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SUMMARY

Retinoblastoma is a cancer of the infant retina primarily driven by loss of the Rb tumor suppressor 

gene, which is undruggable. Here, we report an autocrine signaling, mediated by secreted frizzled-

related protein 2 (SFRP2), which suppresses nitric oxide and enables retinoblastoma growth. 

We show that coxsackievirus and adenovirus receptor (CXADR) is the cell-surface receptor for 

SFRP2 in retinoblastoma cells; that CXADR functions as a “dependence receptor,” transmitting 

a growth-inhibitory signal in the absence of SFRP2; and that the balance between SFRP2 and 

CXADR determines nitric oxide production. Accordingly, high SFRP2 RNA expression correlates 
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with high-risk histopathologic features in retinoblastoma. Targeting SFRP2 signaling by SFRP2-

binding peptides or by a pharmacological inhibitor rapidly induces nitric oxide and profoundly 

inhibits retinoblastoma growth in orthotopic xenograft models. These results reveal a cytokine 

signaling pathway that regulates nitric oxide production and retinoblastoma cell proliferation and 

is amenable to therapeutic intervention.

Graphical Abstract

In brief

Nitric oxide plays critical roles in vasodilation and neurotransmission, but little is known about the 

role of nitric oxide in tumorigenesis and extracellular signaling that regulates nitric oxide. Jayabal 

et al. report that SFRP2-CXADR signaling suppresses nitric oxide and drives retinoblastoma.

INTRODUCTION

Nitric oxide is a gaseous messenger molecule originally identified as the endothelium-

derived relaxing factor.1–3 It has a variety of biological functions, such as vasodilation, 

neurotransmission, and immune response. Nitric oxide is synthesized from arginine by 

the action of three isoforms of nitric oxide synthases (NOSs): neural, inducible, and 

endothelial NOS (nNOS/NOS1, iNOS/NOS2, and eNOS/NOS3, respectively). Nitric oxide 

stimulates soluble guanylate cyclase (sGC), which generates cGMP. cGMP, in turn, 

stimulates cGMP-dependent protein kinase (PKG). This enzyme cascade is considered 
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the canonical signaling mechanism for nitric oxide.4 In contrast to its critical roles in 

vasodilation and neurotransmission, nitric oxide has not emerged as a key regulator of 

tumorigenesis. Importantly, little is known about extracellular signaling that regulates nitric 

oxide production.

Retinoblastoma is a cancer of the infant retina primarily caused by biallelic inactivation of 

the Rb tumor suppressor gene.5,6 Inheritance of one mutant Rb allele predisposes individuals 

to retinoblastoma, which forms after the second Rb allele is mutated. Mutations in genes 

other than Rb are rare.7,8 If retinoblastoma is detected early, then enucleation is often 

curative, but this inevitably results in vision loss. To save vision, chemotherapy is commonly 

used, but is often associated with short-term and long-term toxicity.5 Despite years of 

research, there is no molecularly targeted therapy for retinoblastoma.

Unlike human retinoblastoma, Rb inactivation is not sufficient to generate retinoblastoma in 

mice. Retinoblastoma mouse models require an additional mutation of Rb paralogs (p107 

or p130) or a CDK inhibitor, p27, in conjunction with Rb loss9–14 and are derived from 

the amacrine lineage,15 unlike human retinoblastoma, which appears to be derived from 

cone precursor cells.16,17 Previous research on retinoblastoma has predominantly focused 

on intracellular pathways. Little is known about extracellular signaling that regulates 

retinoblastoma.

Secreted frizzled-related protein 2 (SFRP2) is a multi-functional cytokine that is implicated 

in retinal neurogenesis18 and also serves as an axon guidance cue for developing retinal 

neurons.19 SFRP2 knockout mice display abnormal navigation of retinal axons, which is 

worsened in SFRP2/SFRP1 double-knockout mice.20 SFRP2 is known to function as a Wnt 

antagonist and tumor suppressor. SFRP2 can directly bind Wnt and prevent Wnt binding 

to its receptor, Frizzled.21 SFRP2 gene expression is frequently silenced by promoter 

methylation in a variety of human cancers,22,23 consistent with the role of SFRP2 as a 

tumor suppressor. However, there are also several studies demonstrating a tumor-promoting 

role of SFRP2.24,25

In this study, we describe an SFRP2-nitric oxide signaling pathway that controls 

retinoblastoma growth. Our results indicate that SFRP2 uses coxsackievirus and adenovirus 

receptor (CXADR) as the receptor and prevents production of nitric oxide. Targeting SFRP2 

results in rapid production of nitric oxide, which potently inhibits retinoblastoma growth.

RESULTS

Retinoblastoma depends on SFRP2

To dissect cytokine signaling in retinoblastoma, we analyzed the proteins secreted from 

Y79 and RB383 retinoblastoma cells by mass spectrometry. The complete lists of proteins 

identified with high confidence are shown in Tables S1 and S2. This analysis identified 

abundant secretion of SFRP2 (Tables S1 and S2). SFRP2 secretion was not detected in the 

secretome of other childhood cancers, including osteosarcoma, Ewing sarcoma, synovial 

sarcoma, rhabdomyosarcoma, neuroblastoma, and hepatoblastoma.26,27 SFRP2 is highly 

expressed in all five retinoblastoma cell lines and five retinoblastoma tumors tested (Figure 

Jayabal et al. Page 3

Cell Rep. Author manuscript; available in PMC 2023 October 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1A). By contrast, SFRP2 expression is low or undetectable in ARPE-19 retinal pigment 

epithelial cells, mesenchymal stem cells, rhabdomyosarcoma cells, Ewing sarcoma cells, 

and normal tonsils (Figure 1A).

Importantly, silencing of SFRP2 by small interfering RNA (siRNA) transfection severely 

inhibited proliferation of all five retinoblastoma cell lines tested but did not affect ARPE-19 

and 293T/HEK293T cell proliferation (Figure 1B; Dharmacon SFRP2 SMARTpool siRNAs; 

proliferation assessed by the IncuCyte live-cell imagingsystem). SFRP1 siRNA SMART 

pool didnot affect retinoblastoma growth (Figure 1B). SFRP2 silencing also caused 

apoptosis in retinoblastoma cells (Figures 1C and 1D), suggesting that SFRP2 silencing 

is both cytostatic and cytocidal. Additionally, an anti-SFRP2 rabbit polyclonal antibody 

inhibited retinoblastoma cell proliferation in a dose-dependent manner (Figure 1E). 

Retinoblastoma growth inhibition by SFRP2 siRNA was rescued by adding recombinant 

SFRP2 (R&D Systems, 6838-FR/CF, used at 250 ng/mL) to the culture medium (Figure 

1F), indicating that retinoblastoma depends on extracellular SFRP2. Furthermore, SFRP2 

silencing strongly inhibited the xenograft tumorigenicity of retinoblastoma cells (Figure 

1G). These results demonstrate that retinoblastoma depends on SFRP2.

The analysis of published gene expression data on retinoblastoma tumors28 revealed that 

tumors with high-risk histopathologic features (HRPFs), which are associated with worse 

prognosis and indicate the need for adjuvant chemotherapy after enucleation,30–32 display 

significantly higher SFRP2 RNA expression levels than tumors without HRPFs (Figure 1H).

We also performed immunohistochemistry of retinoblastoma tumors and found that 

retinoblastoma tumors are positive for SFRP2, although the intensity of SFRP2 staining 

does not seem to correlate with invasiveness (non-invasive, PLONI [post-laminar optic nerve 

invasion], and PLONI + massive choroidal invasion) (Table S3). The lack of correlation 

might be due to the fact that immunohistochemistry detects SFRP2 retained in cells, not 

secreted SFRP2.

SFRP2 silencing triggers nitric oxide (NO) production, which inhibits retinoblastoma 
growth

To gain insight into downstream signaling, we analyzed changes in gene expression induced 

by SFRP2 silencing in RB383 cells by RNA sequencing and Ingenuity Pathway Analysis, 

which identified NOS signaling as a top canonical pathway 24 h (Figure 2A), CREB1 as 

a top upstream regulator 24 h (Figure 2B), and p53 and p21 as top upstream regulators 48 

h after SFRP2 siRNA transfection (Figure 2C). We then analyzed NO production upon 

SFRP2 siRNA transfection using nitrate/nitrite colorimetric assays and observed rapid 

NO production that peaked 12 h after SFRP2 siRNA transfection (Figures 2D and S1A; 

analyzed both in the conditioned medium [CM] and cell lysate). Furthermore, we found 

rapid induction of NOS2 (iNOS) and NOS3 (eNOS) proteins (Figures 2E and S1B) upon 

SFRP2 silencing.

We then evaluated the role of NO in mediating growth inhibition in retinoblastoma. 

An NO scavenger, carboxy-PTIO, completely abolished SFRP2 silencing-induced growth 

inhibition in all five retinoblastoma cell lines (Figure 2F). Carboxy-PTIO did not affect 
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SFRP2 silencing (Figure 2G). A pan-NOS inhibitor, L-NMMA, also abolished growth 

inhibition following SFRP2 silencing (Figure 2H). Conversely, an NO donor, SNAP, 

inhibited retinoblastoma growth in a dose-dependent manner (Figure 2I). These results 

indicate that NO mediates growth inhibition following SFRP2 silencing in retinoblastoma.

NO activates sGC, which generates cGMP, leading to activation of PKG. This pathway 

is considered the major mode of action for NO and mediates a variety of its biological 

functions, including smooth muscle relaxation. We found that SFRP2-silencing-induced 

growth inhibition of retinoblastoma cells is abolished by an inhibitor of sGC, NS-2028 

(Figure 2J), and an inhibitor of PKG, KT5823 (Figure 2K), indicating that the NO-sGC-

PKG pathway mediates growth inhibition that results from SFRP2 silencing.

SFRP2 silencing was accompanied by activation of the p53-p21 pathway (Figure 2C), and 

we found that growth inhibition following SFRP2 silencing is abolished by simultaneous 

silencing of p53 or p21 (Figure 2L), indicating that SFRP2 silencing results in p53- and p21-

dependent growth inhibition in retinoblastoma. p21 induction following SFRP2 silencing 

was abolished by carboxy-PTIO, NS-2028, and KT5823 (Figure 2M), indicating that the 

NO-sGC-PKG pathway induces p21 in retinoblastoma.

These results suggest that SFRP2 normally prevents NO production in retinoblastoma and 

that SFRP2 silencing results in NO production and p53- and p21-dependent growth arrest 

through the NO-sGC-PKG pathway (Figure 2N).

The RNA expression data in the Human Protein Atlas (www.proteinatlas.org) demonstrates 

high SFRP2 expression in AF22 neural stem cells.33 We confirmed that AF22 cells indeed 

express high levels of SFRP2, comparable with those in retinoblastoma cells (Figure S2A). 

SFRP2 silencing (Figure S2B) resulted in rapid production of NO (Figure S2C) and growth 

inhibition (Figure S2D) in AF22 cells. These results suggest that SFRP2-NO signaling also 

regulates proliferation (self-renewal) of AF22 neural stem cells.

The adenylate cyclase-PKA-CREB-NOS2 pathway mediates NO production following 
SFRP2 silencing

While both NOS2 and NOS3 were induced upon SFRP2 silencing in retinoblastoma 

(Figures 2E and S1B), silencing of NOS2 completely abrogated and that of NOS3 partly 

affected NO production and growth inhibition following SFRP2 silencing (Figures 3A–3C). 

Unlike NOS1 and NOS3, NOS2 enzymatic activity is not regulated by intracellular calcium, 

and induction of NOS2 expression readily translates into increased NOS activity. Similar to 

NOS2 protein levels (Figure 2E), NOS2 RNA levels rapidly increased upon SFRP2 siRNA 

transfection (Figure 3D).

NOS2 expression can be activated by CREB34 and cyclic AMP (cAMP).35,36 Ingenuity 

Pathway Analysis of SFRP2-silenced RB383 cells identified CREB1 as the top upstream 

regulator 24 h after SFRP2 siRNA transfection (Figure 2B). We found that phosphorylation 

of CREB is rapidly induced upon SFRP2 siRNA transfection in retinoblastoma cells (Figure 

3E). CREB silencing (Figure 3I) abrogated NOS2 induction (Figure 3F), NO production 
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(Figure 3G), and growth inhibition (Figure 3H) following SFRP2 silencing, indicating the 

role of CREB in these processes.

CREB is phosphorylated and activated by cAMP-dependent protein kinase (PKA). The PKA 

inhibitor H89 abolished CREB phosphorylation (Figure 3J), NOS2 induction (Figure 3K), 

NO production (Figure 3L), and growth inhibition (Figure 3M) following SFRP2 silencing. 

PKA is activated by cAMP produced by adenylate cyclase. The adenylate cyclase inhibitor 

NKY80 abolished NOS2 induction (Figure 3N), NO production (Figure 3O), and growth 

inhibition (Figure 3P) following SFRP2 silencing.

These results suggest that the adenylate cyclase-PKA-CREB-NOS2 pathway mediates NO 

production and growth arrest following SFRP2 silencing in retinoblastoma (Figure 3Q).

CXADR functions as the SFRP2 dependence receptor in retinoblastoma

SFRP2 functions as a Wnt antagonist and tumor suppressor. SFRP2 can directly bind Wnt 

and prevent Wnt binding to its receptor, Frizzled.21 SFRP2 gene expression is frequently 

silenced by promoter methylation in various human cancers.22,23 We initially thought that 

SFRP2’s role as a Wnt antagonist is important in retinoblastoma. However, pharmacological 

inhibitors of Wnt signaling (XAV939 for canonical [Wnt/β-catenin] signaling and IWP-L6 

[inhibitor of Wnt lipidation and secretion] for canonical and non-canonical signaling; 

both used at 1 μM) did not rescue the growth arrest of retinoblastoma cells following 

SFRP2 silencing (Figures S3A and S3B). Furthermore, silencing of β-catenin inhibited, 

not stimulated, retinoblastoma proliferation (Figure S3C). These results suggest that Wnt 

antagonism by SFRP2 is unlikely to play a growth-promoting role in retinoblastoma. We 

thus started to search for a cell-surface receptor of SFRP2.

To analyze the retinoblastoma cell surface proteome, we used cell-surface labeling with 

a membrane-impermeable biotin derivative (EZ-Link Sulfo-NHS-SS-Biotin, Pierce/Thermo 

Fisher Scientific), followed by purification with streptavidin agarose and mass spectrometry. 

The complete lists of proteins identified with high confidence are shown in Tables S4 and 

S5. This analysis revealed that CXADR is highly expressed on the retinoblastoma cell 

surface (RB383: 64 peptides, 56.7% sequence coverage; Y79: 37 peptides, 62.2% sequence 

coverage). CXADR is a transmembrane protein that functions as a virus receptor and a 

component of tight junctions.37,38 CXADR mRNA is highly expressed in retinoblastoma 

cell lines and tumors compared with ARPE-19 retinal pigment epithelial cells (Figure 

4A). In line with this finding, a recent study, which demonstrated the therapeutic efficacy 

of an oncolytic adenovirus against retinoblastoma, reported high CXADR expression in 

retinoblastoma tumors compared with surrounding normal tissues.39

We first tested the physical interaction between SFRP2 and CXADR by co-

immunoprecipitation; transfected SFRP2 specifically co-immunoprecipitated with CXADR 

in 293T cells (Figure 4B). We then used ligand-binding assays. C-terminally FLAG-tagged 

SFRP2 was produced by transfection in 293T cells and incubated with Y79 cells. After 

washing the cells to remove unbound SFRP2, cells were lysed, and SFRP2-FLAG binding 

to Y79 cells was assessed by anti-FLAG immunoblotting. As shown in Figure 4C, SFRP2-

FLAG bound to Y79 cells, and this binding was abolished by siRNA-mediated silencing 
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of CXADR, indicating that CXADR is the SFRP2 receptor in retinoblastoma cells. Using 

microscale thermophoresis, we determined the KD of interaction between recombinant 

SFRP2 and recombinant CXADR (3336-CX-05, R&D Systems) to be 11.9 nM (Figure 

4D).

We then assessed the functional interaction between SFRP2 and CXADR. Growth inhibition 

following SFRP2 silencing was abolished by simultaneous silencing of CXADR; CXADR 

silencing alone had no effect on proliferation (Figure 4E). This suggests that CXADR 

functions as a “dependence receptor,” transmitting inhibitory signals in the absence of its 

ligand, SFRP2.

Rescue of SFRP2 silencing-induced growth inhibition by simultaneous silencing of 

CXADR (Figure 4E) was accompanied by abrogation of CREB phosphorylation (Figure 

4F) and NO generation (Figure 4G). Furthermore, lentiviral overexpression of CXADR 

inhibited retinoblastoma growth (Figure 4H), accompanied by NO generation (Figure 4I). 

Interestingly, NO generation in CXADR-overexpressing cells was rapidly abolished when 

we added recombinant SFRP2 to the culture medium (Figure 4I), which was accompanied 

by the rescue of proliferation (Figure 4J).

Importantly, we were able to recapitulate the opposing activities of CXADR and SFRP2 

in NO regulation by transfection in 293T cells. Transfection of CXADR in 293T cells 

induced cAMP, phosphorylated CREB, NOS2, and NO production, which was blocked 

by co-transfection of SFRP2 (Figures S4A–S4E), underscoring the antagonistic activities 

displayed by SFRP2 and CXADR. A recent interactome proteomics study identified the 

interaction between CXADR and adenylate cyclase 9 (ADCY9),40 which might mediate the 

regulation of cAMP production by CXADR.

These results suggest that the balance between SFRP2 and CXADR determines NO 

production (Figure 4K). Under normal growth conditions, SFRP2 is abundantly secreted 

from retinoblastoma, which binds CXADR and prevents NO production (Figure 4K, 1). 

SFRP2 silencing triggers NO production through CXADR, leading to growth arrest (Figure 

4K, 2). When both SFRP2 and CXADR are silenced, NO production is not induced, and 

retinoblastoma can proliferate (Figure 4K, 3). CXADR silencing alone does not induce NO 

production and allows retinoblastoma proliferation (Figure 4K, 4).

Targeting SFRP2 signaling in retinoblastoma

To identify peptides that bind SFRP2 and block SFRP2 signaling, we screened the 

phage display library with recombinant SFRP2 protein. Random 12-mer peptides fused 

to the pIII phage coat protein through a flexible GGGS linker were expressed on the 

surface of M13 phages, and the library of peptide-expressing phages was incubated 

with recombinant SFRP2 protein. After three cycles of binding, washing, and phage 

amplification, the phage inserts encoding the 12-mer peptides were sequenced. From this, 

we identified the HNPFTFFGPMFY peptide (which we termed peptide I) 9 times and the 

HGWASLLNYSWY peptide (termed peptide II) 4 times among 30 phage clones sequenced 

(Figure 5A). Peptides I and II bound to full-length SFRP2 and the C-terminal netrin domain 

of SFRP2 (Figure 5B). Furthermore, peptides I and II rapidly induced phosphorylated CREB 
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(Figure 5C), NOS2 (Figure 5D), and NO production (Figure 5E) and strongly inhibited 

proliferation of retinoblastoma cells (Figure 5F). The SFRP2-binding peptides did not 

inhibit the growth of ARPE-19 retinal pigment epithelial cells (Figure 5G), suggesting 

selective toxicity against retinoblastoma.

Screening of a chemical library for compounds that block SFRP1-mediated inhibition of 

the Wnt/β-catenin reporter led to identification of WAY-316606 as a potent inhibitor of 

SFRP1, which also binds to SFRP2 (SFRP2-WAY-316606 KD = 1 μM).41 WAY-316606 

blocks the Wnt repression activity of full-length SFRP1 but not the SFRP1 N-terminal 

cysteine-rich domain lacking the C-terminal netrin domain, which suggested that the target 

of WAY-316606 is the C-terminal netrin domain.41 We found that WAY-316606 rapidly 

induces NO generation in retinoblastoma cells (Figure 5H). Furthermore, WAY-316606 

efficiently inhibited retinoblastoma cell proliferation in a dose-dependent manner (Figure 

5I). Importantly, WAY-316606 did not affect the growth of ARPE-19 retinal pigment 

epithelial cells (Figure 5J), suggesting its selective toxicity against retinoblastoma.

To better mimic retinoblastoma patient tumors, we established orthotopic xenograft models 

by injecting luciferase-expressing retinoblastoma cells into the vitreous bodies of severe 

combined immunodeficiency (SCID) mice (Figure 6A). Using these orthotopic xenograft 

models, we were able to show that tumor growth in these models depends on SFRP2 

(Figures 6A and 6B).

We also used orthotopic xenograft models to evaluate the efficacy of SFRP2-binding 

peptides and WAY-316606. We found that a one-time injection of SFRP2-binding peptide II 

significantly inhibits orthotopic tumor growth (Figure 6C). Furthermore, four-time repeated 

injections of SFRP2-binding peptide II and WAY-316606 significantly inhibited orthotopic 

tumor growth (Figure 6D).

Collectively, these results suggest that the SFRP2 dependence of retinoblastoma is amenable 

to therapeutic targeting.

DISCUSSION

In this study, we uncovered a cytokine signaling pathway that controls NO production 

and retinoblastoma growth. Using secretome proteomics, we found that retinoblastoma 

abundantly secretes SFRP2 and demonstrated that retinoblastoma depends on the autocrine 

signaling mediated by SFRP2 (Figure 1). Regarding downstream signaling, we determined 

that silencing of SFRP2 results in rapid production of NO, leading to p53-dependent 

growth arrest of retinoblastoma (Figure 2). We also found that the adenylate cyclase-

PKA-CREB-NOS2 pathway mediates NO production upon SFRP2 silencing (Figure 3). 

Employing cell-surface proteomics, we found that CXADR is highly expressed on the 

surface of retinoblastoma cells and demonstrated that CXADR functions as the SFRP2 

dependence receptor, triggering NO production in the absence of SFRP2 (Figure 4). Using 

SFRP2-binding peptides and a pharmacological inhibitor, we demonstrated the feasibility of 

targeting SFRP2 signaling in retinoblastoma (Figures 5 and 6).
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We found that high SFRP2 RNA expression correlates with the presence of HRPFs 

in retinoblastoma tumors (Figure 1H), which are associated with poorer prognosis and 

indicate the need for adjuvant chemotherapy after enucleation.30–32 This result suggests that 

SFRP2 RNA expression levels can be used as a biomarker for high-risk retinoblastoma. 

Currently, the clinical risk of retinoblastoma is estimated by a combination of clinical and 

histopathological features.5,28 SFRP2 RNA expression levels can be used in the future to 

more precisely identify high-risk retinoblastoma tumors and guide therapy decision making, 

in conjunction with high-risk clinical and histopathologic features.

SFRP2 has been mainly studied as a Wnt antagonist and a tumor suppressor that is 

frequently silenced by promoter methylation in multiple cancer types.22,23 This study 

uncovered a tumor-promoting function for SFRP2: a ligand of CXADR, preventing NO 

production and growth arrest in retinoblastoma. The critical role of NO in mediating 

growth arrest upon SFRP2 silencing was established by the rescue of growth arrest by 

an NO scavenger, carboxy-PTIO (Figure 2F), and a pan-NOS inhibitor, L-NMMA (Figure 

2H), as well as dose-dependent growth inhibition by an NO donor, SNAP (Figure 2I). 

Furthermore, the downstream targets of NO, sGC and PKG, play essential roles in SFRP2 

silencing-induced growth arrest (Figures 2J and 2K). While NO has well-established roles 

in blood vessel dilation and neurotransmission, its role in cancer is less well understood. 

We envision that the SFRP2-NO signaling pathway in retinoblastoma will provide a useful 

model to study the role of NO in cancer. Because of the long history of NO research, there 

are a number of reagents available to manipulate NO signaling, which will likely facilitate 

therapeutic targeting of SFRP2-NO signaling in retinoblastoma.

In addition, our data indicate that SFRP2-NO signaling also plays an important role in 

neural stem cells. AF22 neural stem cells express high levels of SFRP2, comparable with 

retinoblastoma cells, and silencing of SFRP2 resulted in rapid induction of NO production 

and inhibition of proliferation (self-renewal) of these neural stem cells (Figures S2A–S2D). 

Thus, the biological role of SFRP2-NO signaling is not limited to retinoblastoma. It will 

be interesting to explore the role of SFRP2-NO signaling in other types of stem cells and 

cancers.

CXADR was originally identified as a receptor for coxsackievirus and adenovirus 

using biochemical purification42 and phage expression library screening.43 CXADR 

is highly expressed in retinoblastoma tumors,39 which motivated use of an oncolytic 

adenovirus, VCN-01, as a potential therapy for retinoblastoma. VCN-01 demonstrated 

anti-retinoblastoma efficacy in vitro, in mice, and in a phase 1 clinical trial.39 In light 

of the present finding, part of the anti-retinoblastoma effect of VCN-01 can be mediated 

by blockade of the SFRP2-CXADR interaction. Additionally, adenovirus vectors can be 

devised to simultaneously target SFRP2-NO signaling and SFRP2-CXADR interaction in 

retinoblastoma.

Limitations of the study

Although this study revealed the SFRP2-NO signaling pathway, the mechanistic details of 

some of the steps of the pathway remain to be clarified, including how CXADR regulates 

cAMP production and how PKG activates the p53-p21 axis. This study used retinoblastoma 
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cell lines and mouse xenograft models, which have inherent limitations in recapitulating 

human disease. Established cell lines grown under non-physiological culture conditions may 

not faithfully mimic retinoblastoma tumor cells in human patients. While we used orthotopic 

xenografts to model retinoblastoma, these models were made in immunodeficient mice 

and do not reflect the immune environment of human retinoblastoma tumors. Genetically 

engineered mouse models for retinoblastoma can be established in immuno-competent mice, 

but these models require an additional mutation of Rb paralogs (p107 or p130) or a CDK 

inhibitor, p27, in conjunction with Rb loss.9–14 Tumor cells in these genetic mouse models 

are derived from the amacrine lineage,15 unlike human retinoblastoma, which appears to be 

derived from cone precursor cells.16,17 Therefore, these genetic models also have their own 

limitations. Although it is important to keep the limitations of the study in mind, the SFRP2 

dependence of retinoblastoma uncovered by this study provides an excellent opportunity 

for therapeutic targeting. It will now be important to evaluate the approaches to target 

SFRP2-CXADR-NO signaling in retinoblastoma patients to develop a much-needed targeted 

therapy.

STAR★METHODS

Detailed methods are provided in the online version of this paper and include the following:

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the Lead Contact, Yuzuru Shiio (shiio@uthscsa.edu).

Materials availability—Plasmids generated in this study are available from the lead 

contact.

Data and code availability

• The mass spectrometry proteomics data have been deposited to the 

ProteomeXchange Consortium via the PRIDE [1] partner repository with 

the dataset identifier PXD039515 (Y79 secretome), PXD039516 (RB383 

secretome), PXD039517 (Y79 cell surface proteome), and PXD039518 (RB383 

cell surface proteome). The RNA-sequencing data were deposited in the GEO 

database (the accession number: GSE161990).

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—Female 5 – 6 week old C.B.17SC scid−/− mice were used. All mice were 

housed in a pathogen-free vivarium in the University of Texas Health Science Center at San 

Antonio. Mice were randomly allocated to treatment groups. Blinding of the researcher 

measuring tumor size was employed. The animal research method was reviewed and 
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approved for humaneness by the Institutional Animal Care and Use Committee of the 

University of Texas Health Science Center at San Antonio.

Cell lines—Y79 cells were cultured in RPMI-1640 medium supplemented with 10% fetal 

bovine serum. RB383, RB247, RB409, and WERI-Rb-1 cells were cultured in Iscove’s 

modified Dulbecco’s medium (IMDM) supplemented with 10% fetal bovine serum, 10 

μg/mL insulin, and 55 μM β-mercaptoethanol. ARPE-19 cells were cultured in Dulbecco’s 

modified Eagle’s medium/Nutrient Mixture F-12 (DMEM/F-12) supplemented with 10% 

fetal bovine serum. 293T cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% fetal bovine serum.

AF22 cells were cultured in DMEM/F-12 medium supplemented with 20% KSR, 10 μL/ml 

N-2 supplement (Thermo Fisher Scientific), 1 μL/ml B-27 supplement (Thermo Fisher 

Scientific), 10 ng/mL of bFGF (PeproTech), and 10 ng/mL of FGF (PeproTech), and the 

culture medium was replaced every second day. AF22 cells were plated on tissue culture 

plates coated with 0.1 mg/mL poly-L-ornithine (Sigma-Aldrich) and 10 μg/mL laminin 

(Sigma-Aldrich). The cell lines were STR-authenticated and were routinely tested for the 

absence of mycoplasma.

METHOD DETAILS

Transfection and viral infection—Calcium phosphate co-precipitation was used for 

transfection of 293T cells. Lentiviruses were prepared by transfection in 293T cells 

following System Biosciences’ protocol, and the cells infected with lentiviruses were 

selected with 5 μg/mL puromycin for 48 h. cDNAs for SFRP2 and CXADR were 

cloned into pcDNA3 mammalian expression vector (Invitrogen/Thermo Fisher) or pCDH1-

puro lentiviral expression vector (System Biosciences). The target sequences for shRNAs 

are as follows: SFRP2 shRNA-1, GAAGGA GATAACCTACATCAA; SFRP2 shRNA-2, 

GCAAGACCATTTACAAGCTGA; β-catenin shRNA, GCTTGGAATGAGACTGCTGAT; 

and control shRNA, CCTAAGGTTAAGTCGCCCTCG. The following siRNAs were 

used: human SFRP2 siRNA SMARTpool (M-024062-02, Dharmacon), human 

SFRP1 siRNA SMARTpool (M-004600-02, Dharmacon), human CXADR siRNA 

SMARTpool (M-003650-01, Dharmacon), human p21 siRNA SMARTpool (M-003471-00, 

Dharmacon), human p53 siRNA SMARTpool (M-003329-03, Dharmacon), human NOS2 

siRNA SMARTpool (M-009240-01, Dharmacon), human NOS3 siRNA SMARTpool 

(M-006490-00, Dharmacon), human CREB1 siRNA SMARTpool (M-003619-01, 

Dharmacon), and Non-Targeting siRNA Pool #2 (D-001206-14-05; Dharmacon). 

Lipofectamine RNAiMAX Transfection Reagent (Thermo Fisher) was used for siRNA 

transfection.

Protein sample preparation and proteomic analysis—The preparation of secreted 

protein samples, mass spectrometry analysis, and proteomics data processing were 

performed essentially as described.26,44 Cells were washed six times with culture medium 

without serum. Subsequently, cells were cultured in medium without serum for 24 h and the 

culture supernatant was harvested. The supernatant was centrifuged, filtered through a 0.45-

μm filter (Millipore), and concentrated using 3,000-Da cut-off Amicon Ultra Centrifugal 
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Filter Units (Millipore). Biotinylation of cell surface proteins by EZ-Link Sulfo-NHS-SS-

Biotin (Pierce/Thermo Fisher) and isolation of biotinylated proteins were carried out as 

described.45 The proteins in each sample were fractionated by SDS-PAGE and visualized 

by Coomassie blue. Each gel lane was divided into six slices, and the proteins in each 

slice were digested in situ with trypsin (Promega; sequencing grade) in 40 mM NH4HCO3 

overnight at 37°C. The resulting tryptic peptides were analyzed by HPLC-ESI-tandem 

mass spectrometry on a Thermo Fisher LTQ Orbitrap Velos Pro mass spectrometer. 

The Xcalibur raw files were converted to mzXML format and were searched against 

the UniProtKB/Swiss-Prot human protein database (UniProt release 2016_04) using X! 

TANDEM CYCLONE TPP (2011.12.01.1 - LabKey, Insilicos, ISB). Methionine oxidation 

was considered as a variable modification in all searches. For biotinylated cell surface 

proteins, EZ-LINK biotinylation of N-terminus and lysine were considered as variable 

modifications. Up to one missed tryptic cleavage was allowed. The X! Tandem search results 

were analyzed by the Trans-Proteomic Pipeline, version 4.3. Peptide/protein identifications 

were validated by the Peptide/ProteinProphet software tools.46,47 A ProteinProphet score 

of 0.9 was used as a cutoff, which corresponded to false discovery rates of 0.7%, 0.7%, 

0.9%, and 0.8% in the Y79 secretome, RB383 secretome, Y79 surface proteome, and RB383 

surface proteome datasets, respectively.

RNA samples, real-time quantitative RT-PCR, and RNA sequencing—De-

identified retinoblastoma tumor RNA samples were obtained from the Cooperative 

Human Tissue Network. Total cellular RNA was isolated using TRIzol reagent 

(Invitrogen). Reverse transcription was performed using High Capacity cDNA 

Reverse Transcription Kit (Thermo Fisher) as per manufacturer’s instructions. 

Quantitative PCR was performed using PowerUp SYBR Green Master Mix (Thermo 

Fisher) on Applied Biosystems ViiA 7 Real-Time PCR System. Each sample 

was analyzed in triplicate. The following primers were used: SFRP2 forward 5′-
TTGAGTGCGACCGTTTCC-3′, SFRP2 reverse 5′-AAGCGTTTCCATTATGTCGTTG-3′, 
CXADR forward 5′-CTGTGCGGAGTAGTGGATTT-3′, CXADR reverse 5′-
GTCTTCGGGACTAAGCGTAAA-3′, NOS2 forward 5′-GGAGACCCAAGA 

GAAGAGAGA-3′, NOS2 reverse 5′-CAAAGAGGATGGTGACTCTGAC-3′, 
NOS3 forward 5′-CATCACCAGGAAGAAGACCTTTA-3′, NOS3 

reverse 5′-TACAGGATTGTCGCCTTCAC-3′, GAPDH forward, 5′-
GGTGTGAACCATGAGAAGTATGA-3′, and GAPDH reverse, 5′-
GAGTCCTTCCACGATACCAAAG-3′. RNA-sequencing was performed as described.26 

Briefly, cDNA fragment libraries were synthesized using TruSeq stranded mRNA library 

preparation kit (Illumina). Samples were sequenced on the Illumina HiSeq 3000 platform 

(Illumina Inc.) using a 50 base-pair single-read (50SR) sequencing module. Sequence 

reads were aligned to hg19 genome build using TopHat2 with default parameters and 

quantified with HTSeq algorithm. Differential expression analysis was performed using 

DESeq (at least 2 fold changes with p value <0.05), followed by functional assessment 

using Database for Annotation, Visualization and Integrated Discovery (DAVID, http://

david.abcc.ncifcrf.gov/)48 and Ingenuity Pathway Analysis (IPA, Ingenuity Systems, http://

www.ingenuity.com). The RNA sequencing data were deposited in the GEO database (the 

accession number: GSE161990).
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Immunoblotting, immunoprecipitation, and immunohistochemistry—Fifteen 

micrograms of whole-cell lysate or 20 μg of conditioned medium was separated by SDS-

PAGE and analyzed by immunoblotting as described.49 For immunoprecipitation, cells were 

lysed in TNE buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 1% Nonidet P-40, 1 mM 

EDTA, and protease inhibitors) as described.50 Immunohistochemistry was performed as 

described.51 The following antibodies were used: SFRP2 (MBS855517, MyBioSource; for 

immunoblotting); SFRP2 (MABC539, Millipore; for immunohistochemistry); PARP (9542, 

Cell Signaling Technology); tubulin (Developmental Studies Hybridoma Bank); nNOS/

NOS1 (4231, Cell Signaling Technology); iNOS/NOS2 (3120, Cell Signaling Technology); 

eNOS/NOS3 (32,027, Cell Signaling Technology); p21 (2946, Cell Signaling Technology); 

p53 (sc-126, Santa Cruz Biotechnology); phospho-CREB (Ser133, 9198, Cell Signaling 

Technology); CXADR (A302-847A, Bethyl Laboratories); FLAG (F1804, Sigma-Aldrich); 

and β-catenin (9582, Cell Signaling Technology).

Cell proliferation and xenograft tumorigenicity assays—Cell proliferation was 

assessed by the IncuCyte live-cell imaging system (Essen BioScience). For subcutaneous 

xenograft tumorigenicity assays, retinoblastoma cells were subcutaneously injected into the 

flanks of SCID mice (1×106 cells/injection, five mice/group). Tumor growth was monitored 

weekly using a caliper. For orthotopic xenograft tumorigenicity assays, retinoblastoma cells 

engineered to express luciferase were injected into the right vitreous bodies of SCID mice 

(5 × 104 cells/injection, three mice/group) and tumor growth was monitored by Xenogen 

IVIS imaging system. Mice were randomly allocated to treatment groups. Blinding of the 

researcher measuring tumor size was employed. The animal research method was reviewed 

and approved for humaneness by the Institutional Animal Care and Use Committee.

Microscale thermophoresis—Recombinant human CXADR protein (3336-CX-050, 

R&D Systems) was labeled using the protein labeling kit (RED-NHS second generation, 

MO-L011, Nano Temper Technologies) according to the manufacturer’s protocol. 

Recombinant human SFRP2 protein (6838-FR-025, R&D Systems) was combined with 

labeled CXADR protein in PBS/0.005% Tween 20. After 30-min incubation at room 

temperature, the samples were loaded to the capillary chips of the Monolith NT.115 

instrument (NanoTemper Technologies). The data analysis was performed using MO 

Affinity Analysis Software (NanoTemper Technologies).

Phage display library screening—The Ph.D.-12 Phage Display Peptide Library (New 

England Biolabs) was screened with recombinant human SFRP2 protein (6838-FR-025, 

R&D Systems) following the New England Biolabs’ protocol. After three cycles of binding, 

washing, and phage amplification, the phage inserts encoding the 12-mer peptides were 

sequenced. The SFRP2-binding peptides were synthesized by GenScript Biotech.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis—Data are expressed as mean ± SEM. Two-tailed Student’s t tests 

were used to calculate the p values except for Figure 1H in which exact Wilcoxon – Mann 

– Whitney test29 was used. The results were considered significant when p < 0.05. The 

number of replicates, independent samples, and animals is indicated in the figure legends.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The autocrine signaling mediated by SFRP2 drives retinoblastoma

• SFRP2 signaling suppresses NO production and maintains retinoblastoma 

growth

• CXADR serves as the receptor for SFRP2

• Targeting SFRP2 results in NO production and suppression of retinoblastoma 

growth
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Figure 1. Retinoblastoma depends on SFRP2
(A) SFRP2 is highly expressed in retinoblastoma tumors and cell lines. SFRP2 RNA 

expression was analyzed by quantitative real-time RT-PCR (qRT-PCR) and was normalized 

to the levels in human ARPE-19 retinal pigment epithelial cells (n = 3). All data in bar 

graphs are expressed as mean ± SEM.

(B) SFRP2 silencing inhibits retinoblastoma proliferation. SFRP2 was silenced by siRNA 

transfection in retinoblastoma cells (RB383, Y79, RB247, RB409, WERI-Rb-1) and control 

cells (ARPE-19 retinal pigment epithelial cells and 293T embryonic kidney cells), and cell 

proliferation was assessed by the IncuCyte live-cell imaging system (top). SFRP2 silencing 

inhibited the proliferation of retinoblastoma cells but not control cells. Additionally, SFRP1 

siRNA transfection did not affect the proliferation of Y79 and WERI-Rb-1 cells. SFRP2 

silencing was verified by qRT-PCR (bottom; RNA expression normalized to GAPDH, n = 

3).

(C) SFRP2 siRNA silencing induces apoptosis in retinoblastoma cells. RB383 and Y79 cells 

were transfected with SFRP2 siRNA, and the induction of apoptosis was assessed by the 

cleavage of PARP. Tubulin served as a loading control.

(D) SFRP2 shRNA silencing induces apoptosis in retinoblastoma cells. RB383 cells were 

infected with lentiviruses expressing SFRP2 shRNA or control shRNA, and the induction of 

apoptosis was assessed by the cleavage of PARP.
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(E) An anti-SFRP2 antibody inhibits retinoblastoma proliferation. An anti-SFRP2 rabbit 

polyclonal antibody (sc-13940, Santa Cruz Biotechnology) was added at the indicated 

concentration to Y79 cells, and cell proliferation was assessed by IncuCyte.

(F) Recombinant SFRP2 rescues proliferation inhibition of retinoblastoma cells following 

SFRP2 silencing. RB383 and Y79 cells were transfected with SFRP2 siRNA or control 

siRNA and were treated with and without recombinant SFRP2 (6838-FR-025, R&D 

Systems; used at 250 ng/mL). Cell proliferation was assessed by IncuCyte.

(G) SFRP2 silencing inhibits xenograft tumorigenicity of Y79 cells. SFRP2 was silenced 

by lentiviral expression of two different shRNAs (right), and xenograft tumor growth 

was assessed by subcutaneous injection in SCID mice (left). SFRP2 silencing profoundly 

inhibited xenograft tumor growth. Data are expressed as mean ± SEM; p values were 

calculated using Student’s t test (two tailed); n = 5.

(H) Retinoblastoma tumors with high-risk pathologic features (HRPFs) display higher 

SFRP2 expression than those without HRPFs. The retinoblastoma tumor RNA expression 

data in Hudson et al.28 were used. Tumors with HRPFs, 10 cases; tumors without HRPFs, 18 

cases. p = 0.040 using exact Wilcoxon-Mann-Whitney test.29
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Figure 2. NO mediates growth inhibition following SFRP2 silencing
(A) The top canonical pathways identified by Ingenuity Pathway Analysis of gene 

expression changes in SFRP2-silenced RB383 cells at 24 h.

(B) The top upstream regulators identified by Ingenuity Pathway Analysis of gene 

expression changes in SFRP2-silenced RB383 cells at 24 h.

(C) The top upstream regulators identified by Ingenuity Pathway Analysis of gene 

expression changes in SFRP2-silenced RB383 cells at 48 h.
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(D) SFRP2 silencing results in rapid production of NO in retinoblastoma. RB383 and Y79 

cells were transfected with SFRP2 siRNA, and the production of NO was assessed by nitrite/

nitrate calorimetric assays of the conditioned medium (CM) and cell lysate (n = 3).

(E) SFRP2 silencing results in rapid induction of NOS2 (iNOS) and NOS3 (eNOS). 

RB383 cells were transfected with SFRP2 siRNA or control siRNA, and the levels of 

indicated proteins were examined by immunoblotting. Tubulin served as a loading control. A 

representative result from three independent experiments is shown.

(F) Growth inhibition following SFRP2 silencing can be rescued by a NO scavenger, 

carboxy-PTIO. Retinoblastoma cells were transfected with SFRP2 siRNA or control siRNA 

and were treated with 1 μM carboxy-PTIO or left untreated. Cell proliferation was assessed 

by IncuCyte.

(G) Carboxy-PTIO treatment does not affect SFRP2 silencing in retinoblastoma (n = 3).

(H) Growth inhibition following SFRP2 silencing can be rescued by a pan-NOS inhibitor, 

L-NMMA. Retinoblastoma cells were transfected with SFRP2 siRNA or control siRNA 

and were treated with the indicated concentration of L-NMMA (L). Cell proliferation was 

assessed by IncuCyte.

(I) An NO donor, SNAP, inhibits retinoblastoma proliferation in a dose-dependent fashion. 

Y79 cells were treated with the indicate concentration of SNAP, and cell proliferation was 

assessed by IncuCyte.

(J) Growth inhibition following SFRP2 silencing can be rescued by an sGC inhibitor, 

NS-2028. Retinoblastoma cells were transfected with SFRP2 siRNA or control siRNA and 

treated with 5 μM NS-2028 or left untreated. Cell proliferation was assessed by IncuCyte.

(K) Growth inhibition following SFRP2 silencing can be rescued by a protein kinase G 

inhibitor, KT5823. Retinoblastoma cells were transfected with SFRP2 siRNA or control 

siRNA and treated with 2.5 μM KT5823 or left untreated. Cell proliferation was assessed by 

IncuCyte.

(L) Growth inhibition following SFRP2 silencing can be rescued by simultaneous silencing 

of p53 or p21. RB383 cells were transfected with SFRP2 siRNA, p53 siRNA, p21 siRNA, 

and/or control siRNA as indicated. Cell proliferation was assessed by IncuCyte (left). The 

silencing of SFRP2, p53, and p21 was verified by immunoblotting (right).

(M) p21 induction following SFRP2 silencing was abolished by carboxy-PTIO, NS-2028, 

and KT5823. RB383 cells were transfected with SFRP2 siRNA or control siRNA. Cells 

were left untreated or treated with 1 μM carboxy-PTIO, 5 μM NS-2028, or 2.5 μM KT5823 

as indicated. The levels of p21 were assessed by immunoblotting.

(N) SFRP2 suppresses the production of NO in retinoblastoma. SFRP2 silencing results in 

production of NO, which activates soluble guanylate cyclase (sGC) and cGMP-dependent 

protein kinase (PKG), leading to p53-and p21-dependent growth arrest of retinoblastoma. 

The NO-sGC-PKG pathway is based on literature, and the roles of sGC and PKG in SFRP2 

signaling are based on the effects of their pharmacological inhibitors.
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Figure 3. The adenylate cyclase-PKA-CREB-NOS2 pathway mediates NO production following 
SFRP2 silencing
(A) NOS2, NOS3, and SFRP2 silencing by siRNA transfection. RB383 cells were 

transfected with the indicated siRNAs, and the RNA levels of NOS2, NOS3, and SFRP2 

were assessed by qRT-PCR 12 h after transfection (n = 3).

(B) NOS2 silencing abrogates NO production following SFRP2 silencing. RB383 cells were 

transfected with the indicated siRNAs, and the production of NO was assessed by nitrite/

nitrate calorimetric assays of the CM 12 h after transfection (n = 3).

(C) NOS2 silencing rescues growth inhibition following SFRP2 silencing. RB383 cells were 

transfected with the indicated siRNAs, and cell proliferation was assessed by IncuCyte.
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(D) NOS2 RNA is rapidly induced upon SFRP2 siRNA transfection. RB383 cells were 

transfected with SFRP2 siRNA, and the RNA levels of NOS2 and SFRP2 at the indicated 

time after transfection were assessed by qRT-PCR (n = 3).

(E) Phosphorylated CREB is rapidly induced upon SFRP2 siRNA transfection. RB383 cells 

were transfected with SFRP2 siRNA or control siRNA, and the levels of phosphorylated 

CREB (phospho-serine 133) were assessed by immunoblotting.

(F) CREB silencing abrogates NOS2 RNA induction following SFRP2 silencing. RB383 

cells were transfected with SFRP2 siRNA, CREB siRNA, and/or control siRNA as 

indicated, and the RNA levels of NOS2 and SFRP2 were assessed by qRT-PCR 12 h after 

transfection (n = 3).

(G) CREB silencing abrogates NO production following SFRP2 silencing. RB383 cells were 

transfected with SFRP2 siRNA, CREB siRNA, and/or control siRNA as indicated, and the 

production of NO was assessed by nitrite/nitrate calorimetric assays of the CM 12 h after 

transfection (n = 3).

(H) CREB silencing abrogates growth inhibition following SFRP2 silencing. RB383 cells 

were transfected with SFRP2 siRNA, CREB siRNA, and/or control siRNA as indicated, and 

cell proliferation was assessed by IncuCyte.

(I) CREB and SFRP2 silencing by siRNA transfection. RB383 cells were transfected with 

SFRP2 siRNA, CREB siRNA, and/or control siRNA as indicated, and the protein levels of 

phospho-CREB and SFRP2 were assessed by immunoblotting 48 h after transfection.

(J) A PKA inhibitor, H89, abrogates CREB phosphorylation following SFRP2 silencing. 

RB383 cells were transfected with SFRP2 siRNA or control siRNA and treated with 5 μM 

H89 or left untreated, as indicated. The levels of phosphorylated CREB were assessed by 

immunoblotting 48 h after transfection.

(K) H89 abrogates NOS2 RNA induction following SFRP2 silencing. RB383 cells were 

transfected with SFRP2 siRNA or control siRNA and treated with 5 μM H89 or left 

untreated, as indicated. The RNA levels of NOS2 and SFRP2 were assessed by qRT-PCR 12 

h after transfection (n = 3).

(L) H89 abrogates NO production following SFRP2 silencing. RB383 cells were transfected 

with SFRP2 siRNA or control siRNA and treated with 5 μM H89 or left untreated, as 

indicated. The production of NO was assessed by nitrite/nitrate calorimetric assays of the 

CM 12 h after transfection (n = 3).

(M) H89 abrogates growth inhibition following SFRP2 silencing. RB383 cells were 

transfected with SFRP2 siRNA or control siRNA and treated with 5 μM H89 or left 

untreated, as indicated. Cell proliferation was assessed by IncuCyte.

(N) An adenylate cyclase inhibitor, NKY80, abrogates NOS2 RNA induction following 

SFRP2 silencing. RB383 cells were transfected with SFRP2 siRNA or control siRNA and 

treated with 1 μM NKY80 or left untreated, as indicated. The RNA levels of NOS2 and 

SFRP2 were assessed by qRT-PCR 12 h after transfection (n = 3).

(O) NKY80 abrogates NO production following SFRP2 silencing. RB383 cells were 

transfected with SFRP2 siRNA or control siRNA and treated with 1 μM NKY80 or left 

untreated, as indicated. The production of NO was assessed by nitrite/nitrate calorimetric 

assays of the CM 12 h after transfection (n = 3).
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(P) NKY80 abrogates growth inhibition following SFRP2 silencing. RB383 cells were 

transfected with SFRP2 siRNA or control siRNA and treated with 1 μM NKY80 or left 

untreated, as indicated. Cell proliferation was assessed by IncuCyte.

(Q) SFRP2 silencing results in NO production through the adenylate cyclase-PKA-CREB-

NOS2 pathway.
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Figure 4. CXADR serves as the SFRP2 receptor in retinoblastoma
(A) CXADR is highly expressed in retinoblastoma cell lines and tumors. CXADR RNA 

expression was analyzed by qRT-PCR and normalized to the levels in human ARPE-19 

retinal pigment epithelial cells (n = 3).

(B) SFRP2 co-immunoprecipitates with endogenous CXADR in 293T cells. The 

indicated FLAG-tagged proteins were transfected into 293T cells, and their interaction 

with endogenous CXADR was assessed by anti-FLAG immunoprecipitation followed 

by anti-CXADR immunoblotting. C-terminally FLAG-tagged SFRP2 specifically co-

immunoprecipitated with endogenous CXADR.

(C) CXADR serves as the SFRP2 receptor in retinoblastoma. C-terminally FLAG-tagged 

SFRP2 secreted from transfected 293T cells was incubated with Y79 cells that were 
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transfected with CXADR siRNA or control siRNA as indicated. Cells were washed, and 

the whole-cell lysate was prepared to assess the binding of SFRP2 to the cells. SFRP2-

FLAG bound to control siRNA-transfected cells, and the binding was abolished by CXADR 

silencing. The silencing of CXADR was verified by immunoblotting.

(D) Microscale thermophoresis analysis of SFRP2-CXADR interaction. The interaction 

between recombinant SFRP2 (6838-FR-025, R&D Systems) and recombinant CXADR 

(3336-CX-05, R&D Systems) was analyzed by microscale thermophoresis, which 

determined the KD of interaction to be 11.9 nM.

(E) CXADR silencing rescues growth inhibition following SFRP2 silencing. RB383 and 

Y79 cells were transfected with SFRP2 siRNA, CXADR siRNA, and/or control siRNA as 

indicated. Cell proliferation was assessed by IncuCyte.

(F) CXADR silencing abrogates CREB phosphorylation upon SFRP2 silencing. RB383 and 

Y79 cells were transfected with SFRP2 siRNA, CXADR siRNA, and/or control siRNA as 

indicated. The levels of SFRP2, CXADR, phosphorylated CREB, and tubulin were assessed 

by immunoblotting 48 h after transfection. A representative result from three independent 

experiments is shown.

(G) CXADR silencing abrogates NO production upon SFRP2 silencing. RB383 and Y79 

cells were transfected with SFRP2 siRNA, CXADR siRNA, and/or control siRNA as 

indicated. The NO production in cell lysate was assessed 12 h and 24 h after siRNA 

transfection (n = 3).

(H) CXADR overexpression inhibits retinoblastoma growth. Y79 cells were infected with 

lentiviruses expressing CXADR or empty vector, and cell proliferation was assessed by 

IncuCyte. CXADR expression was verified by anti-CXADR immunoblotting (inset).

(I) CXADR overexpression results in NO production, which can be suppressed by 

recombinant SFRP2. NO production is enhanced in CXADR-overexpressing Y79 cells, 

which was rapidly suppressed by addition of recombinant SFRP2 (250 ng/mL) to the culture 

medium (n = 3).

(J) Growth inhibition by CXADR overexpression can be rescued by recombinant SFRP2. 

Y79 cells expressing CXADR or empty vector were treated with recombinant SFRP2 (250 

ng/mL) or left untreated, and cell proliferation was assessed by IncuCyte.

(K) Model for the regulation of NO production and proliferation by SFRP2 and CXADR. 

SFRP2 is abundantly secreted from retinoblastoma, binds CXADR, and prevents NO 

production (1). SFRP2 silencing triggers NO production through CXADR, leading to growth 

arrest (2). When both SFRP2 and CXADR are silenced, NO production is not induced, and 

retinoblastoma can proliferate (3). CXADR silencing does not induce NO production and 

allows retinoblastoma proliferation (4).
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Figure 5. Targeting SFRP2 signaling in retinoblastoma
(A) Phage display library screening for SFRP2-binding peptides. The phage display 

library expressing random 12-mer peptides was screened with recombinant SFRP2, which 

led to identification of the HNPFTFFGPMFY peptide (peptide I) 9 times and the 

HGWASLLNYSWY peptide (peptide II) 4 times among 30 phage clones sequenced.

(B) Peptides I and II bind the SFRP2 C-terminal netrin domain. C-terminally FLAG-tagged 

full-length SFRP2 (F), the SFRP2 N-terminal cysteine-rich domain (1–164; N), or the 

SFRP2 C-terminal netrin domain (165–295 with a signal peptide at the N terminus; 

C) was produced in the CM of transfected 293T cells and incubated with biotinylated 

peptide I, peptide II, or no peptide. Streptavidin agarose pull-down followed by anti-FLAG 

immunoblotting detected the specific interaction of peptides I and II with full-length 

SFRP2 (F) and the SFRP2 C-terminal netrin domain (C). A representative result from three 

independent experiments is shown.

(C) SFRP2-binding peptides induce phosphorylated CREB in retinoblastoma. RB383 cells 

were treated with synthetic peptides I and II (1 μg/mL), and the levels of phosphorylated 

CREB (phospho-serine 133) at the indicated time were assessed by immunoblotting.

(D) SFRP2-binding peptides induce NOS2 in retinoblastoma. RB383 cells were treated with 

peptides I and II (1 μg/mL), and the RNA levels of NOS2 at the indicated time were assessed 

by qRT-PCR (n = 3).
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(E) SFRP2-binding peptides induce NO production in retinoblastoma. RB383 cells were 

treated with peptides I and II (1 μg/mL), and NO production in the CM at the indicated time 

was analyzed by nitrite/nitrate colorimetric assays (n = 3).

(F) SFRP2-binding peptides inhibit retinoblastoma growth. RB383 and Y79 cells were 

treated with peptide I or II (1 μg/mL) or left untreated, and cell proliferation was assessed by 

IncuCyte.

(G) SFRP2-binding peptides do not inhibit the growth of retinal pigment epithelial cells. 

ARPE-19 cells were treated with peptides I and II (1 μg/mL) or left untreated, and cell 

proliferation was assessed by IncuCyte.

(H) An SFRP inhibitor, WAY-316606, induces NO production in retinoblastoma. Y79 cells 

were treated with 2 μM WAY-316606, and the NO production in the CM and cell lysate at 

the indicated time was analyzed by nitrite/nitrate colorimetric assays (n = 3).

(I) WAY-316606 suppresses retinoblastoma growth. Y79 cells were treated with the 

indicated concentration of WAY-316606, and cell proliferation was assessed by IncuCyte.

(J) WAY-316606 does not inhibit growth of retinal pigment epithelial cells. ARPE-19 cells 

were treated with 4 μM WAY-316606 or left untreated, and cell proliferation was assessed by 

IncuCyte.
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Figure 6. The effect of SFRP2 manipulation on retinoblastoma orthotopic xenograft tumor 
growth
(A) Bioluminescence monitoring of retinoblastoma orthotopic xenograft tumor growth. 

Y79 retinoblastoma cells engineered to express luciferase were infected with lentiviruses 

expressing SFRP2 shRNA-2 or control shRNA. After puromycin selection, retinoblastoma 

cells were injected into the right vitreous bodies of SCID mice, and tumor growth was 

monitored by Xenogen IVIS imaging system.

(B) Retinoblastoma orthotopic xenograft tumor growth depends on SFRP2. Y79 and 

RB383 retinoblastoma cells engineered to express luciferase were infected with lentiviruses 

expressing SFRP2 shRNA-2 or control shRNA. After puromycin selection, retinoblastoma 

cells were injected into the right vitreous bodies of SCID mice, and tumor growth was 

monitored by Xenogen IVIS imaging system. SFRP2 shRNA silencing abolished orthotopic 

tumor growth. The p values were calculated using Student’s t test (two tailed). n = 3.

(C) The effect of a one-time injection of SFRP2-binding peptides I or II or WAY-316606 

on orthotopic xenograft tumor growth. Y79 retinoblastoma cells engineered to express 

luciferase were injected into the right vitreous bodies of SCID mice. Seven days after cell 

injection (arrows), 3 μg of peptide I, peptide II, WAY-316606, or a vehicle was injected 

into the tumor-bearing vitreous bodies, and tumor growth was monitored. The p values were 

calculated using Student’s t test (two tailed). n = 3.

(D) The effect of four-times repeated injections of SFRP2-binding peptide I or II or 

WAY-316606 on orthotopic xenograft tumor growth. Y79 retinoblastoma cells engineered 

to express luciferase were injected into the right vitreous bodies of SCID mice. Twelve 

micrograms of peptide I, peptide II, WAY-316606, or a vehicle was injected into the tumor-
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bearing vitreous bodies 6, 8, 11, and 14 days after cell injection (arrows), and tumor growth 

was monitored. The p values were calculated using Student’s t test (two tailed). n = 3.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

SFRP2 MyBioSource MBS855517

SFRP2 Millipore MABC539

SFRP2 Santa Cruz Biotechnology sc-13940; RRID: AB_2187087

PARP Cell Signaling Technology 9542; RRID: AB_2160739

tubulin Developmental Studies Hybridoma 
Bank

E7; RRID:AB_528499

nNOS/NOS1 Cell Signaling Technology 4231; RRID:AB_2152485

iNOS/NOS2 Cell Signaling Technology 13120; RRID:AB_2687529

eNOS/NOS3 Cell Signaling Technology 32,027; RRID:AB_2728756

p21 Cell Signaling Technology 2946; RRID:AB_2260325

p53 Santa Cruz Biotechnology sc-126; RRID:AB_628082

phospho-CREB Cell Signaling Technology 9198; RRID:AB_2561044

CXADR Bethyl Laboratories A302-847A; RRID:AB_10631611

FLAG Sigma-Aldrich F1804; RRID:AB_262044

β-catenin Cell Signaling Technology 9582; RRID:AB_823447

HRP-conjugated goat anti-rabbit Cell Signaling Technology 7074; RRID:AB_2099233

HRP-conjugated goat anti-mouse Cell Signaling Technology 7076; RRID:AB_330924

Bacterial and virus strains

DH10B Thermo Fisher Scientific 12,331,013

NEB® Stable Competent E. coli New England Biolabs C3040H

Biological samples

De-identified retinoblastoma tumor RNA samples Cooperative Human Tissue Network N/A

Chemicals, peptides, and recombinant proteins

Lipofectamine™ RNAiMAX Transfection Reagent Thermo Fisher Scientific 13,778,150

puromycin dihydrochloride MilliporeSigma P8833

carboxy-PTIO Cayman Chemical 81,540

L-NMMA Cayman Chemical 10,005,031

SNAP Cayman Chemical 82,250

NS-2028 Cayman Chemical 81,600

KT5823 Tocris Bioscience 1289

H89 Cayman Chemical 10,010,556

NKY80 Cayman Chemical 17,777

XAV939 Cayman Chemical 13,596

IWP-L6 Cayman Chemical 15,243

recombinant SFRP2 R&D systems 6838-FR-025

recombinant CXADR R&D systems 3336-CX-050
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REAGENT or RESOURCE SOURCE IDENTIFIER

WAY-316606 Cayman Chemical 26,324

Critical commercial assays

Nitrate/Nitrite Colorimetric Assay Kit Cayman Chemical 780,001

Cyclic AMP ELISA Kit Cayman Chemical 581,001

Deposited data

the RNA sequencing data the GEO database GSE161990

Y79 secretome mass spectrometry proteomics data the PRIDE database PXD039515

RB383 secretome mass spectrometry proteomics data the PRIDE database PXD039516

Y79 cell surface proteome mass spectrometry proteomics data the PRIDE database PXD039517

RB383 cell surface proteome mass spectrometry proteomics 
data

the PRIDE database PXD039518

Experimental models: Cell lines

Y79 ATCC HTB-18

WERI-Rb-1 ATCC HTB-169

RB247 Dr. Brenda Gallie N/A

RB383 Dr. Brenda Gallie N/A

RB409 Dr. Brenda Gallie N/A

ARPE-19 ATCC CRL-2302

293T ATCC CRL-3216

AF22 Dr. Anna Falk N/A

Experimental models: Organisms/strains

C.B.17SC scid−/− mice, 5–6 weeks old Taconic Biosciences CB17SC

Oligonucleotides

SFRP2 forward, TTGAGTGCGACCGTTTCC Thermo Fisher Scientific N/A

SFRP2 reverse, AAGCGTTTCCATTATGTCGTTG Thermo Fisher Scientific N/A

CXADR forward, CTGTGCGGAGTAGTGGATTT Thermo Fisher Scientific N/A

CXADR reverse, GTCTTCGGGACTAAGCGTAAA Thermo Fisher Scientific N/A

NOS2 forward, GGAGACCCAAGAGAAGAGAGA Thermo Fisher Scientific N/A

NOS2 reverse, CAAAGAGGATGGTGACTCTGAC Thermo Fisher Scientific N/A

NOS3 forward, CATCACCAGGAAGAAGACCTTTA Thermo Fisher Scientific N/A

NOS3 reverse, TACAGGATTGTCGCCTTCAC Thermo Fisher Scientific N/A

GAPDH forward, GGTGTGAACCATGAGAAGTATGA Thermo Fisher Scientific N/A

GAPDH reverse, GAGTCCTTCCACGATACCAAAG Thermo Fisher Scientific N/A

Recombinant DNA

pcDNA3.1 vector Invitrogen/Thermo Fisher Scientific V79020

pCDH1-MCS1-EF1-Puro vector System Biosciences CD510A-1
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