between c-kit and VEGF presence, suggesting that VEGF 

may also serve as a prognostic indicator of optic nerve invasion (Table 1).12 Similarly, 

immunostaining of 12 enucleated eyes with RB showed increased expression of angiogenic 

factors VEGF-A, VEGFR-2, and CD105 (endoglin), which was associated with the 

expression of a stem cell marker Sox2 (Table 1).4 Stem cell markers in RB indicate poor 

differentiation, more aggressive progression, drug resistance, and a higher risk of recurrence. 
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Thus, these angiogenic factors could be correlated with these high-risk features of RB 

indicating poor prognosis.4 These findings should spur further study on whether VEGF 

levels in AH have similar associations.

In 470 RB patients, VEGF overexpression correlated with optic nerve invasion and less 

differentiated RB cells (Table 1).13 In addition to VEGF, matrix metalloproteinases (MMPs) 

also facilitate malignant cell growth, invasion, and angiogenesis in RB cell lines.14 A 

meta-analysis of 725 eyes with RB revealed that increased expression of MMP-1, MMP-2, 

MMP-9, and VEGF were significantly associated with RB metastasis and poor histological 

differentiation indicating poor prognosis.14

VEGF as a Biomarker for Therapy Response

There remains a lack of sensitive and specific biomarkers for monitoring success of RB 

therapies, especially for invasive RB that is difficult to treat. A retrospective study of 

enucleated eyes from patients with RB found that the tumor’s relative vascular area had a 

100% sensitivity and 79% specificity at predicting dissemination after enucleation.15 VEGF 

levels closely correlate with tumor vascularity and several studies have shown that levels 

also correlate with therapy response.

In a study of 28 patients after neoadjuvant chemotherapy and enucleation the event-free 

survival and overall survival were significantly higher for patients with VEGF-negative RB 

cells (Table 1).16 This demonstrates that the presence of VEGF post-chemotherapy can 

predict a poor response and the potential for local invasion.16

In 11 patients with refractory RB, there was a significant reduction in VEGF levels extracted 

from the AH before and after intravitreal carboplatin + bevacizumab treatment.17 Patients 

who had reduced tumor size and vitreous seed regression all achieved post-treatment 

VEGF levels below 50 ng/L while patients who had poor control and required subsequent 

enucleation all had VEGF levels above 50 ng/L (Table 1).17 This suggests that high VEGF 

levels after treatment correlated with RB recurrence and need for enucleation. However, 

larger cohort studies are needed to investigate the threshold and whether it is consistent 

across different treatments.

In a rabbit xenograft model of vitreous seeds, we showed that VEGF-A levels in the AH 

decrease in response to intravitreal chemotherapy with melphalan, topotecan, or belinostat 

(Table 1).10 VEGF-A levels in the AH decreased with each serial injection. In contrast, 

VEGF-A levels continuously increased in non-treated xenografted eyes. The rabbit vitreous 

seeds expressed high levels of VEGFA mRNA (Table 1).10 In addition, VEGF-A levels 

in banked AH of patients who underwent intravitreal chemotherapy for vitreous seeds 

correlated with the amount of viable vitreous seeds present (Table 1).10 Vitreous seeds 

can persist in the eye even after they are nonviable, resulting in a delayed regression post-

therapy when assessed clinically. This delay can result in excess injections of intravitreal 

chemotherapy even after vitreous seeds have necrosed. Since only viable vitreous seeds 

expressed VEGF-A, VEGF-A levels from the AH could determine vitreous seed viability 

and subsequent regression, acting as a predictive biomarker for treatment response. These 
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findings (Fig. 1C) are particularly exciting given the rise of AH biopsy as a tool for 

assessing retinoblastoma prognosis and response to therapy.11

Anti-Angiogenic Drugs for RB Treatment

RB cells induce angiogenesis through stimulating vascular endothelial cell proliferation 

when co-cultured with human umbilical vein endothelial cells (HUVECs).18 

Correspondingly, numerous anti-angiogenic drugs show potential for treating RB in 

preclinical work (Fig. 1A). Many of these drugs already exist for other indications and 

could be readily re-purposed for RB treatment.

Bevacizumab is an anti-VEGF monoclonal antibody indicated for several metastatic cancers 

including metastatic breast cancer, late-stage ovarian cancer, non-squamous non-small cell 

lung cancer and recurrent glioblastoma.19 In addition, intravitreal bevacizumab is used 

for ocular conditions such as neovascular age-related macular degeneration, retinopathy 

of prematurity, proliferative diabetic retinopathy and diabetic macular edema, and other 

retinal diseases associated with abnormal blood vessel growth.20 In human RB cell 

xenografted mice, intraperitoneal injections of bevacizumab caused a 2-fold reduction in 

microvasculature density and a 75% reduction in RB growth (Table 2).19 Bevacizumab 

reduced tumor size in a dose-dependent manner and at doses that were safe and tolerable 

in mice.19 The tumors treated with bevacizumab also had lower vascularity.19 Bevacizumab 

reduced tumor size purely by decreasing VEGF levels and did not have any direct effect on 

the apoptosis of endothelial cells or RB cells.19

Aflibercept is an anti-VEGF recombinant antibody that is indicated for neovascular age-

related macular degeneration, diabetic retinopathy, diabetic macular edema, and retinopathy 

of prematurity.18 In a subcutaneously xenografted mouse model, RB tumors treated with 

intraperitoneal aflibercept contained fewer blood vessels and increased apoptotic cells 

(Table 2).18 In addition, an intravitreally injected orthotopic mouse model showed that 

intraperitoneal aflibercept reduced subretinal invasion and improved vitreous haziness, 

indicating decreased RB cell proliferation.18 In vitro, aflibercept reduced RB-induced 

HUVEC proliferation.18

Tigecycline is a tetracycline antibiotic that inhibits bacterial growth through suppressing 

protein synthesis.21 Pre-clinical studies have revealed tigecycline as a novel anti-cancer drug 

effective at killing leukemias, renal cancer cells, and liver cancer cells.21 In three RB cell 

lines, tigecycline reduced proliferation and induced apoptosis (Table 2).21 Tigecycline also 

inhibited capillary formation in human retinal microvascular endothelial cells (HRECs).21 

Tigecycline inhibited mitochondrial protein translation, causing mitochondrial dysfunction 

and oxidative damage in RB cells and HRECs.21 Moreover, tigecycline affected normal 

retinal pigment epithelial cells to a lesser extent than RB cells, which may indicate a 

favorable toxicity profile. However, further investigations using animal models are needed to 

determine tolerability and efficacy.

Niclosamide is an anthelmintic drug indicated for treatment of tapeworms. It has anticancer 

effects on myeloid leukemia, ovarian, and breast cancer cells.22 In an in vitro study using 
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RB cells, niclosamide induced apoptosis in a dose dependent manner through inhibition 

of the Wnt/β-catenin pathway, which is involved in angiogenesis and caspase-mediated 

apoptosis (Table 2).22 Niclosamide inhibited the migration, proliferation, and survival of 

HRECs, ultimately reducing capillary formation.22 These results suggest that niclosamide 

may be a potent angiogenesis inhibitor as well as direct anticancer drug against RB.

Celastrol is a triterpenoid from a traditional Chinese medicine with anti-inflammatory, 

anti-angiogenic, and anti-cancer properties.23 Celastrol loaded into nano-micelles (CNM) 

was able to reduce hypoxia-induced endothelial cell migration, chemotactic motility, 

and proliferation through reducing VEGF-A and hypoxia-inducible factor-1α (HIF-1α) 

(Table 2).23 In RB tumor xenografted mice, intraperitoneal CNM injections substantially 

suppressed tumor growth, with decreased tumor vascularization in the CNM treated tumors 

and no observable adverse effects.23 In a further study, celastrol-loaded reduction-sensitive 

nanoparticles accelerated celastrol uptake in RB cells and increased RB cell apoptosis.24

5-Aminoimidazole-4-carboxamide riboside (AICAR) is an adenosine monophosphate 

(AMP) analogue that stimulates AMP-activated protein kinase (AMPK), which acts 

as a sensor for metabolic stress including hypoxia and long-term starvation.25 Excess 

AMPK activation through AICAR mimics a state of severe metabolic stress and inhibits 

proliferation and induces apoptosis in multiple myeloma, neuroblastoma, glioblastoma, 

acute lymphoblastic leukemia, colon cancer, breast cancer, and prostate cancer cell lines.25 

In RB cell lines, AICAR also inhibited proliferation through S phase arrest and inducing 

apoptosis (Table 2).25 AICAR further showed tumor suppressing ability in subcutaneous RB 

xenografted mice. Both tumor weight and tumor volume were reduced by around 50% after 

28 days of intraperitoneal AICAR injection (Table 2).25 Immunofluorescence staining of the 

tumor capillaries revealed significantly reduced vessel density in AICAR-treated tumors.25 

These results suggest that AICAR may be a potential treatment for RB through inducing 

apoptosis and inhibiting angiogenesis. In addition, other components of the AMPK pathway, 

such as the upstream tumor suppressor LKB1, may be therapeutic targets for RB treatment.

Fosbretabulin (combretastatin A-4 phosphate) is an experimental vascular-targeting drug that 

binds to tubulin and destabilizes microtubule formation in endothelial cells.26 In the TAg-RB 

transgenic RB mouse model, subconjunctival fosbretabulin caused dose-dependent reduction 

in tumor vessel density and surface area (Table 2).26 There was no evidence of local toxicity 

on histology or systemic toxicity.

Anecortave acetate (AA) is an angiostatic steroid that inhibits angiogenesis via 

multiple pathways, originally developed for treatment of neovascular age-related macular 

degeneration.27 AA has also shown efficacy in TAg-RB. In 12-week-old mice, 

subconjunctival injections of AA reduced tumor size to the same degree as carboplatin 

(Table 2).27 However, AA showed significantly lower efficacy in 16-week-old mice.27 Thus, 

this may suggest better efficacy at earlier timing for AA or other anti-angiogenic drugs for 

RB treatment but further studies are needed to validate this.

Rapamycin (sirolimus) is a mTOR inhibitor used as an immunosuppressant and to treat 

lymphangioleiomyomatosis.28 mTOR is involved in angiogenesis; inhibition of mTOR 
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reduces VEGF and HIF-1α.28 Subconjunctival injections of rapamycin in TAg-RB mice 

decreased tumor burden (Table 2), correlating with percentage of tumor hypoxia.28 In 

addition, rapamycin targeted small-caliber mature vessels preferentially since there was no 

significant reduction in neovessels or large-caliber vessels compared to control.28

Anti-Angiogenic Drugs for Enhancing Chemotherapy

Perhaps more promising than single-agent use, anti-angiogenic drugs may be an effective 

adjuvant to existing chemotherapy for RB. Combination therapies have shown synergistic 

effects, which suggest that anti-angiogenic drugs could be a chemotherapy sparing agent and 

reduce adverse effects of chemotherapy. In addition, there is some evidence demonstrating 

the potential for anti-angiogenic drugs to treat chemotherapy complications.

In RB xenograft mice, intraperitoneal carboplatin alone resulted in significant tumor volume 

reduction in 48% while carboplatin + bevacizumab resulted in 86%.29 Bevacizumab also had 

a chemotherapy sparing effect by decreasing the dose of carboplatin needed to achieve 

similar tumor regression.29 On a cellular level, carboplatin + bevacizumab increased 

apoptosis and inhibition of RB cell proliferation.30 Intravitreal injections of carboplatin 

+ bevacizumab were also used in a prospective study of 11 patients with refractory RB.17 

Over 9 months, 7 patients achieved a reduction in vitreous seeds, tumor mass, and stabilized 

disease that did not need enucleation.17 Of the 4 patients that still required enucleation, 

histological examination showed no tumor invasion.17 Vitreous hemorrhage occurred in 1 

patient while all other patients showed no complications.17 Future clinical studies should 

directly compare the effects of carboplatin + bevacizumab vs carboplatin alone.

Niclosamide also synergistically enhanced carboplatin inhibition of RB cells in vitro and 

in vivo. When niclosamide or carboplatin was administered to RB cells individually, both 

induced apoptosis in ~30% of RB cells. When administered together, apoptosis was induced 

in around ~100% of RB.22 In xenograft mice with subcutaneously implanted RB cells, the 

combination of niclosamide and carboplatin resulted in a tumor weight that was 1/3 of the 

weight when using both drugs alone.22

Ranibizumab and aflibercept have also demonstrated potential for treating complications 

from systemic chemotherapy for RB. In a study of systemic chemotherapy complications, 

94% of patients experienced retinal ischemia, 51% retinal detachment, 43% intravitreal 

hemorrhage, and 34% relapsed active tumor.31 Subsequent intravitreal injections of 

ranibizumab and aflibercept resulted in globe salvage of 51% of treated patients.31 However, 

further investigation is needed to validate these results and determine the mechanisms.

miRNAs as Angiogenic Targets for RB

Micro-ribonucleic acids (miRNAs) are small RNA transcripts not expressed as protein. 

They are known to regulate protein expression and abnormal levels of mRNA have been 

observed in numerous cancers, including RB.32 miRNAs may act as either oncogenes or 

tumor suppressors in RB, depending on the specific miRNA.32 Several miRNAs involved in 

the expression of angiogenesis factors have been shown to either promote or reduce tumor 

severity.
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miRNA-106a showed potential for suppressing angiogenesis by downregulating HIF-1α 
expression.33 In RB cells, miRNA-106a overexpression decreased VEGF and HIF-1α levels 

while miRNA-106a knockdown resulted in the opposite (Table 3).33 Likewise, inhibition of 

miRNA-106a in RB cells lead to increased RB cell invasion and angiogenesis as assessed by 

tube formation assay.33

In contrast, miRNA-92a-3p, miRNA-181b, and miRNA-224–3p promoted angiogenesis in 

RB through various mechanisms. Knocking down miRNA-92a-3p decreased proangiogenic 

factors VCAM1 and ICAM1 and reduced endothelial cell angiogenesis in HUVECs 

(Table 3).34 Injecting exosomal miRNA-92a-3p into subcutaneous RB xenografted mice 

resulted in stronger blood flow, more endothelial cells, higher vascularity of the tumors, 

and ultimately larger tumor volume (Table 3).34 miRNA-181b was upregulated in 

hypoxic RB cell cultures and stimulated capillary formation in HUVECs co-cultured 

with RB cells.35 It downregulated the endothelial cell gene PDCD10 which suppresses 

angiogenesis.35 miRNA-181b also repressed the GATA6 gene in endothelial cells which 

controls homeostasis of the ocular vasculature (Table 3).35 In another study, miRNA-224–

3p was found to be highly expressed in RB cell cultures and inhibited the expression 

of tumor suppressor gene LATS2.36 LATS2 promotes apoptosis and inhibits angiogenesis 

in HUVECs through decreasing VEGF.36 Correspondingly, miRNA-224–3p accelerated 

angiogenesis in HUVECs and repressed RB cell apoptosis through LATS2 inhibition 

(Table 3).36 Thus, both downregulation of miRNA-224–3p and upregulation of LATS2 

could be effective targets for angiogenesis-modulating RB treatment. Although promising, 

the understanding and evidence behind miRNAs as angiogenesis mediators in RB is still 

growing and further investigation is needed to clarify their therapeutic application.

Conclusions and Future Prospects

Angiogenesis is crucial for cancer progression and thus is likely a contributor to RB severity 

as well. There is promising evidence that angiogenesis signaling holds biomarkers and 

prognostic determinants for RB therapy response and progression. VEGF levels measured 

in AH may be the first high specificity and sensitivity assay to predict intravitreal 

chemotherapy response and RB prognosis. Since this biomarker can be measured before 

enucleation, there is considerable potential for VEGF levels to individualize treatment plans, 

ultimately reducing complications and bettering patient outcomes (Fig. 1). There are several 

existing anti-angiogenic drugs and experimental agents which may hold therapeutic value 

for RB patients. However, most of the literature in this area has not elicited further follow-up 

and there is limited evidence supporting the use of anti-angiogenic drugs as monotherapy 

for treating RB. Instead, there is perhaps greater potential for combination therapy with 

other chemotherapy agents. Further studies could determine whether adverse effects can 

be reduced by the chemotherapy sparing effect of anti-angiogenic drugs. Despite the long-

known role for angiogenesis signaling in retinoblastoma, it may still yield new prognostic 

and therapeutic value.
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Fig. 1. Summary of anti-angiogenic drugs, effects, and prognostic potential of VEGF for 
retinoblastoma.
A) Existing anti-angiogenic agents that show pre-clinical efficacy for retinoblastoma. B) 

Pre-clinical effects demonstrated by anti-angiogenic drugs on retinoblastoma, both at the 

tumor level (macroscopic) and molecular level (microscopic). C) Prognostic variables that 

correlate with VEGF levels in retinoblastoma, with potential for assessment in aqueous 

humor.
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