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Abstract

ETS transcription factor ETV2 / Etsrp functions as a key regulator of embryonic vascular 

development in multiple vertebrates. However, its role in pathological vascular development has 

not been previously investigated. To analyze its role in tumor angiogenesis, we utilized a zebrafish 

xenotransplantation model. Using a photoconvertible kdrl:NLS-KikGR line we demonstrated that 

all tumor vessels originate from the existing embryonic vasculature by the mechanism of 

angiogenesis. Xenotransplantation of mouse B16 melanoma cells resulted in a significant increase 

in expression of the ETS transcription factors etv2 and fli1b expression throughout the embryonic 

vasculature. etv2 null mutants which undergo significant recovery of embryonic angiogenesis 

during later developmental stages displayed a strong inhibition of tumor angiogenesis. We utilized 

highly specific and fully validated photoactivatable morpholinos to inhibit Etv2 function after 

embryonic vasculogenesis has completed. Inducible inhibition of Etv2 function resulted in a 

significant reduction of tumor angiogenesis and inhibition of tumor growth. Furthermore, 

inducible inhibition of Etv2 function in fli1b mutant embryos resulted in even stronger reduction 

in tumor angiogenesis and growth, demonstrating that Etv2 and Fli1b have a partially redundant 

requirement during tumor angiogenesis. These results demonstrate the requirement for Etv2 and 

Fli1b in tumor angiogenesis and suggest that inhibition of these ETS factors may present a novel 

strategy to inhibit tumor angiogenesis and reduce tumor growth.
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INTRODUCTION

Angiogenesis plays a key role in tumor progression and metastatic spread. Most solid tumors 

secrete proangiogenic factors that induce vascular growth to supply the growing tumor with 

oxygen and nutrients. It is thought that solid tumors cannot grow beyond 1–2 mm without 

angiogenesis that supports tumor growth [1]. Angiogenesis also enables tumor cells to 

spread to distant sites. Therefore inhibition of angiogenesis is thought to be one of the most 
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promising strategies to stop tumor growth and metastasis. However, in most cases 

angiogenic inhibitors are insufficient to stop the tumor growth completely. Resistance to 

antiangiogenic inhibitors is frequently developed and can even lead to acceleration of 

metastatic growth [2]. It is apparent that alternative strategies for inhibiting tumor induced 

angiogenesis are necessary.

The zebrafish is an ideal model system for both angiogenesis and tumor formation because 

they are optically transparent, inexpensive to maintain and breed, develop externally and are 

readily amenable to genetic and pharmacological screening [3,4]. Transplantation of 

mammalian tumor cells into zebrafish (xenotransplantation) has been successfully used to 

study tumor progression and angiogenesis both of which can be imaged at high resolution 

[3]. Both two-day old zebrafish embryos and adult zebrafish have been used to model tumor-

induced angiogenesis [5,6]. The embryonic zebrafish tumor model allows much faster 

evaluation of tumor inhibition strategies in a higher number of embryos compared with the 

mouse model.

ETS transcription factors comprise a family of more than 20 different homologs that share 

an ETS winged helix-turn-helix DNA binding domain. Several members of the ETS 

transcription factor family are expressed in the embryonic vasculature and have distinct roles 

during vascular development [7]. We and others have previously demonstrated that the ETS 

domain transcription factor Etsrp/Etv2 functions as a key regulator of embryonic vascular 

development. Inhibition of Etv2 function in zebrafish embryos results in nearly complete 

loss of vasculature [8,9]. Etv2 in association with FoxC transcription factors can directly 

initiate expression of multiple endothelial specific genes including VegfR2, therefore in the 

absence of Etv2 function endothelial cells cannot respond to Vegf signaling [10]. Etv2 

function is highly evolutionary conserved. Similar to zebrafish, mouse Etv2 is required for 

embryonic and yolk sac vasculature formation. Etv2 mouse knockout embryos die due to the 

absence of yolk sac blood islands and embryonic vasculature [11,12]. Besides its early role 

in vasculogenesis, Etv2 is also involved in embryonic angiogenesis where it functions 

redundantly with a related transcription factor fli1b. Inducible inhibition of Etv2 function 

using photoactivatable morpholinos in fli1b−/− mutant background resulted in the inhibition 

of embryonic angiogenesis while vasculogenesis was not affected [7]. Etv2 is also known to 

play role in regenerative angiogenesis [13].

While Etv2 plays a critical role in embryonic and regenerative vascular development, its role 

in tumor angiogenesis has not been previously investigated. In this study, we analyzed the 

role of Etv2 in tumor angiogenesis using zebrafish xenotransplantation model. We 

demonstrate that Etv2 functions partially redundantly with Fli1b during tumor angiogenesis. 

These results identify Etv2 and Fli1b as critical regulators of tumor angiogenesis and 

suggest an alternative strategy to inhibit tumor angiogenesis and reduce tumor growth.

MATERIALS AND METHODS

Fish Lines and Embryos

The following transgenic and mutant lines were used for experiments: Tg(fli1a:EGFP)y1 

(abbreviated further as fli1a:GFP) [14], Tg(kdrl:EGFP)s843 (abbreviated further as kdrl:GFP) 
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[15], fli1btpl50Gt [7], etsrpy11 [9], Tg(kdrl:NLS-KikGR)hsc7 [16] and AB wild type. Embryos 

were incubated at 28.5°C prior to the tumor transplantation and at 32°C after transplantation. 

Embryos were staged as described previously [17]. Embryos were treated with 0.003% 1-

phenyl-2-thiourea (PTU) to inhibit pigment formation for analyses performed beyond 24 

hours post fertilization (hpf). etv2y11/y11 (henceforth referred to as “etv2−/−”) mutants were 

identified at 24 hpf by the absence of intersomitic vessels and defective development of the 

axial vessels as previously reported [9].

Tumor and Control Cell Xenotransplantation

Fluorescently labeled murine B16-F10:dsRed melanoma cells were kindly donated by 

Chengjian Zhao (UCLA), while A673 Ewing sarcoma cell line was kindly donated by Dr. 

Timothy Cripe (Nationwide Children’s Hospital). 293T cells were originally obtained from 

the American Type Culture Collection (ATC). A673 cell line was validated by STR 

genotyping at Dr. Cripe’s laboratory, while B16 cells were validated by immunostaining of 

injected zebrafish embryos for specific markers S100 and melanA. Cell stocks were frozen 

in liquid nitrogen and periodically used to start new passages. To label A673 cells with 

EGFP, lentivirus was produced using the second generation system Lv203_EGFP 

(Genecopiea, Rockville, MD). The virus was mixed with 8μg/ml polybrene and used to 

infect A673 cells. At 48 hour after infection, cells were treated with 2μg/ml puromycine to 

select infected cells. Cells were maintained in DMEM (ATCC # 30-2002 containing 4 mM 

L-glutamine, 4500 mg/L glucose, 1 mM sodium pyruvate, and 1500 mg/L sodium 

bicarbonate) with 10% FBS and 100 U/ml each of penicillin and streptomycin. Cultures 

were harvested 2 days after passage when cells were at 70 – 80% confluence. Cells were 

washed with phosphate buffer saline (PBS), treated 5–10 minutes with trypsin (100U/ml), 

and trypsin was neutralized with DMEM medium with 10% FBS. Cells were collected by 

centrifugation for 5 min at 1,200 rpm, and suspended in 10 μl of DMEM medium with 10% 

FBS. Cells were transplanted immediately after collection as reported previously. Xenografts 

were performed by laterally mounting 2 dpf zebrafish embryos for injection in 0.6% low 

melting temperature agarose containing 125 mg/l of Tricaine (Sigma, cat# A-5040). 

Injections were performed using a borosilicate glass injection needle with a 50 – 100 μm tip 

which was back-filled with cell suspension. A pneumatic microinjector (model PLI-100, 

Harvard Apparatus) set to deliver a 50 – 100 ms pulse at 10 PSI was used to inject a defined 

volume of cells (31 nl) across the yolk from the dorsal to ventral side and into the 

perivitelline space. Embryos were then removed from the agarose and raised at 32 °C.

kdrl:NLS-KikGR photoconversion

kdrl:NLS-KikGR-positive embryos were photoconverted at 48 hpf prior to 

xenotransplantation by exposing them for 15–30 seconds to the 405 nm wavelength under a 

compound microscope (Zeiss) equipped with 10x objective (NA=0.3).

Measurement of Tumor Growth and Vascularization and Statistical Analysis

Xenotransplanted zebrafish were imaged at 2–3 days after injection using an upright 

confocal microscope (Nikon A1) equipped with a 16x water immersion objective. Tumor 

volume was calculated based on the tumor surface area measured from the confocal Z-stack 

files using the Imaris software package (Bitplane). To calculate the tumor vessel length and 
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the number of blood vessel branch points, vessels were traced manually and measurement 

points were selected in the Imaris software, which were then used to calculate the length of 

traced vessels. To account for the variability between separate experiments, all measured 

parameters within each experiment (tumor volume, blood vessel length and the number of 

branch points) were normalized to the average values of these parameters in control embryos 

injected with the tumor cells. Thus, for each experimental embryo, the ratio for each 

parameter over the average value obtained in the control embryos was calculated. Each 

experiment was repeated at least twice and 20–60 embryos per experimental group were 

analyzed in each experiment. Unpaired Student’s t-test was used to calculate p values 

between the analyzed groups.

Etv2 Caged Morpholino Injections and Photoactivation

Caged etv2 morpholino solution was prepared as described previously [18]. Briefly, etv2 
caging strand (Supernova Life Sciences) designed against etv2 MO2 [8] was mixed in 

excess with etv2 MO2 at final concentrations of 500 μM and 37.5 μM, respectively, in 

nuclease-free water and protected from ambient light. The mixture was denatured for 30 

minutes at 70°C and allowed to anneal overnight at 4°C. A total of 2 nanoliters of the caged-

MO solution was injected into zebrafish embryos at the 1-cell stage. Injections were 

performed in a room equipped with yellow filters over all overhead and microscope lights to 

prevent premature uncaging of caged etv2 morpholino. Dishes containing injected embryos 

were wrapped in aluminum foil to minimize background uncaging until they were uncaged 

at 24 hpf by exposure to 365 nm UV light for 30 minutes. Embryos were then injected with 

B16-F10:dsRed melanoma cells as described above.

Whole-mount In Situ Hybridization (WISH)

DIG-UTP labeled riboprobes were synthesized using T3, T7, or SP6 RNA polymerases 

(ThermoFisher). In situ hybridization was performed as described [19] using a previously 

reported antisense etv2 probe [20]. Processed embryos were cleared in BBA (2:1 benzyl 

benzoate: benzyl alcohol) or RIMS (57% Histodenz, 0.2% Tween 20, 0.02% sodium azide in 

0.02M sodium phosphate buffer, pH=7.4) for imaging of tumor vessels as needed. Z-stacks 

of images were captured using an AxioImager compound microscope (Carl Zeiss Inc., USA) 

equipped with a Plan-Neofluar 10X/0.3 NA microscope objective (Carl Zeiss Inc., USA) and 

an AxioCam ICC3 color camera (Carl Zeiss Inc., USA). Extended focus images were 

produced using AxioVision 4.6 software (Carl Zeiss Inc., USA). Image levels and color 

balance were adjusted using Adobe Photoshop CS5.

Real time qPCR

Pools of 20–25 embryos were frozen on dry ice at 24hpf. Embryos were homogenized in 

lysis buffer using a 23-gauge needle and extraction of RNA from the embryos was carried 

out using the RNAqueous 4-PCR kit (Ambion). Quantification of purified RNA was carried 

out using a Nanodrop spectrophotometer machine. Next, cDNA synthesis was performed 

using SuperScript® VILO cDNA Synthesis Kit or Superscript III cDNA synthesis kit 

(Invitrogen). Quantitative real-time PCR (qRT-PCR) was performed using PowerUp™ 

SYBR™ Green Master Mix (Applied Biosystems) in a StepOnePlus™ Real-Time PCR 

System. Quantification was performed using the relative standard curve method; controls/
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DMSO treatment were assigned a value of 1 and experimental values were computed by the 

software based on the CT values, relative to the control standard curve. For each experiment, 

2–3 replicates were performed with duplicates in each run and ef1α was used as an 

endogenous control. The relative quantity of cDNA in each sample of each gene was 

normalized to the value of ef1α. Data was analyzed using StepOne™ Software-version 2.3 

(Life Technologies).

The following primers were used:

ef1α (TCACCCTGGGAGTGAAACAGC) and (ACTTGCAGGCGATGTGAGCAG),

etv2 (GAGCTGTTGCACAAAGGTCA) and (CAGAGAGGGACGAGGTTCTG),

fli1b (GACCAAAGTGCACGGCAAACGC) and 

(TGTTCAAGTGAGTGTGAGTGCTGG),

kdrl (CCATCATCCATTTGTGGAGG) and (GAGGATGAGGGTGTCACCGAC).

Whole-mount Immunofluorescence Staining

Embryos were fixed at selected stages in 4% paraformaldehyde (PFA) in PBS at room 

temperature for 4 hrs. The fixed embryos were then dehydrated through an ascending series 

of ethanol washes followed by rehydration through a descending ethanol series and finally 

into distilled water. Samples were permeabilized for an hour in acetone at −20°C, then in 

distilled water and PBD buffer (0.2% Tween, 5% Triton X-100 in PBS). Tissues were 

transferred to 0.1M maleic acid buffer and blocked for 30 minutes at room temperature 

(Roche, #1-096-176) prior to overnight incubation at +4°C in 1:500 polyclonal rabbit anti-

human S100 (Dako, #Z0311) or 1:50 monoclonal mouse anti-human MelanA (Dako, 

#M7196). After six washes in PBD buffer, the samples were incubated overnight at 4°C in 

1:1000 dilutions of goat anti-rabbit Alexa Fluor 647 or anti-mouse 647 secondary antibodies 

(ThermoFisher). Samples were then washed in TNT buffer and mounted in the Vectashield 

Antifade Mounting Medium with DAPI (Vector Labs, #H-1200) for imaging.

Whole transcriptome analysis by RNA-seq

Control uninjected fli1a:GFP embryos and B16 melanoma transplanted control fli1a:GFP 
embryos were frozen at 3 dpf (1 dpi) for RNA-seq analysis. Two biological replicates of 20 

embryos each were analyzed in each experimental group. RNA was purified using 

RNAqueous Total RNA isolation kit (ThermoFisher). Library preparation and next 

generation sequencing was performed at the CCHMC Core Facility using Illumina 

HiSeq2500 (75 read length, single sided, 20M reads per sample). Quality check of the RNA-

SEQ reads was performed using Fastqc [http://www.bioinformatics.babraham.ac.uk/projects/

fastqc/]. Reads with low quality, adapter content and over-represented sequences were 

trimmed using trimmomatic [http://www.usadellab.org/cms/?page=trimmomatic]. We 

mapped and quantified the trimmed RNA-SEQ reads using RSEM to latest Zebrafish 

genome assembly GRCz10 [http://deweylab.github.io/RSEM/] for each sample at default 

thresholds. We performed Differential Expression using CSBB’s [https://github.com/

skygenomics/CSBB-v1.0] DifferentialExpression module which uses RUV-Seq [https://

www.bioconductor.org/packages/3.3/bioc/vignettes/RUVSeq/inst/doc/RUVSeq.pdf]. 
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Functional and Pathway enrichment was performed using ToppGene [https://

toppgene.cchmc.org/].

RESULTS

Xenotransplantation of mammalian tumor cells effectively induces tumor angiogenesis in 
the zebrafish model

Xenotransplantation of mouse melanoma B16 tumor cells into zebrafish embryos was 

performed to test if Etv2 function is associated with tumor angiogenesis. B16 tumor cells 

expressing fluorescent dsRed protein were transplanted at 2 days-post-fertilization (dpf) into 

the perivitelline space of fli1a:GFP or kdrl:GFP transgenic zebrafish embryos which express 

GFP in vascular endothelial cells. Just 36 hours after injection (hpi), fli1a:GFP expressing 

cells were observed migrating from the adjacent embryonic vasculature toward the dsRed 

labeled tumor cells (Fig. 1A,D). At 60–72 hpi, extensive tumor angiogenesis and a 

measurable increase in tumor size was apparent (Fig. 1B,C,E,F). Intriguingly, individual 

migrating vascular endothelial cells were observed in a subset of embryos with tumors (Fig. 

1G–I). No ectopic angiogenesis was evident in embryos transplanted with control epithelial 

kidney 293T cells (Fig. 1J). The hematoxylin-eosin (H&E) sections and immunostaining of 

neoplastic tissues with S100 and melanA antigens, specific to B16 melanoma, further 

confirmed the presence of B16 tumors in zebrafish embryos (Fig. 1K–O). In addition to the 

main tumor present at the injection site, metastasis to distant sites was observed (Fig. 1L). 

Thus melanoma B16 transplantation effectively induces tumor angiogenesis in the zebrafish 

model.

Tumor vasculature is derived from existing embryonic blood vessels

All tumor vasculature may be derived from the existing embryonic vasculature by tumor 

induced angiogenesis. Alternatively, some tumor vasculature may be derived by 

vasculogenesis de novo. To determine if vasculogenesis contributes to the formation of 

tumor vasculature in the zebrafish xenotransplantation model, xenotransplantation was 

performed in the kdrl:NLS-KikGR transgenic embryos which express green to red 

photoconvertible protein in vascular endothelial cells. The embryos were subjected to global 

photoconversion at 2 dpf, labeling existing endothelial cells in red, followed by the 

xenotransplantation of unlabeled melanoma B16 cells. All endothelial cells derived from the 

cells that expressed kdrl:NLS-KikGR at the time of photoconversion would show red 

fluorescence in addition to green fluorescence of newly synthesized KikGR, while any new 

endothelial cells that formed by vasculogenesis after photoconversion would only show 

green fluorescence. At 4 dpf (2 dpi) all tumor blood vessels displayed both green and red 

fluorescence (Fig. 2), indicating that they originated from the existing embryonic vasculature 

and did not form by vasculogenesis de novo.

Expression of etv2 and fli1b is greatly upregulated during tumor angiogenesis

During normal development, etv2 expression within embryonic vasculature is highest prior 

to 24 hpf and is greatly diminished by 2–4 dpf [21,22]. To determine if etv2 expression is 

upregulated during tumor angiogenesis, we performed in situ hybridization and qPCR in 

B16-melanoma injected embryos. At 1 dpi, strong upregulation of etv2 expression 
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throughout embryonic vasculature was evident in B16-injected embryos (Fig. 3A,B). Greatly 

increased etv2 expression was evident not only in the growing tumor blood vessels but also 

throughout the embryonic vasculature and the endocardium (Fig. 3C,D). Time course 

analysis of etv2 expression at 2–24 hours-post-injection indicated that etv2 was first 

upregulated as early as 4 hpi within the embryonic vasculature, initially in the posterior half 

of the embryo, and by 8 hpi was present throughout the entire embryonic vasculature (Fig. 

3E–H). Expression of a related ETS transcription factor fli1b was also upregulated in 

melanoma-transplanted embryos (Fig. 3I,J). In contrast, there was no systemic upregulation 

of kdrl expression, a homolog of Vegf receptor Vegfr2/Flk1 in the embryonic vasculature. 

Rather, kdrl expression was induced in the tumor blood vessels in addition to its normal 

expression within the embryonic vasculature (Fig. 3K,L). At later stages of tumor growth (7 

dpi), upregulated etv2 expression was observed in a subset of tumor vasculature, while kdrl 
expression was apparent in all tumor vessels (Fig. 3M–P). Induction of etv2 and fli1b 
expression at 1 dpi was also confirmed by qPCR using RNA purified from whole B16-

injected and control embryos, while kdrl did not show such upregulation (Fig. 3Q).

These data suggest that the tumor secretes a pro-angiogenic factor which results in the 

systemic induction of etv2 and fli1b expression throughout the embryonic vasculature. To 

test if Vegf signaling is responsible for the upregulation of etv2 and fli1b expression, we 

treated B16-transplanted embryos immediately after xenotransplantation with 2 μM of Vegfr 

inhibitor SU5416. However, inhibition of Vegfr signaling did not affect the upregulation of 

etv2 expression in B16 melanoma injected embryos at 1 dpi (Fig. 3R). Higher 

concentrations of SU5416 resulted in the inhibition of embryonic angiogenesis, therefore it 

was not possible to evaluate their specific effect on tumor angiogenesis. This result suggests 

that etv2 and fli1b upregulation in response to tumor xenotransplantation is independent of 

Vegf signaling.

To confirm these results and to identify signaling pathways misregulated in tumor injected 

embryos, we performed global transcriptome analysis at 3 dpf (1 dpi) using RNA-seq. 675 

genes were significantly upregulated in B16 melanoma injected embryos compared to 

uninjected sibling embryos (>2-fold upregulation, p<0.05, FDR corrected). The top 50 

upregulated genes are listed in Table 1, and the complete list of differentially expressed 

genes is provided in Suppl. Table 1. Pathway analysis revealed significant enrichment in the 

pathways associated with extracellular matrix remodeling, cell migration and vascular 

development (Table 2). Significantly upregulated genes included metalloproteases mmp9 
and mmp13, involved in extracellular matrix remodeling [23]. Expression of ETS factors 

etv2, fli1b as well as erg was significantly upregulated in the tumor injected embryos, 

consistent with the results from qPCR and in situ hybridization analysis. Intriguingly, genes 

associated with the innate immune response including neutrophil and macrophage specific 

markers myeloperoxidase mpx and lcp1 were upregulated [24,25]. We did not observe 

systemic upregulation of many other endothelial markers, however, likely because 

angiogenesis was limited to the tumor formation site. Thus RNA-seq analysis confirms 

specific upregulation of ETS transcription factors including etv2 and fli1b in tumor injected 

embryos.
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Etv2 function is required for tumor angiogenesis

To test if Etv2 function is required for tumor angiogenesis, we analyzed tumor angiogenesis 

in the null etv2y11 mutants [9]. Although etv2 mutants show severe defects in early 

embryonic vasculogenesis and angiogenesis prior to 24 hpf, they undergo a partial recovery 

of embryonic angiogenesis and show considerable formation of vascular network at later 

stages [9,22]. In contrast to wild-type embryos, which showed induction of tumor 

angiogenesis at 4 dpi, etv2 mutants exhibited complete or nearly complete absence of tumor 

angiogenesis, while embryonic vasculature was still present (Fig. 4).

Because etv2 mutants show defective early vasculogenesis, it is possible that the observed 

defects in tumor angiogenesis are a secondary consequence of mispatterned embryonic 

vasculature. Therefore we utilized an inducible knockdown approach using photoactivatable 

morpholinos to inhibit Etv2 function at a later stage. We have previously designed and 

validated this approach which utilizes a caging etv2 strand hybridized to a standard Etv2 

morpholino (MO) [18,26]. Upon UV irradiation, the caging strand is cleaved and releases 

the Etv2 MO which can then inhibit gene function. As we previously reported [18], 

uncaging Etv2 MO at 4–5 hpf resulted in the specific inhibition of embryonic 

vasculogenesis and the absence of angiogenic sprouting at 24 hpf, observed in fli1a:GFP 
transgenic reporter line (Suppl. Fig. S1). The resulting phenotype was similar to or slightly 

weaker than the etv2 null mutant phenotype, and no other morphological defects were 

present in caged Etv2 MO injected embryos. As reported previously [18], Etv2 MO 

photoactivation at 24 hpf resulted in no apparent vascular or any other morphological 

defects, when analyzed either shortly after photoactivation (Suppl. Fig. S1C,G) or at later 

stages (data not shown). Caged Etv2 MO-injected embryos, which were not subjected to 

photoactivation, were also completely normal (Suppl. Fig. S1D,H). We have previously 

reported an expected loss of vascular marker expression in Etv2 MO injected embryos that 

were photoactivated early (4–5 hpf), while no defects were observed in the embryos which 

were not photoactivated [18]. These results, together with our previous validation of caged 

Etv2 MO, argue that Etv2 MO photoactivation results in a specific inhibition of Etv2 

function.

To test if Etv2 function is required for tumor angiogenesis, we injected embryos with caged 

Etv2 MO, photoactivated Etv2 MO at 24 hpf, and transplanted melanoma cells into the 

perivitelline space at 48 hpf. The embryos were then imaged using confocal microscopy at 5 

dpf (Fig. 5A–D) to analyze the total length of blood vessels in the tumor, the number of 

branch points and the tumor volume. To minimize variability between replicate experiments, 

all measurements in each experiment were normalized relative to the mean values in the 

control embryos, which were not injected with the Etv2 morpholino (see Materials and 

Methods). Thus, the ratio of either tumor volume, blood vessel length or the number of 

branch points in each embryo over the mean corresponding value in the control embryos, 

was calculated. The tumor volume, tumor blood vessel length and the number of branch 

points in tumor vessels were significantly reduced in caged Etv2 MO injected embryos, 

which were photoactivated at 24 hpf, compared to control embryos which were either not 

injected with caged Etv2 MO or injected with the MO but not subjected to photoactivation 

(Fig. 5E). Injection of a control MO, hybridized to caged Etv2 strand, followed by 
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photoactivation at 24 hpf, had no significant effect on the tumor volume, blood vessel length 

or vessel branch points (Fig. 5D,E). We also analyzed the distribution of embryos with small 

tumors (relative normalized volume less than 0.5), small to moderate (volume 0.5–1), 

moderate to large (1–1.5) and large (more than 1.5). The majority of wild-type control 

embryos (79.2%) had moderate size tumors (0.5–1.5 relative volume) (Fig. 5F). While only 

8.7% of control embryos had small tumors (<0.5), the percentage of Etv2 knockdown 

embryos with small tumors was greatly increased (46.6%, Fig. 5F). Similarly, only 11.4% 

and 8.7% of control embryos had small blood vessel length and few branch points, 

respectively (less than 0.5 of relative value), while 39.0% and 60.2% of Etv2 knockdown 

embryos displayed reduced blood vessel length and the number of branch points (Fig. 5F). 

These results show that the knockdown of Etv2 function inhibited angiogenesis in melanoma 

induced tumors and reduced tumor growth.

Fli1b and Etv2 function redundantly during tumor angiogenesis

Despite these results, Etv2 knockdown embryos displayed only partial inhibition of tumor 

angiogenesis. We had previously demonstrated that Etv2 and Fli1b function redundantly 

during embryonic angiogenesis [22]. To test for the functional redundancy between Etv2 and 

Fli1b in tumor angiogenesis, we analyzed tumor angiogenesis in fli1b−/− mutants and 

double Etv2 MO; fli1b−/− knockdown embryos. fli1b mutants have been previously 

generated by Tol2 transposase-mediated insertional mutagenesis which resulted in the 

integration of a gene trap construct containing a splice acceptor site and GFP reporter into 

the fli1b locus [22]. This insertion results in robust fli1b promoter driven GFP expression in 

the vasculature with less than 5% of endogenous fli1b transcript remaining in fli1b−/− 
embryos. Nevertheless, fli1b−/− embryos are viable and do not exhibit any apparent defects 

in embryonic vascular development [22]. B16 melanoma cells were transplanted into fli1b−/
− embryos and control wild-type fli1a:GFP embryos at 48 hpf as described earlier. When 

analyzed at 4 dpf (2 dpi), fli1b−/− embryos showed 49% reduction in tumor blood vessel 

length and 61% reduction in branch points (Fig. 6A,B,E). The remaining tumor vessels were 

often greatly dilated and had few connections to other blood vessels. Enlarged vessels may 

be the remains of the common cardinal vein (CCV), which failed to remodel in melanoma 

cell injected fli1b−/− embryos. To examine the redundancy between Etv2 and Fli1b, we 

injected caged Etv2 MO into fli1b−/− mutants, followed by the photoactivation of Etv2 MO 

at 24 hpf. This resulted in even greater reduction in tumor angiogenesis; double knockdown 

embryos had only 31% of average tumor vessel length and 16% of tumor vessel branch 

points remaining as compared to the control embryos. (Fig. 6C,E). Although patterning of 

embryonic vasculature in the double mutants was not significantly affected, many embryos 

developed pericardial edema by 5 dpf which prevented us from measuring tumor growth 

(tumor angiogenesis was analyzed at 4 dpf when tumor growth in many embryos is not 

clearly pronounced at this stage yet). The cause of pericardial edema needs further 

investigation but it may be a consequence of additional functional requirement of Etv2 and 

Fli1b in the embryonic vasculature beyond 24 hpf. Control fli1b−/− embryos injected with 

Etv2 caged MO and not subjected to photoactivation showed only minor reduction in tumor 

vessel growth and branch point number (Fig. 6D,E), which is likely caused by incomplete 

inhibition of Etv2 MO by the caging strand. As we previously demonstrated, there is some 

inhibition of Etv2 function in caged MO injected embryos in the absence of photoactivation, 
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but it is not sufficient to cause an embryonic phenotype [18]. As expected, the fraction of 

embryos with short tumor vessel length and few branch points (less than 0.5 of relative 

values as compared to wt embryos) was greatly increased in fli1b−/− mutants and further 

increased in fli1b−/−; Etv2 MO embryos uncaged at 24 hpf. In contrast, the percentage of 

embryos with relative values of >1 for vessel length and the number of branch points was 

greatly reduced in fli1b−/− mutants and almost absent among fli1b−/−; Etv2 MO embryos 

(Fig. 6F). These results argue that Etv2 and Fli1b function redundantly during tumor 

angiogenesis.

Etv2 knockdown inhibits tumor angiogenesis in an A673 Ewing Sarcoma xenograft model

To test if a similar inhibition of tumor angiogenesis was observed with other tumor cell 

lines, we used A673 Ewing Sarcoma tumor cells that had been transfected with a GFP 

reporter. The cells were transplanted at 2 dpf into caged Etv2 MO-injected and control 

kdrl:mCherry transgenic zebrafish embryos, followed by imaging analysis at 4 dpf (2 dpi). 

These cells formed very dense tumors which absorbed deep fluorescence, therefore only 

superficially located vessels were quantified. Nevertheless, there was a significant reduction 

in the tumor blood vessel length and the branch point number in Etv2 inhibited embryos 

compared to control uninjected embryos and the embryos that were injected with caged MO 

but never uncaged (Fig. 7A–D). The percentage of embryos which displayed shorter blood 

vessel length (<0.5 of the relative length and branch points) was greatly increased among 

Etv2 knockdown embryos (Fig. 7E). These results argue that Etv2 inhibition reduces tumor 

angiogenesis in different types of tumor lines.

DISCUSSION

Our results demonstrate that Etv2 is required for tumor angiogenesis and it functions 

partially redundantly with a related ETS transcription factor Fli1b. etv2 expression was 

significantly upregulated in zebrafish embryos after xenotransplantation. Knockdown of 

Etv2 function using photoactivatable morpholinos resulted in a significant reduction of 

tumor angiogenesis and reduction in tumor growth. Furthermore, the combined knockdown 

of Etv2 and Fli1b resulted in even greater effect and nearly complete inhibition of tumor 

angiogenesis without significantly affecting embryonic vascular development.

It has been widely accepted that the majority of tumor vasculature originates from existing 

host vessels and forms through the mechanism of angiogenesis [27,28]. However, 

vasculogenesis has also been implicated in tumor growth, and new blood vessels may arise 

from the circulating endothelial progenitor cells or via the process of vascular mimicry 

[29,30]. Our data obtained using kdrl:NLS-KikGR line argue that in the zebrafish 

xenotransplantation model all tumor vessels originate from the existing embryonic blood 

vessels, and do not originate via de novo vasculogenesis. We cannot, however, exclude 

contribution of vascular mimicry in this model, since only zebrafish derived vasculature is 

visualized using kdrl:NLS-KikGR fluorescence, while vascular mimicry would involve 

mouse melanoma derived vasculature.

During normal development, etv2 embryonic expression is downregulated after 24 hpf and 

remains localized to only a few selected vessels such as the pharyngeal arches [8,9,21]. It is 
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remarkable that etv2 expression throughout the embryonic vasculature is upregulated within 

as little as 4 hpf after injecting mouse tumor cells. It is likely that this systemic upregulation 

is a response to tumor secreted factors that may enter circulation. It has been previously 

reported that VEGF can upregulate etv2 expression during embryonic vascular development 

[31]. However, treatment with VEGF inhibitor SU5416 failed to inhibit tumor induced 

upregulation of etv2 expression, suggesting that other tumor-secreted factors may induce 

etv2 expression. Nevertheless, our treatments were limited to only lower doses of SU5416 

since higher doses resulted in the retraction or apoptosis of embryonic vasculature. 

Therefore, we cannot completely exclude VEGF as a factor which upregulates etv2 
expression during tumor angiogenesis. Additional pathways including BMP, FGF and Wnt 

have been implicated in regulating etv2 expression [12] and may also be involved in 

inducing etv2 expression during tumor angiogenesis. Because etv2 expression can be 

upregulated in a VEGF independent manner, this could be one of the reasons why VEGF 

inhibition therapies are only partially effective in inhibiting tumor growth. It is possible that 

a combinatorial VEGF and Etv2 inhibition may result in a synergistic effect in reducing 

tumor angiogenesis, which could be examined in the future studies.

We have previously demonstrated that Etv2 and Fli1b function redundantly in embryonic 

angiogenesis [22]. Inducible Etv2 knockdown starting at the 18-somite stage using 

photoactivatable morpholinos in fli1b−/− background resulted in the inhibition of embryonic 

angiogenesis. Yet, as we observe in this study, inhibition of Etv2 function starting at 24 hpf 

stage even in fli1b mutant background did not significantly affect embryonic angiogenesis. It 

is likely that additional vascular specific ETS factors such as fli1a, ets1 and erg may 

compensate at later stages for the absence of Etv2 and Fli1b. Intriguingly, knockdown of 

Etv2 and Fli1b greatly inhibited tumor angiogenesis without affecting embryonic 

angiogenesis. Even fli1b−/− single mutants displayed reduction in tumor angiogenesis 

although they have no apparent defects in embryonic angiogenesis. A likely explanation is 

that tumor vessels grow fast and require greater levels of ETS factors as opposed to the 

slower growth of embryonic vessels which is observed at later developmental stages. It is 

also possible that expression of other ETS factors such as fli1a, ets1 and others is not 

induced as quickly in tumor vessels compared to etv2 and fli1b, therefore they cannot 

compensate for the absence of Etv2 and Fli1b function. It is likely that additional ETS 

factors may also play roles in tumor angiogenesis. In fact, many studies have implicated 

Ets1 in tumor angiogenesis [32,33].

Despite the significant knockdown of Etv2 and nearly complete loss in Fli1b function, there 

was still a partial tumor angiogenesis observed in Etv2 MO; fli1b−/− embryos. Etv2 

knockdown is only partial and the MO effect becomes even weaker at later stages due to 

dilution and excretion, therefore it is likely that the remaining Etv2 protein is sufficient for 

partial formation of tumor vasculature. Alternatively, other ETS factors may compensate for 

the absence of Etv2 function.

Intriguingly, while etv2 was upregulated throughout the entire embryonic vasculature, 

induction of angiogenesis was only observed in the vicinity of the tumor. It is likely that 

additional local factors including Vegf are required to induce directional growth of blood 

vessels towards the tumor. During embryonic angiogenesis, Etv2 directly upregulates 
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expression of multiple genes associated with vascular development [34]. It is likely that it 

functions in a similar way during tumor angiogenesis, upregulating expression of Vegf 

receptor Vegfr2 homologs as well as many other vascular specific genes. Although induction 

of kdrl expression was not observed throughout the entire embryonic vasculature and was 

restricted to the site of active tumor angiogenesis in tumor transplanted embryos, differently 

from etv2 and fli1b expression, it is possible that Etv2 functions in combination with a local 

signal such as VEGF to induce expression of Vegfr2 and other vascular endothelial markers 

at the tumor injection site. Further experiments are needed to clarify the mechanism of Etv2 

function during tumor angiogenesis.

In summary, our results identify Etv2 and Fli1b as novel critical regulators of tumor 

angiogenesis. Because Etv2 and Fli1 function in embryonic vascular development is highly 

conserved among different vertebrates, it is likely that their role in tumor angiogenesis is 

also evolutionarily conserved. Therefore inhibition of Etv2 and Fli1b function may provide a 

novel strategy to inhibit tumor angiogenesis and reduce tumor growth.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Induction of tumor growth and angiogenesis in zebrafish embryos transplanted with 
murine B16 melanoma cells
(A–F) Lateral views of the same Tg(fli1a:GFP) vascular endothelial reporter embryo with 

murine B16-F10:dsRed xenograft imaged from 36 hpi through 72 hpi. The number of 

zebrafish with tumors (numerator) versus the total number injected (denominator) are 

indicated. (A–C) Merged dsRed, GFP and brightfield channels; (D–F) GFP channel.

(A) Tumors are partially demarcated by a ring of pigmented cells at 36 hpi (arrow) and 

roughly double in size over the next 24 – 36 hpi (B,C). Angiogenic sprouts extending from 

adjacent embryonic vasculature are evident by 36 hpi (D) and continued elaboration and 

branching of these vessels occurs with added tumor growth (E,F).

(G–I) Stray GFP-positive endothelial cells were evident in a subset of tumors (arrows). The 

number of embryos showing stray endothelial cells (numerator) versus the total number 

imaged (denominator) are shown. (G) Multiple GFP+ endothelial cells evident at 36 hpi 

(arrowheads). These cells extend, branch and persist through 72 hpi (I). Insets are magnified 

views of the cell marked with an arrow.

(J) No ectopic angiogenesis is observed after the transplantation of DiI-labeled control 293T 

cells (arrowhead).
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(K,L) Immunofluorescent staining against S100 to identify melanoma cells (pink, arrow, K) 

and vascular endothelial kdrl:GFP at 6 dpf. Metastases along tail vasculature are apparent in 

(L) (arrowheads).

(M,N) Hematoxylin and eosin staining of histological sections in control (M) and melanoma 

B16 transplanted embryo (N) at 6 dpf. Note the tumor tissue present in (N, arrows). (O) 

Immunostaining of zebrafish tumor sections at 6 dpf for melanA, a marker for melanoma 

(pink, nuclei are stained blue with DAPI).
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Figure 2. Tumor blood vessels originate from the existing embryonic vasculature
kdrl:NLS-KikGR embryos were photoconverted (green to red) immediately after B16 (non-

fluorescent) tumor cell transplantation at 2 dpf. KikGR fluorescence was imaged at 2 dpi (4 

dpf) in green (left) and red channels (middle). Right panel, merged image. All blood vessels 

in the tumor were positive for red and green expression. The number of embryos that have 

red positive cells over the total number of embryos is shown in lower right. Anterior is to the 

left, dorsal is up.
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Figure 3. etv2 and fli1b expression is induced during tumor angiogenesis
(A–P) In situ hybridization analysis of etv2 (A–H, M,N), fli1b (I,J) and kdrl (K,L,O,P) 

expression in B16 melanoma injected embryos compared to uninjected controls.

(A,B) etv2 expression is induced throughout the embryonic vasculature (arrows) at 1 day 

post injection (dpi) in a B16 injected embryo (B), compared to uninjected control (A). White 

arrow marks the tumor injection site.

(C,D) Magnified images showing etv2 expression in tumor vasculature above the yolk 

(purple staining, arrows) and the endocardium (D) at 1 dpi.

(E–H) Time-course analysis of etv2 expression in B16 injected embryos at 2–24 hpi. Note 

the strong induction of etv2 expression in the main axial vasculature (arrows) from 4 hpi 

through 24 hpi. White arrow marks the tumor injection site.

(I–L) fli1b expression is upregulated throughout the embryonic vasculature at 1 dpi in 

melanoma injected embryos (J, arrows) while kdrl expression is primarily induced at the 

tumor injection site (L).

(M–P) Upregulated etv2 expression is restricted largely to the subset of the tumor 

vasculature at 7 dpi (N, arrows), while expanded kdrl expression corresponds to the entire 

tumor angiogenic network (P, arrows).
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(Q) qPCR analysis of etv2, fli1b and kdrl expression in B16 tumor and control 293T cell 

injected embryos at 1 dpi (3 dpf) relative to uninjected controls. Note the significant 

induction of etv2 and fli1b expression in tumor injected embryos, while kdrl expression is 

not significantly affected. 293T cell injection did not significantly affect expression of any of 

the markers. (R) qPCR analysis of etv2 and fli1b expression in B16 transplanted embryos 

treated with control 0.1% DMSO solution or pan-Vegf inhibitor SU5416. Note that etv2 and 

fli1b expression is increased in xenotransplanted DMSO treated embryos as compared to 

sibling uninjected controls (p<0.01), while SU5416 treatment did not reduce etv2 or fli1b 
expression. Although SU5416 treated embryos showed greater upregulation of etv2 
expression compared to control DMSO embryos in the replicate samples (p=0.04), this is 

likely to be an artifact due to a large variation in the level of etv2 induction observed among 

individual B16 transplanted embryos in separate experiments (see Fig. 3Q, for example).
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Figure 4. Tumor angiogenesis is inhibited in etv2−/− mutant embryos
B16-dsRed melanoma cells were transplanted into fli1a:GFP; etv2−/− embryos and their 

wild-type siblings at 2 dpf, and tumor angiogenesis was analyzed at 4 dpi. Note that etv2−/− 
embryos exhibit absence of tumor angiogenesis as compared with their wild-type siblings 

(which represent a mixture of wt and etv2+/− heterozygous embryos). The number of 

embryos with pronounced tumor angiogenesis is shown in (A) (the others did not show 

extensive tumor angiogenesis), while the number of embryos with absent tumor 

angiogenesis is shown in (B).
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Figure 5. Inhibition of Etv2 function using photoactivatable MO results in the reduction of 
xenotransplanted B16 tumor growth and tumor angiogenesis
(A–D). Confocal images of dsRed labeled tumor cells and fli1a:GFP blood vessels at 5 dpf 

(3 dpi) in a control embryo not injected with MO (A), an embryo injected with caged Etv2 

MO and uncaged at 24 hpf (B), an embryo injected with caged Etv2 MO which was not 

subjected to uncaging (C), and an embryo injected with a control caged MO which included 

a standard control MO hybridized to Etv2 caging strand, photoactivated at 24 hpf (D). Note 

the reduced tumor angiogenesis and tumor growth in (B).

(E) Quantification of the tumor volume, tumor blood vessel length and the number of tumor 

blood vessel branch points at 5 dpf (3 dpi). To account for the variation in tumor and blood 

vessel growth between different experiments, the absolute values were normalized in each 

experiment to wild-type fli1a:GFP embryos which were not injected with MO. Each 

experiment was repeated at least twice and the total number of embryos is shown. Note a 

highly significant reduction (asterisk) in the tumor volume (p=2.4 × 10−17), tumor blood 

vessel length (p=3.2×10−13), and the number of branch points (p=3.4×10−18) in Etv2 MO 

embryos uncaged at 24 hpf (green bars) compared to wild-type control embryos (blue bars). 

Unpaired Student’s t-test was used to calculate p values; ±SEM is shown.
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(F) Distribution of embryos with different ranges of the relative tumor volume, blood vessel 

length or the number of branch points. The percentage of embryos in each group is shown. 

All values are relative to the tumor injected wild-type embryos, which have been normalized 

to 1 in each experiment. Note that the percentage of embryos with small tumors (<0.5) is 

greatly increased in caged Etv2 MO / uncaged at 24 hpf group (blue bar) compared to wt or 

never uncaged embryos, while a percentage of embryos with large tumors (1–1.5 and >1.5, 

green and purple bars) is greatly reduced. Similarly, the percentage of embryos with short 

vessel length and few branch points (<0.5, relative value) is greatly increased among caged 

Etv2 MO / uncaged at 24 hpf embryos, while the percentage of embryos with large vessel 

length and many branch points (1–1.5 and >1.5) is greatly reduced.
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Figure 6. Combined inhibition of Etv2 and Fli1b function results in great reduction of tumor and 
blood vessel growth
(A–D) Confocal images of B16 dsRed-labeled melanoma tumors transplanted into fli1a:GFP 
wild-type (A) and fli1b−/− embryos (B–D) at 4 dpf (2 dpi). fli1b−/− embryos were either not 

injected with MO (B), injected with caged Etv2 MO / photoactivated at 24 hpf (C) or 

injected with caged Etv2 MO and not subjected for photoactivation (D). Note GFP-positive 

thin tumor blood vessels in (A), and the absence of thin tumor blood vessels in (B) while 

only wide enlarged blood vessels are observed which may be the remnants of the common 

cardinal vein that failed to remodel. (C) Tumor vessels are completely or nearly completely 

absent in (C). Note that there was a variation in vessel width among fli1b−/− embryos, and 

dilated vessels were not apparent in every embryo (such as the one in (D)).

(E) Quantification of the tumor blood vessel length and the number of tumor vessel branch 

points at 4 dpf (2 dpi). Absolute values were normalized to the corresponding values in wild-

type fli1a:GFP embryos. Note the significant reduction in tumor vessel length (p=1.4×10−27 

for wt versus fli1b−/−, and p=8.6 × 10−36 for wt versus Etv2 MO; fli1b−/−) and the number 
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of branch points (p=2.6×10−30 and 2.6×10−41, respectively, asterisks). Unpaired Student’s t-

test was used to calculate p values; ±SEM is shown.

(F) Distribution of embryos with different ranges of the relative blood vessel length or the 

number of branch points. A percentage of embryos in each group is shown. All values are 

relative to the tumor injected wild-type embryos, which have been normalized to 1 in each 

experiment. Note that the percentages of embryos with short vessels and few branch points 

(<0.5, relative value, blue bars) are greatly increased among fli1b−/− embryos, and even 

more increased among Etv2 MO; fli1b−/− embryos, while the percentages of embryos with 

large vessel length and many branch points (1–1.5 and >1.5, green and purple bars) are 

greatly reduced.
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Figure 7. Inhibition of Etv2 function results in reduced tumor angiogenesis in zebrafish embryos 
transplanted with A673 Ewing Sarcoma fluorescent cells
(A–C) Confocal images of GFP-expressing A673 cells which were transplanted into 

kdrl:mCherry zebrafish embryos at 2 dpf. Imaging was performed at 4 dpf (2 dpi). (A) 

Control uninjected embryo; (B) Etv2 caged MO injected embryo uncaged at 24 hpf; (C) 

Etv2 caged MO injected embryo which was not subjected to photoactivation.

(D) Quantification of tumor blood vessel length and the number of branch points in tumor 

vasculature at 4 dpf (2 dpi). All values are relative to the tumor injected wild-type embryos, 

which have been normalized to 1 in each experiment. Note a significant reduction (asterisks) 

in the tumor blood vessel length (p=0.047) and branch points (p=3.4×10−9) in caged Etv2 

MO injected embryos, photoactivated at 24 hpf compared to uninjected controls. Unpaired 

Student’s t-test was used to calculate p values; ±SEM is shown.
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(E) Distribution of embryos with different ranges of relative blood vessel length or the 

number of branch points. A percentage of embryos in each group is shown. Note that the 

percentage of embryos with short vessels and few branch points (<0.5, relative value, red 

bars) is increased among Etv2 MO embryos, while the percentage of embryos with large 

vessel length and many branch points (1–1.5 and >1.5, green and purple bars) is greatly 

reduced.
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Table 2

Top 20 pathways upregulated in B16 melanoma injected embryos as compared with control uninjected 

embryos at 3 dpf (1dpi)

ID Name q-value FDR B&H

GO:0030198 extracellular matrix organization 4.76E-23

GO:0043062 extracellular structure organization 4.76E-23

GO:0072359 circulatory system development 3.38E-19

GO:0072358 cardiovascular system development 3.38E-19

GO:0001944 vasculature development 3.88E-18

GO:0001568 blood vessel development 1.62E-17

GO:0051270 regulation of cellular component movement 2.14E-17

GO:0040012 regulation of locomotion 9.30E-17

GO:2000145 regulation of cell motility 9.30E-17

GO:0030334 regulation of cell migration 9.30E-17

GO:0048514 blood vessel morphogenesis 2.39E-16

GO:0006915 apoptotic process 4.34E-16

GO:0012501 programmed cell death 5.05E-16

GO:0007155 cell adhesion 9.24E-16

GO:0022610 biological adhesion 1.94E-15

GO:0048870 cell motility 2.69E-15

GO:0051674 localization of cell 2.69E-15

GO:0040011 locomotion 2.69E-15

GO:0048646 anatomical structure formation involved in morphogenesis 2.69E-15

GO:0016477 cell migration 2.69E-15
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