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Abstract

The molecular mechanisms initiating the formation of the lymphatic system, lymphangiogenesis, 

are still poorly understood. Here we have identified a novel role in lymphangiogenesis for an ETS 

transcription factor, Etv2/Etsrp, a known regulator of embryonic vascular development. Through 

the use of fully validated photoactivatable morpholinos we show that inducible Etv2 inhibition in 

zebrafish embryos at 1 day post-fertilization (dpf) results in significant inhibition of 

lymphangiogenesis, while development of blood vessels is unaffected. In Etv2-inhibited embryos 

and larvae, the number of lymphatic progenitors is greatly reduced, the major lymphatic vessel, the 

thoracic duct, is absent or severely fragmented, and lymphangiogenesis-associated marker 
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expression, including lyve1b, prox1a, and vegfr3/flt4, is strongly downregulated. We also 

demonstrate that lymphatic progenitors in Etv2 deficient embryos fail to respond to Vegfc 

signaling. Chromatin immunoprecipitation and sequencing (ChIP-Seq) studies using differentiated 

mouse embryonic stem (ES) cells as well as luciferase reporter studies in the ES cells and in 

zebrafish embryos argue that Etv2 directly binds the promoter/enhancer regions of Vegfc receptor 

Vegfr3/Flt4 and lymphatic marker Lyve1, and promotes their expression. Together these data 

support a model where Etv2 initiates lymphangiogenesis by directly promoting the expression of 

flt4 within the posterior cardinal vein.
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INTRODUCTION

The lymphatic system is of clinical interest because of its essential role in pathologic 

settings, such as lymphedema, vascular malformation, inflammation, and cancer metastasis. 

Lymphangiogenesis, the sprouting of lymphatic vessels, has been studied less than the blood 

vessel counterpart, angiogenesis, largely due to previous limitations in visualization. As 

such, molecular mechanisms that regulate lymphangiogenesis remain poorly understood 

(Schulte-Merker et al., 2011). Lymphatic vessels transport fluid and large molecules from 

interstitial spaces into blood circulation or lymph nodes while providing a home for the 

development and transport of lymphoid cells involved in regulating the immune system 

(Tammela and Alitalo, 2010). This complex vessel network is constructed of blind-ended 

capillaries, pre-collecting and collecting vessels. Disruption in the early development and 

formation of these structures or failure in function inhibits fluid drainage and immune 

surveillance.

While the use of the zebrafish animal model for the study of lymphatics is recent, it is firmly 

established in literature as effective and evolutionarily conserved (Hogan et al., 2009b; 

Isogai et al., 2009; Kuchler et al., 2006; Le Guen et al., 2014; Schulte-Merker et al., 2011; 

Yaniv et al., 2006). Zebrafish are relatively inexpensive to maintain, and embryos develop 

rapidly compared to other vertebrate models and allow direct visualization of developing 

vasculature. Thus, previous observational hurdles have been overcome by the optically clear 

and genetically modifiable zebrafish embryo, which provides an elegant vertebrate model for 

understanding embryonic lymphangiogenesis, and for investigating putative therapeutic 

targets for inherited and acquired vascular and lymphatic pathological conditions (Schulte-

Merker et al., 2011).

Similar to mammalian embryos, zebrafish lymphangioblasts are derived from the posterior 

cardinal vein (PCV) and can be recognized by expression of the lymphatic-specific 

transcription factor prospero-related homeobox domain 1a (prox1a) (Koltowska et al., 2015; 

Nicenboim et al., 2015). During the developmental time window between 36 and 48 hpf, 

prox1a-negative endothelial cells sprout from the PCV and migrate dorsally, forming 

intersegmental veins as they make connections to the arterial intersegmental vessels (ISVs). 
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Prox1a-positive sprouts from the PCV, in contrast, do not make arterial connections, but 

congregate as parachordal lymphangioblasts (PLs) along the horizontal myoseptum of the 

zebrafish trunk (48-60 hpf) (Hogan et al., 2009b; Isogai et al., 2009; Nicenboim et al., 2015; 

Yaniv et al., 2006). These PLs continue migrating from 60 hpf along arterial ISVs both 

ventrally and dorsally, away from the myoseptum to coalesce and form the thoracic duct, 

which localizes ventral to the DA (4-5 dpf), the intersegmental lymphatic vessels (ISLVs), 

and the dorsal longitudinal lymphatic vessels (DLLVs), which together comprise the 

foundation of the zebrafish lymphatic system (Hogan et al., 2009a; Kuchler et al., 2006; 

Okuda et al., 2012; Yaniv et al., 2006).

Several signaling pathways and transcription factors have been implicated in distinct steps of 

lymphangiogenesis. Vascular Endothelial Growth Factor C (Vegfc) and its receptor Vegfr3/

Flt4 signaling is essential in promoting Prox1 expression, lymphatic endothelial cell (LEC) 

proliferation, migration, and maintenance in different vertebrate models (Hogan et al., 

2009b; Karkkainen et al., 2004; Koltowska et al., 2015; Villefranc et al., 2013; Yang et al., 

2012). Similar to murine Prox1 mutants, maternal-zygotic zebrafish prox1a mutants show 

strong reduction of lymphatic progenitor cells (Koltowska et al., 2015; Wigle and Oliver, 

1999). The second Prox1 homolog in zebrafish, prox1b does not appear to have a significant 

contribution to lymphangiogenesis (Koltowska et al., 2015; Tao et al., 2011). Wnt5 signaling 

from the endoderm has been recently implicated in initiating zebrafish prox1a expression 

and lymphangiogenesis (Nicenboim et al., 2015). In addition, the members of SOX and ETS 

transcription factor families are known to have critical functions in lymphangiogenesis. In 

mice, the expression of Sox18 in the venous endothelium commits this cell lineage to a 

lymphatic fate (Francois et al., 2008). The combined activity of this transcription factor with 

Chicken Ovalbumin Upstream Promoter-Transcription Factor II (Coup-TFII) directs 

polarized expression of Prox1 in a compartment of endothelial cells within the cardinal vein 

at embryonic day E9.5 (Francois et al., 2008; Karkkainen et al., 2004; Srinivasan et al., 

2010). An ETS transcription factor, Ets2, has been implicated in lymphangiogenesis through 

induction of Flt4 expression in collaboration with Prox1 (Yoshimatsu et al., 2011). However, 

it is not clear if Ets2 is required for lymphangiogenesis in vivo. In addition, it is currently 

unclear if the function of Sox18 and CoupTFII is conserved between different vertebrates 

(Cermenati et al., 2013; van Impel et al., 2014). Therefore, transcriptional regulation of 

lymphangiogenesis remains poorly understood.

Etv2 is an endothelial specific ETS transcription factor that is essential for vascular 

differentiation and morphogenesis in multiple vertebrates. Etv2 knockdown and mutant 

zebrafish embryos fail to undergo vasculogenesis and exhibit loss of multiple vascular 

endothelial marker expression (Pham et al., 2007; Sumanas and Lin, 2006). Similar to 

zebrafish, mouse Etv2 null mutants exhibit loss of yolk sac vasculogenesis (Ferdous et al., 

2009; Lee et al., 2008). In addition to early vasculogenesis, Etv2 has a separate role in 

sprouting angiogenesis during ISV development, where it functions redundantly with a 

related ETS transcription factor Fli1b (Craig et al., 2015). However, its role in lymphatic 

development has not yet been investigated.

Here we show that etv2 expression in zebrafish embryos is enriched in the PCV at 36-48 

hpf, when lymphatic fated progenitors emerge from the PCV. Knockdown of Etv2 using 
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photoactivatable morpholinos at 24 hpf, after vasculogenesis and major axial vessel 

formation is complete, resulted in the inhibition of parachordal lymphangioblast formation 

and migration, and the suppression of the subsequent development of the thoracic duct (TD). 

In addition, we show a concomitant reduction of genetic markers that are associated with 

lymphangiogenesis including flt4/vegfr3 when Etv2 is inhibited at 24 hpf in the developing 

embryo. We utilized heat shock induced overexpression of vegfc in Etv2 depleted embryos 

at 24 hpf to demonstrate that Etv2 function is required for Vegfc-induced 

lymphangiogenesis. ChIP-Seq analysis demonstrates that Etv2 directly binds to the 

promoter / enhancer regions of Flt4 and lymphatic marker Lyve1. These results argue that 

Etv2 is a novel critical regulator of lymphatic development.

MATERIALS AND METHODS

Zebrafish strains and staging

Tg(fli1a:GFP)y1 (Lawson and Weinstein, 2002), Tg(kdrl:mCherry)ci5 (Proulx et al., 2010), 

Tg(-2.3 etv2:GFP)zf372 (Veldman and Lin, 2012), TgBAC(etv2:EGFP)ci1 (Proulx et al., 

2010), and TgBAC(prox1a:KalT4-UAS:uncTagRFP)nim5 (Dunworth et al., 2014) (further 

abbreviated as prox1a:RFP) reporter lines, and etv2y11 mutant line (Pham et al., 2007) were 

used for experiments in this study. The Tg(fli1a:flt4-2A-mCherry)ci29 line was generated by 

the Tol2-mediated transgenesis as described below in the ‘Vascular specific etv2 and flt4 
overexpression’ section. Embryos and larvae were raised at 28.5°C, or 32°C to speed up 

development. Embryonic staging was performed according to established criteria (Kimmel 

et al., 1995). Zebrafish experiments were performed under CCHMC IACUC approved 

protocol.

Morpholinos

We previously designed and validated the photoactivatable etv2 morpholino (MO) 

(PhotoMorphs, Supernova Life Sciences) (Kohli et al., 2013). In this design, a photosensitive 

caging strand was hybridized to the translation-blocking etv2 antisense MO2 (MO2, 

CACTGAGTCCTTATTTCACTATATC; Gene Tools, Inc.), rendering it inactive (Sumanas 

and Lin, 2006). UV light exposure activates MO and results in inhibition of Etv2 function at 

select developmental stages. PhotoMorph injection was performed as described previously 

(Sumanas, 2017). Briefly, the night prior to injection, the caging strand designed against 

etv2 MO2 was mixed with the standard etv2 MO2 in 1× Danieau buffer (58 mM NaCl, 0.7 

mM KCl, 0.4 mM MgSO4, 0.6 mM Ca (NO3)2, 5 mM HEPES, pH 7.6) to final 

concentrations of 500 μM and 50 μM respectively. The mixture was denatured at 70 °C for 

30 minutes and then cooled slowly overnight. After establishing injection titrations to 

achieve effective Etv2 knockdown without toxic or off target effects, 2.5 nl of the 

Photomorph MO cocktail was injected into each Tg(fli1a:GFP; kdrl:mCherry) and other 

reporter embryos at the 1-2 cell stage. 1.0 nl reduced dose was used for injections into 

etv2y11 embryos. All solutions and injections were handled in a dark room equipped with 

yellow filters on all minimal light sources. Embryos were kept in the dark until uncaging. 

Photoactivation was performed at key developmental stages, exposing uncovered dishes to 

365 nm UV light for 30 minutes at 5-10 cm distance from light source. Embryos were 

swirled every 10 minutes during photoactivation.
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Standard control MO (CCTCTTACCTCAGTTACAATTTATA) (Gene Tools, Inc.) which has 

no target in the zebrafish genome was used for a control experiment. To control for any 

potential off-target effect of Etv2 caging strand, the solution of the standard MO and Etv2 

caging strand was used for injections, which was prepared as described above at the same 

concentration as for Etv2 MO (500 μM and 50 μM caging strand / MO).

In situ hybridization

Whole mount in situ hybridization (ISH) was performed as previously described (Jowett, 

1999). DIG-labeled antisense RNA probes for etv2, lyve1b, and flt4 were synthesized as 

previously described (Hogan et al., 2009a; Sumanas et al., 2005; Thompson et al., 1998). 

Prior to imaging, zebrafish embryos or larvae were dehydrated to 100% ethanol, slowly 

rehydrated, whole mounted in 3% methylcellulose or 0.6% low melting agarose and imaged 

with the AxioImager compound microscope (Carl Zeiss) equipped with a Plan-Neofluar 

10×/0.3 N.A. microscope objective (Carl Zeiss) and an AxioCam Icc3 color camera (Carl 

Zeiss, Inc.). A series of z-slices were acquired using AxioVision 4.6 software (Carl Zeiss, 

Inc.) to produce extended focus projected images.

Quantification of venous intersegmental vessels and lymphangioblasts

Venous ISVs were quantified at 4 dpf in uninjected, control never photoactivated etv2 MO, 

and 24 hpf photoactivated etv2 MO larvae. The percentage of ISVs with venous connections 

was determined by counting the total number of ISVs arterial and venous connections over 

8-9 segments (this was limited by the imaged area) and dividing the number of venous 

connections by the total number of ISV connections per larva. The data is presented as an 

average of percentage of ISVs with venous connections.

Quantification of parachordal lymphangioblasts at 52 hpf was accomplished by counting the 

number of parachordal lymphangioblasts in ten intersegmental spaces over the trunk of each 

embryo per group, which was then divided over ten segments (or somites). The data is 

presented as the average number of PLs per segment.

To quantify prox1a-positive lymphangioblasts within the PCV, prox1a:RFP; UAS:GFP 
embryos were imaged at 30-32 hpf using confocal microscopy, and GFP+ cells were 

quantified in the region of the axial vasculature across 9 somites of the trunk. Cells 

immediately adjacent to the yolk extension and in the tail were excluded from quantification 

as the transgene is expressed in the pronephros and tail vasculature.

Heat shock induced etv2 and vegfc overexpression

To overexpress etv2, Tg(fli1a:GFP) embryos at the 1-2 cell stage were injected with a 

mixture of 3 pg of hsp70:Etv2-mCherry overexpression construct (Veldman et al., 2013), 

and 50 pg of tol2 mRNA, cultured until 24 or 48 hpf, and heat-shocked at 37°C for 30 

minutes to induce the overexpression of etv2. Embryos or larvae were fixed at 28-30 hpf and 

52-54 hpf stages for ISH analysis. To overexpress vegfc, Tg(fli1a:GFP; kdrl:mCherry) 

embryos were injected with a mixture of 25 pg of Tol2-hsp70:vegfc; myl7:GFP 
overexpression construct (kindly donated by Ben Hogan) and 75 pg of Tol2 mRNA. The 
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larvae were subjected to heat-shock at 48 hpf for 30 minutes at 37°C and were raised to 52 

hpf to examine marker expression by in situ hybridization or by fluorescence microscopy.

Vascular specific etv2 and flt4 overexpression

For vascular specific etv2 and flt4 overexpression, fli1:etv2-2A-mCherry and fli1:flt4-2A 
mCherry constructs were generated with Gateway cloning technology (Invitrogen) using the 

following entry clones: p5E-fli1ep, pENTR – Etv2 / Flt4 (the coding sequence of Etv2 or 

Flt4 was PCR amplified and subcloned into pDONR221 vector using BP recombination) and 

p3E-2A-mCherry, and the destination vector pDestTol2pA (Villefranc et al., 2007). 

Zebrafish Flt4 coding sequence was generated by Gene synthesis with codon optimization 

(Genscript). Tg(prox1a:RFP; UAS:GFP) or Tg(fli1a:GFP) embryos were injected at the 1-

cell stage with either fli1:etv2-2A-mCherry or fli1:flt4-2A mCherry construct at a dose of 

25pg/embryo together with 60pg/embryo of tol2 mRNA. Embryos with vascular specific 

mCherry expression were selected at 24 hpf for later imaging and analysis or rearing.

Imaging

Compound Microscope: Embryos and larvae were whole mounted in 3% methylcellulose or 

0.6% low melting point agarose on glass slides. Images were captured using a 10× / 0.3 NA 

objective on AxioImager Z1 (Zeiss, Inc.) compound microscope with Axiocam ICC3 color 

camera (Zeiss). Images in multiple focal planes were captured individually and combined 

using the Extended Focus module within Axiovision software (Zeiss, Inc.).

Confocal microscope: Embryos and larvae were whole mounted in 3% methylcellulose or 

0.6% low melting point agarose on glass slides. Images were captured using a 16× / 0.8 NA 

or 25× / 1.1 NA water immersion objective on a Nikon A1R MP upright confocal 

microscope in single photon mode located in the CCHMC Confocal Imaging Core 

(Cincinnati Children’s Hospital Medical Center). Z-stacks were captured using NIS 

Elements analysis and projected using Surpass view in Imaris software (Bitplane).

Time-lapse imaging: Embryos and larvae were mounted in 3% methyl cellulose or 0.6% low 

melting point agarose on a glass slide and placed in a 100mm Petri dish filled with water on 

a temperature-controlled stage-top incubator (28°C). Images were captured with a 25X 

water immersion objective using single photon acquisition mode on a Nikon A1R MP 

upright confocal microscope located in the CCHMC CIC. Z-stacks were captured using NIS 

elements analysis and projected using Surpass view in Imaris software (Bitplane).

Luciferase experiments

In vitro luciferase assays in 293T cells were performed as previously described (Liu et al., 

2015). Briefly, Etv2 bound putative enhancer sequences (Table S1) obtained through MACS 

peak-calling algorithm were PCR-amplified and cloned into the pGL4.24[luc2P/minP] 

vector containing the minimal promoter and the luciferase reporter gene luc2P. For 

luciferase assays, 293T cells cultured in DMEM supplemented with 10% fetal bovine serum 

were plated onto 24-well plates (3 × 104 cells) and transfected the next day with the various 

pGL4.24[luc2P/minP] vector constructs with or without the murine Etv2 expression plasmid 

(pMSCV-Etv2). Renilla luciferase vector (Promega) was cotransfected to normalize 
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transfection efficiency. Cells were harvested 48 h after transfection, and luciferase activity 

was measured using the Dual-Luciferase Reporter Assay kit and GloMax™ Systems 

(Promega). Reporter gene activities were first normalized to the Renilla luciferase value and 

further compared to that of the control pGL4.24 reporter. All luciferase in vitro experiments 

were repeated using at least four biological replicates.

To perform luciferase assays in zebrafish embryos, the embryos were injected at 1-cell stage 

with 25 pg of the pGL4.24 vector containing the putative enhancer. A subset of these 

embryos were also injected with 270 pg of zebrafish etv2 mRNA (Sumanas and Lin, 2006) 

into the yolk. Embryos were incubated at 32°C and imaged at the 50% epiboly stage. 24 

embryos from each injection group were loaded individually into the wells of a 96-well 

plate. 100 μl of CycLuc1 (Calbiochem), a synthetic luciferase substrate, was added to each 

well to the final concentration of 100 μM. 10 minutes after the addition of substrate, the 

embryos were imaged with a 5-min exposure in an IVIS Lumines LT Series III In Vivo 

Imaging System. Luminescence for each embryo was quantified in ImageJ. Relative 

fluorescence intensity was calculated by subtracting background and dividing the average 

fluorescence intensity in embryos co-injected with etv2 mRNA and a luciferase construct 

over the fluorescence intensity in control embryos injected with a luciferase construct only.

To test the requirement of the ETS sites in two selected flt4 enhancers, a mutagenized 

enhancer DNA with all ETS sites mutated was synthesized by gene synthesis (Genscript) 

and subcloned into the pGL4.24 vector (sequences listed in Table S1). For luciferase assays, 

the same dose of mutated and wild-type flt4 constructs was co-injected with etv2 mRNA in 

the same experiment. Each experiment was repeated at least twice.

RESULTS

Etv2 expression is increased in a subset of venous endothelial cells during initiation of 
lymphangiogenesis

To test for a potential role of etv2 in lymphangiogenesis, we first used in situ hybridization 

and confocal imaging of Tg(-2.3 etv2:GFP)zf372 reporter line expression (Veldman and Lin, 

2012) to analyze etv2 expression in wild-type zebrafish embryos and larvae at 24-56 hpf 

when lymphangiogenesis is initiated. Significant etv2 expression in the dorsal aorta (DA), 

posterior cardinal vein (PCV), and intersegmental vessels (ISVs) was observed at 24 hpf 

(Fig. 1A,D,G). Interestingly, etv2 expression appeared less intense in the DA (arrows) 

compared to the PCV at 48-56 hpf (Fig. 1B,C,E,F,H,I). In addition, etv2 expression was 

present in ISVs including venous-derived ISVs at 48 and 56 hpf (Fig. 1H,I).

We then analyzed whether etv2 expression overlapped with prox1a expression using the 

vascular endothelial reporter TgBAC(etv2:GFP)ci1 (Proulx et al., 2010) and the lymphatic 

reporter TgBAC(prox1a:KalT4-UAS:uncTagRFP)nim5 (Dunworth et al., 2014), hereafter 

referred to as prox1a:RFP. Indeed, we observed co-localization of GFP and RFP in putative 

lymphatic endothelial progenitor cells at 24 hpf (Fig. S1A–D) and the thoracic duct and 

intersegmental lymphatic vessels (ISLVs) at 4.5 dpf (Fig. S1E–H). The expression of etv2 in 

lymphatic progenitor cells suggested its potential role in lymphangiogenesis.
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Etv2 depletion inhibits thoracic duct formation

We first analyzed lymphangiogenesis in etv2y11 null mutants, which undergo significant 

recovery of vascular development at later stages, although they exhibit nearly complete 

inhibition of early vasculogenesis (Craig et al., 2015; Pham et al., 2007). The major 

lymphatic vessel, the thoracic duct (TD), was completely absent in etv2 mutant larvae, as 

evident from the lymphatic reporter prox1a:RFP expression (Fig. 2).

Because etv2y11 mutants show defects in early vasculogenesis, which may indirectly affect 

lymphangiogenesis, we used a previously validated photoactivatable etv2 morpholino (MO) 

to inhibit Etv2 function during later stages of embryogenesis, after the formation of major 

axial vessels. In this design, a photosensitive caging strand was hybridized to a translation-

blocking etv2 antisense MO, rendering it inactive (Tomasini et al., 2009). We have 

previously demonstrated that photoactivation of etv2 MO by exposure to UV light at 

progressive stages of development resulted in vascular phenotypes with different levels of 

severity as well as inhibition of etv2:GFP expression (Kohli et al., 2013). However, as we 

previously demonstrated, photoactivation of etv2 MO at the 18-somite (18 hpf) and later 

stages resulted in no apparent defects in blood vessel development due to its functional 

redundancy with Fli1b (Craig et al., 2015). To analyze the role of Etv2 during lymphatic 

development, we performed functional Etv2 knockdown by photoactivatable MO injection 

into embryos from the fli1a:GFP; kdrl:mCherry line and analyzed the formation of the 

thoracic duct (Fig. 3A–D′). Control uninjected embryos demonstrated normal blood vessel 

and lymphatic development (Fig. 3A,A′) as did those embryos injected with caged etv2 
MO, but never exposed to UV photoactivation (Fig. 3B,B′). As expected, embryos 

photoactivated at the shield stage (6 hpf), prior to the onset of vasculogenesis, demonstrated 

defective vascular endothelial development (Fig. 3C,C′, compare with Fig. 2), effectively 

recapitulating the vascular phenotype observed in etv2y11 genetic mutants (Craig et al., 

2015; Pham et al., 2007), which further supports the specificity of the observed MO 

phenotype. Inhibition of Etv2 function at 24 hpf, after the major axial vessels have already 

formed, specifically affected lymphangiogenesis without affecting vascular development. 

The major lymphatic vessel, the thoracic duct (TD), was absent or discontinuous in Etv2-

depleted larvae, while the major axial and secondary intersegmental blood vessels (ISVs) 

were not affected (Fig. 3D,D′). Similar absence of the thoracic duct was observed in Etv2-

depleted larvae at 5 and 7 dpf using prox1a:RFP reporter line (Fig. 3E–H, Fig. S2A–D). This 

data also argues that the failure of thoracic duct formation at 5 dpf is not due to 

developmental delay. No other defects in embryonic development were observed in Etv2-

depleted larvae. Injection and photoactivation of a control MO did not cause any defects in 

lymphatic development (Fig. S2E,F). Photoactivation of caged Etv2 MO at 34 or 48 hpf also 

did not affect the thoracic duct formation or prox1a:RFP expression (Fig. S2G,H), 

suggesting that Etv2 function is required at the initial stage of lymphangiogenesis.

As an additional test for the specificity of caged etv2 MO phenotype, we examined 

lymphatic defects in wild-type and etv2 heterozygous mutant embryos and larvae, obtained 

from the incross of etv2y11 heterozygous carriers, and injected with a reduced dose of caged 

etv2 MO, which was photoactivated at 24 hpf. The larvae were blindly scored for the defects 

in the thoracic duct at 5 dpf and subsequently genotyped. The thoracic duct was largely 
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normal in 84% of wild-type larvae, while 46 % of the etv2+/− larvae displayed discontinuous 

or absent thoracic ducts (p<0.01) (Fig. S3). These results demonstrate that etv2 heterozygous 

embryos have increased sensitivity to the low dose of etv2 MO, and further support the 

specificity of the caged etv2 MO lymphatic phenotype.

Etv2 depletion inhibits formation of lymphatic progenitors

We then analyzed if the lymphatic progenitors, parachordal lymphangioblasts (PLs), failed 

to migrate from the PCV in the absence of Etv2 function. Control uninjected fli1a:GFP; 
kdrl:mCherry reporter zebrafish and control morpholino-injected but not photoactivated 

larvae showed normal migration of PLs when analyzed by confocal microscopy at 56 hpf 

(Fig. 3I,J,I′,J′). As expected, embryos injected with caged Etv2 MO and exposed to UV 

photoactivation at the shield stage (6 hpf), prior to initiation of vasculogenesis, developed 

abnormal vasculature, while PLs could not be clearly visualized due to abnormal branching 

of ISVs (Fig. 3K,K′). However, embryos where Etv2 depletion occurred at 24 hpf developed 

normal vasculature compared to control embryos but no PLs (Fig. 3L,L′, arrowheads). 

Interestingly, the formation of venous ISVs was not affected in the majority of Etv2 depleted 

larvae, while the sprouting of lymphatic-fated cells from the PCV was inhibited (Fig. 4, Fig. 

S4A, Movies 1 and 2). Larvae where Etv2 has been knocked down demonstrate normal 

venous sprouting, along with stalled or collapsing PL sprouts that have not migrated by 75 

hpf (Movie 2, blue arrowheads) compared to wild type larvae (Movie 1) where migration is 

complete by 56 hpf. In some cases where PL sprouts have reached the horizontal 

myoseptum, PLs appear to stall and fail to migrate along the myoseptum (Movie 2). 

Additionally, we analyzed the numbers of early prox1a+ lymphatic progenitors in the PCV 

in the TgBAC(prox1a:KalT4-UAS:uncTagRFP) reporter line, crossed with the 

Tg(UAS:GFP) reporter line (Asakawa et al., 2008), as GFP expression is visible much 

earlier than RFP expression (this double transgenic line is further labeled as prox1a:GFP). 

We observed a significant decrease in the number of prox1a:GFP+ cells in the PCV of etv2 
depleted embryos compared to uninjected embryos (Fig. 5, Fig. S4B).

Etv2 inducible knockdown results in decreased expression of genes associated with 
lymphangiogenesis

In order to further examine the role of Etv2 during embryonic lymphangiogenesis, the 

expression of flt4 and lymphatic vessel endothelial hyaluronan receptor 1 (lyve1b) (Okuda et 

al., 2012) was examined in Etv2 depleted larvae by in situ hybridization at 56 hpf. 

Expression of both markers is restricted to the PCV and is thought to label both venous 

endothelial cells and lymphatic progenitors at this stage (Fig. 6A,E) (Okuda et al., 2012). 

Similar to controls, expression of flt4 and lyve1b was not affected in the embryos that were 

injected with caged morpholino solution, but never exposed to UV light (Fig. 6B,F). As 

expected, early Etv2 knockdown at the shield stage (6 hpf) resulted in the loss of flt4 and 

lyve1b expression (Fig. 6C,G). However, those embryos depleted of Etv2 at 24 hpf showed 

greatly decreased expression of flt4 and lyve1b (Fig. 6D,H). In contrast, late Etv2 depletion 

by photoactivation (24 hpf) did not cause inhibition of vascular endothelial marker fli1a 
expression (Fig. 6I–L). As expected, fli1a expression in ISVs and ISV sprouting was 

inhibited after early photoactivation at 6 hpf (Fig. 6K). Taken together, these results argue 

that expression of markers associated with lymphangiogenesis is specifically lost when Etv2 
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function is inhibited at 24 hpf while expression of the generic vascular endothelial marker 

fli1a is not affected.

Heat shock inducible overexpression of Etv2 results in ectopic expression of genes 
associated with lymphangiogenesis

In light of the data implicating the role for Etv2 in lymphangiogenesis, we investigated 

whether the overexpression of etv2 was sufficient to induce expression of markers associated 

with lymphangiogenesis. We previously demonstrated that etv2 overexpression by mRNA or 

DNA injection induces precocious and ectopic expression of multiple vascular endothelial 

markers (Sumanas and Lin, 2006). Interestingly, greatly increased and precocious expression 

of lyve1b was also observed when etv2 mRNA was injected (Wong et al., 2009). To avoid 

inducing early ubiquitous vascular endothelial marker expression, a heat-shock inducible 

Etv2 construct was used (Veldman et al., 2013). Embryos at 1-2 cell stage were injected with 

an hsp70:Etv2-mCherry overexpression construct and allowed to develop until 24 or 48 hpf 

when etv2 overexpression was induced by heatshock. Embryos were then cultured to either 

28-30 hpf (if heat-shocked at 24 hpf) or 54-56 hpf (if heat-shocked at 48 hpf) and fixed in 

order to examine marker expression by in situ hybridization. Embryos with heatshock-

induced etv2 overexpression showed ectopic expression of flt4, largely restricted to the 

somitic mesoderm compared to sibling uninjected controls (Fig. 7A,B, Fig. S5A,B) or 

uninjected heatshocked embryos, which did not demonstrate ectopic flt4 expression (data 

not shown). In contrast, ectopic lyve1b expression in heat-shock etv2 overexpressing 

embryos was largely limited to the cell layer overlying the yolk at both stages examined 

(Fig. 7C,D, Fig. S5C,D). The majority of etv2-overexpressing embryos did not show ectopic 

fli1a expression except for a small fraction (<10%) of embryos where a few scattered 

ectopic fli1a-positive cells were observed in the trunk region or over the yolk (Fig. 7E,F, Fig. 

S5E,F, and data not shown). No ectopic induction of prox1a expression was observed under 

these conditions (Fig. 7G,H, Suppl. Fig. S5G,H). It has been previously reported that heat-

shock inducible etv2 overexpression can induce vascular marker expression in the somitic 

tissue (Veldman et al., 2013), similar to the observed flt4 expression. Additional tissue-

specific factors may account for the observed differences between flt4 and lyve1b expression 

(see Discussion). Because prox1a expression was not induced using heat-shock specific 

promoter, we then tested if vascular endothelial overexpression of etv2 was sufficient to 

increase expression of prox1a. However, injection of fli1a:etv2-2A-mCherry DNA construct 

(Casie Chetty et al., 2017) also did not result in an expansion of prox1a+ cells in the 

vasculature (Fig. S6), suggesting that Etv2 may not be sufficient to directly induce prox1a 
expression.

Etv2 function is required for Vegfc-induced lymphangiogenesis

Vegfc overexpression is known to induce increased lymphangiogenesis (Le Guen et al., 

2014). We then tested if the induction of ectopic lymphangiogenesis by Vegfc required Etv2 

function. Formation of parachordal lymphangioblasts was analyzed in fli1:GFP reporter 

embryos co-injected with hsp70:Vegfc construct and caged etv2 MO, followed by 

photoactivation at 24 hpf, and compared to embryos injected with either hsp70:Vegfc or 

caged etv2 MO alone. The average number of PLs per segment was assessed by counting the 

number of PLs in ten intersegmental spaces (equivalent to the width of ten somites) over the 
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trunk of each larva. As expected, induction of Vegfc expression by heat-shock following the 

injection of an hsp70:Vegfc construct resulted in the precocious formation of parachordal 

lymphangioblasts (52 hpf vs. 56 hpf) and in larger numbers (4.67 PLs per segment, n=35 

larvae analyzed) than in control uninjected larvae, which had very few PLs at 52 hpf (0.085 

PLs per segment, n=49) (Fig. 8). Inhibition of etv2 in Vegfc overexpressing embryos by 

caged MO photoactivation at 24 hpf resulted in a near complete absence of 

lymphangioblasts, with an average of 0.055 PL per segment (n=44 larvae) (Fig. 8E,G). 

These results argue that Vegfc fails to induce lymphangiogenesis in the absence of Etv2 

function.

Etv2 directly binds to the promoter / enhancer regions of genes associated with 
lymphangiogenesis

To determine if Etv2 directly regulates the expression of genes associated with 

lymphangiogenesis, we analyzed results from a previously reported Etv2 ChIP-Seq, 

performed using in vitro differentiated mouse embryonic stem cells (ES) (Liu et al., 2015). 

This analysis revealed specific Etv2 binding peaks present within Flt4, Prox1, and Lyve1 
proximal promoter/enhancer regions (Fig. 9A, Table S1). We performed a luciferase reporter 

assay in 293T cells using the selected Etv2 putative binding sites and found that the Etv2 

putative enhancers from Flt4, Prox1, and Lyve1 genes activated the luciferase reporter 

expression in the presence of mouse Etv2 (Fig. 9B, Fig. S7). To test the activity of these 

putative enhancers in vivo, we injected wild type zebrafish embryos at the 1-cell stage with 

luciferase reporters containing mouse enhancers with putative Etv2 binding sites with or 

without zebrafish etv2 mRNA, and performed luciferase assay at 6 hpf, prior to the initiation 

of the endogenous etv2 expression. All three Flt4 enhancers and the Lyve1 enhancer greatly 

activated luciferase reporter expression in the presence of zebrafish Etv2 (Fig. 9C, Fig. S8). 

Interestingly, Prox1 enhancer failed to activate luciferase reporter expression in zebrafish 

embryos and its activity was also relatively low (~2.5 fold induction in the presence of Etv2 

compared to -Etv2) in 293T cells. To test if ETS sites were required for the reporter 

activation by Etv2, the constructs with the mutated consensus ETS binding sites were made 

for two selected Flt4 enhancers. Mutating the putative ETS binding sites in the Flt4 
enhancers greatly reduced luciferase reporter expression in the zebrafish assay (Fig. 9C, Fig. 

S8). These data suggest that Etv2 activates flt4 and lyve1b expression by directly binding to 

its promoter / enhancer regions, and that the function of these enhancers is conserved among 

different vertebrates.

Vascular endothelial cell specific overexpression of flt4 is not sufficient to rescue 
lymphangiogenesis defects in Etv2 depleted embryos

Our results suggest that Etv2 may promote lymphangiogenesis by upregulating or 

maintaining flt4 expression. Therefore, we tested if flt4 expression was sufficient to rescue 

the lymphangiogenesis defects in Etv2-deficient embryos by injecting a construct expressing 

flt4-2a-mCherry in vascular endothelial cells under the fli1a promoter. As we previously 

observed, knockdown of etv2 at 24 hpf results in a reduction in the number of prox1a:GFP+ 

cells in the PCV at 30 hpf compared to uninjected embryos (Fig. S9A,B). Injection of the 

flt4 overexpression construct did not rescue this population of prox1a:GFP+ cells in etv2 
knockdown embryos (Fig. S9D–D′) and interestingly resulted in reduced numbers of prox1a
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+ cells in embryos that were not injected with the Photomorph solution (Fig. S9C–C′). We 

obtained a stable fli1a:flt4-2a-mCherry transgenic line and analyzed thoracic duct formation. 

Thoracic ducts were absent or discontinuous in fli1a:flt4-mCherry larvae at 5 dpf (Fig. S9F–

G′), suggesting that venous specific flt4 expression is important for lymphangiogenesis, and 

that its misexpression throughout the vasculature inhibits lymphatic development.

DISCUSSION

Our results demonstrate that Etv2 is required for lymphangiogenesis in zebrafish 

independently from its previously reported role in vasculogenesis. Through a series of 

experiments designed to test the temporal relationship of etv2 to lymphatic vessel 

development, while controlling for potential off-target effects, we show that Etv2 depletion 

after vasculogenesis inhibits normal development of the major lymphatic vessel, the thoracic 

duct, as well as lymphatic precursor cells, without affecting vascular development. Our 

results further demonstrate that Etv2 directly upregulates expression of flt4, the function of 

which is required for lymphangiogenesis, and thus functions as one of the key regulators of 

initiating lymphangiogenesis.

It has previously been reported that etv2 is downregulated after 24 hpf by a putative 

microRNA-mediated post transcriptional process (Moore et al., 2013). Based on inducible 

knockdown of etv2 using UV-activated caged MO, it was argued that while etv2 is essential 

for endothelial cell commitment, it becomes dispensable for later steps of vascular 

development. However, the previous study also reported no vascular expression of Etv2 

protein at 24 hpf or 48 hpf, in contrast to our findings of etv2 vascular expression in 

transgenic fluorescent reporter and mRNA expression in wild-type embryos or larvae at 

24-56 hpf by in situ hybridization. There are possible explanations for these differences. 

First, immunohistochemistry sensitivity could be limited, such that low-level protein may 

not be detected under those study conditions. The earlier study utilized conditional 

knockdown of etv2 at stages prior to and during vasculogenesis, and measured outcomes of 

blood vascular development up to 24 hpf. In contrast, in our study, the conditional 

knockdown of etv2 occurred at a stage after major axial blood vessel development and 

measured outcomes were related to lymphatic vessel development. The previous study 

utilized a different method of UV-activated caged MO, and it is possible that our caged MO 

(Photomorph solution) demonstrated higher efficiency. Our study continues to evaluate etv2 
effects up to 7 dpf, whereas the previous study had endpoints at 48 hpf, which demonstrated 

a relative decline in Etv2 presence but not its eradication; therefore, our findings largely 

correlate with the overall results of the previous study. We demonstrate in this study that 

etv2 becomes an active participant in the determination of lymphatic endothelial cell fate. 

Interestingly, etv2 is present in both the dorsal aorta and the posterior cardinal vein, as well 

as developing ISVs at 24 hpf. The staining over the aorta is decreased in later stages, while 

becoming enriched in the ventral wall of the PCV at 48 hpf. The regularly spaced and 

discontinuous pattern of venous enrichment is intriguing, and provokes speculation that Etv2 

expression might correlate with cells involved in lymphangiogenesis. Indeed, prox1a-

positive lymphangioblasts have been shown to originate within the ventral wall of the PCV 

at similar embryonic stages (Nicenboim et al., 2015).
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Taken as a whole, the above results demonstrate the requirement of etv2 for 

lymphangiogenesis. Previous in vitro data have demonstrated that mouse Flt4 enhancer 

contains an evolutionarily conserved FOX:ETS domain that is bound by Etv2 and FoxC2 

transcription factors (De Val et al., 2008); therefore, Flt4 is a likely direct target of Etv2. Our 

results show that zebrafish flt4 expression is greatly reduced in Etv2 inhibited larvae. 

Furthermore, vegfc overexpression fails to increase the number of lymphangioblasts in Etv2 

inhibited larvae. ChIP-Seq analysis shows direct binding of Etv2 to Flt4 enhancers. These 

results are supported by the in vivo luciferase assay, which shows activation of murine Flt4 
enhancers by zebrafish etv2 mRNA in zebrafish embryos. This also demonstrates that the 

activity of these enhancers is conserved evolutionarily in different species.

Our data further demonstrate that Etv2 is sufficient to induce ectopic expression of flt4 and 

lyve1b. Ectopic flt4 expression was mostly restricted to the somites. This phenotype is quite 

similar to the previously observed induction of vascular markers upon hsp70:Etv2 
overexpression (Veldman et al., 2013). Unexpectedly, ectopic lyve1b expression was 

restricted to the cells that overlay the yolk, and was not apparent in the somites. It is possible 

that additional factors may be required for lyve1b induction which are not expressed in the 

somites, or certain repressors may be present in the somitic tissue which repress lyve1b but 

are permissive for flt4 expression. The nature of ectopic lyve1b-expressing cells is currently 

unclear and will require further investigation.

These results support the model where Etv2 directly regulates flt4 expression within the 

PCV prior to the initiation of lymphangiogenesis. However, endothelial flt4 expression 

failed to rescue lymphangiogenesis in Etv2 inhibited embryos and larvae. It is possible that 

the endogenous flt4 expression level is not well recapitulated using the fli1a promoter, which 

would also express flt4 in the artery in addition to its normal venous expression. Indeed, 

fli1a:flt4 transgenic embryos and larvae show reduction of prox1a-positive cells and absence 

of the thoracic duct, arguing that venous-specific flt4 expression is important for 

lymphangiogenesis. It is also possible that flt4 is expressed at a higher level in our 

transgenic model and may sequester Vegfc during early developmental stages, resulting in 

insufficient Vegfc levels during the critical stages of lymphangiogenesis. However, it is also 

likely that Etv2 directly activates the expression of multiple genes associated with 

lymphangiogenesis. Indeed, ChIP-seq results show that Etv2 can directly bind to the Lyve1 
enhancer. Similarly, Etv2 activated Lyve1 enhancer in a luciferase reporter assay, arguing 

that Etv2 directly regulates Lyve1 expression. It is likely that Etv2 may also activate 

additional yet to be identified targets involved in lymphangiogenesis.

An important question is whether Etv2 directly activates prox1a expression. The number of 

prox1a progenitors was reduced but not completely absent in Etv2 depleted embryos. 

However, no ectopic induction of prox1a expression was observed upon hsp:Etv2 expression 

or in the fli1a:etv2 transgenic line (data not shown). ChIP-Seq results show Etv2 binding to 

the Prox1 enhancer. However, this Prox1 enhancer was activated relatively weakly (2.5-fold) 

in vitro, and was not activated in zebrafish embryos. Therefore, while we cannot exclude the 

possibility that Etv2 may regulate prox1a expression through different enhancers, our data 

do not support direct regulation of prox1a expression by Etv2 in zebrafish embryos at 

present. The loss of prox1a-positive lymphatic progenitors in Etv2 depleted embryos can be 
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explained by the inhibition of Flt4 expression. Vegfc-Flt4 signaling is known to promote 

proliferation of lymphatic progenitors and a similar loss of prox1a progenitors was observed 

in Vegfc and Flt4-inhibited embryos (Koltowska et al., 2015).

In addition to the absence of parachordal lymphangioblasts and the thoracic duct, vegfc and 

flt4 zebrafish mutants have reduced or absent venous sprouting (Hogan et al., 2009b; 

Villefranc et al., 2013), while we did not detect apparent defects in venous sprouting in Etv2 

knockdown larvae, despite the significant loss of flt4 expression. Importantly, in our 

experiments, Etv2 function is only inhibited at 24 hpf, and flt4 expression would only be 

reduced at even later stages, while in flt4 mutants its function is absent throughout the 

embryogenesis. It is possible that Flt4 has differential timing requirements in the venous and 

lymphatic sprouting which has not been previously investigated. Alternatively, a reduced 

level of flt4 present in Etv2 knockdown embryos could be sufficient for venous sprouting but 

insufficient for lymphangioblast migration. In support of this model, vegfc mutant larvae 

have been reported to display a complete absence of the thoracic duct but only a partial 

reduction in venous sprouting (Villefranc et al., 2013), suggesting that lymphatic and venous 

sprouting have differential requirements for Vegfc signaling.

In summary, our results identify Etv2 as a novel and previously unexplored regulator of 

lymphatic vessel development. Since Etv2 function is highly evolutionarily conserved, it is 

tempting to speculate that Etv2 may have a similar function during mammalian 

lymphangiogenesis, which is supported by ChIP-Seq data analysis of the mouse Etv2 protein 

binding to the promoter / enhancer regions of multiple genes involved in lymphangiogenesis. 

However, further research will be necessary to establish if Etv2 role is conserved during 

mammalian lymphangiogenesis and if it is possible to target Etv2 as a novel therapeutic 

approach for treating different lymphatic disorders.
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Highlights

• Etv2 expression is enriched in the vein during zebrafish lymphangiogenesis

• Inducible Etv2 knockdown inhibits lymphangiogenesis

• Blood vessels are not affected by Etv2 knockdown at 24 hpf

• Vegfc fails to induce lymphangiogenesis in Etv2 knockdown embryos

• Etv2 directly binds to Flt4 promoter and promotes its expression
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Figure 1. Etv2 expression in wild type embryos and larvae as analyzed by the transgenic reporter 
expression and in situ hybridization
(A–F) Confocal images of Tg(-2.3kb etv2:GFP; kdrl:mCherry) reporter line at 24-56 hpf. 

Note that etv2:GFP expression is downregulated in the dorsal aorta (DA) at 48-56 hpf but is 

present in multiple cells in the posterior cardinal vein (PCV). (A–C) and (D–F) show the 

same embryos and larvae in green and overlaid green and red channels. (D′–F′) are higher 

magnification images of the DA and PCV from embryos and larvae in (D–F). Non-specific 

expression of etv2:GFP in neural cells is also apparent in (C,F). (G–I) In situ hybridization 

analysis of etv2 expression at 24-56 hpf. Note the enriched etv2 expression in the PCV 

(arrowheads) as compared to the DA (arrows) at 48-56 hpf. Each assay has been repeated at 

least twice with over 10 embryos or larvae analyzed in each group.
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Figure 2. Thoracic duct is absent in etv2 mutant larvae
Confocal microscopy analysis of the thoracic duct (arrows) in wild-type siblings and etv2 
mutant larvae in fli1a:GFP; prox1a:RFP background at 4 dpf. Note the absence of the 

thoracic duct (asterisks) and abnormal vascular patterning in etv2 mutants. (A′,B′) Higher 

magnification images of larvae in A,B. DA, dorsal aorta, PCV, posterior cardinal vein.
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Figure 3. Etv2 depletion by caged MO photoactivation inhibits lymphangiogenesis
(A–H) Etv2 depletion by caged MO photoactivation inhibits thoracic duct development in 

fli1a:GFP; kdrl:mCherry (A–D′) and TgBAC(prox1a:KalT4-UAS:uncTagRFP) (E–H) 

reporter zebrafish larvae at 4.5 dpf and 7 dpf, respectively. (A,E) Control uninjected larvae 

with normal thoracic duct (TD) below the dorsal aorta (DA). (B,F) Embryos injected with 

etv2 MO and caging strand solution (hereafter called “photomorph solution”), but never 

exposed to UV photoactivation, develop normal thoracic duct similar to uninjected controls. 

(C,G) Embryos injected with photomorph solution and exposed to UV photoactivation at 6 

hpf (shield stage), develop abnormal vasculature (C) and no or discontinuous thoracic duct 

(G) compared to control embryos as expected. (D,H) Embryos injected with photomorph 

solution, exposed to UV photoactivation at 24 hpf, develop normal vasculature compared to 

control embryos but discontinuous or absent TD (asterisks). (I–L′) Etv2 is required for the 

formation of parachordal lymphangioblasts, as observed in fli1a:GFP; kdrl:mCherry reporter 

zebrafish larvae at 56 hpf. (I) Control uninjected larvae. (J) Embryos injected with 

photomorph solution, but never exposed to UV photoactivation, develop normal parachordal 

lymphangioblasts (PL, arrowheads) similar to uninjected controls. (K) Embryos injected 

with photomorph solution, and UV photoactivated at 6 hpf (shield stage), develop abnormal 

vasculature, while PLs cannot be visualized due to abnormal branching of ISVs. (L) 

Embryos injected with photomorph solution, and UV photoactivated at 24 hpf, develop 

normal vasculature compared to control embryos while PLs are absent (arrowheads). A′–D′ 
and I′–L′ show magnified areas indicated by boxes in A–D and I–L. Each experiment has 
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been repeated at least three times. Number of larvae showing a displayed phenotype out of 

the total number of larvae is shown in the upper right corner.
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Figure 4. Etv2 depletion by caged MO photoactivation inhibits lymphangiogenesis but not the 
formation of venous intersegmental vessels (ISVs)
(A–D) Analysis of venous ISVs in fli1a:GFP larvae at 4 dpf. (A) Control uninjected larva at 

4 dpf, with the thoracic duct (TD) located below the dorsal aorta (DA). Embryos injected 

with photomorph solution and never photoactivated develop normal TD and vasculature (B), 

while injected embryos UV photoactivated at 24 hpf (C), develop normal vasculature 

compared to control embryos, while the thoracic duct is absent (asterisks) at 4 dpf. Note that 

the venous derived intersegmental vessels are present in both control and Etv2-inhibited 

larvae (arrowheads). (D) Quantification of percent of ISVs with venous connection at 4 dpf 

in control uninjected larvae (54.5±1.2%, n=13) compared to never photoactivated 

(55.1±1.2%, n=11, p=0.74, two tailed Student’s t-test) and 24 hpf photoactivated 

(52.9±1.2%, n=12, p=0.34, two tailed Student’s t-test) larvae, indicates no significant 

difference between groups. Mean±SEM is shown. Individual data points are shown in Fig. 

S4A. This experiment has been replicated 3 times.
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Figure 5. Etv2 depletion by caged MO photoactivation results in reduction of prox1a:GFP+ 

lymphatic progenitor cells
TgBAC(prox1a:KalT4-UAS:uncTagRFP); Tg(UAS:GFP) live embryos were imaged by 

confocal microscopy at 32 hpf. The number of prox1a:GFP+ cells is significantly reduced, 

1.8±0.32 cells, in embryos where etv2 is depleted at 24 hpf by caged MO photoactivation 

(n=12) (B), compared to uninjected embryos (A) (5.1±0.38 cells, n=13, p<0.0001, two tailed 

student’s t-test). Arrows indicate prox1a:GFP+ endothelial cells. (C) Quantification of 

prox1a:GFP positive cells across the width of 9 somites in the trunk region. Mean±SEM is 

shown. Individual data points are shown in Fig. S4B. This experiment has been replicated 

twice.
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Figure 6. Inducible Etv2 knockdown results in decreased expression of genes associated with 
lymphangiogenesis as analyzed by in situ hybridization at 56 hpf
(A, E, I) Uninjected larvae illustrate normal flt4, lyve1b and fli1a expression in the PCV. (B, 

F, J) Larvae injected with photomorph solution and kept in dark show expression pattern 

similar to uninjected controls. (C, G, K) Larvae injected with photomorph solution and 

photoactivated at the shield stage (6 hpf) show absent flt4 and lyve1b expression from the 

major axial vessels. fli1a expression is present in the axial vessels due to partial recovery of 

Etv2 knockdown phenotype observed at the later stages; however, ISV sprouting is 

abnormal. (D, H, L) Injected larvae photoactivated at 24 hpf, show decreased flt4 and lyve1b 
expression (D,H), compared to control larvae. However, note the unaffected pattern of fli1a 
(L), demonstrating that Etv2 knockdown at 24 hpf specifically affects markers associated 

with lymphangiogenesis. Analysis for each marker has been repeated at least twice. Number 

of larvae showing a displayed phenotype out of the total number of larvae is shown in the 

lower right corner.
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Figure 7. Heatshock inducible overexpression of Etv2 induces ectopic flt4 and lyve1b expression
(A,B) Embryos injected with hsp70:Etv2-mCherry overexpression construct show ectopic 

induction of flt4 (B) in the somites (arrows) following the heat-shock compared to 

uninjected controls (A). (C,D) Ectopic expression of lyve1b over the yolk is apparent in a 

subset of embryos that overexpress hsp70:Etv2-mCherry (arrows, D). (E–H) No ectopic 

induction of fli1a (E,F) or prox1a (G,H) was apparent in the embryos that overexpress 

hsp70:Etv2-mCherry. All embryos are at 28-30 hpf.
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Figure 8. Etv2 function is required for induction of lymphangiogenesis by Vegfc
(A–F) Parachordal lymphangioblasts (PL) were analyzed at 52 hpf in fli1a:GFP transgenic 

line, and visualized by GFP fluorescence, while Etv2 depletion was achieved by UV 

photoactivation of previously described photomorph solution. (A) Control uninjected larva; 

(B) Etv2 photomorph injected and never photoactivated larva; (C) Etv2 photomorph injected 

larva, uncaged at 6 hpf (shield stage); (D) Etv2 photomorph injected larva, uncaged at 24 

hpf; (E) Heat-shock Vegfc overexpressing larva, Etv2 depleted by photoactivation at 24 hpf; 

(F) Larvae injected with heat shock overexpression Vegfc construct only. Note that at this 

stage there are very few lymphangioblasts in the control larvae (A), while greatly increased 

number and precocious formation of parachordal lymphangioblasts is observed in Vegfc 

overexpressing larvae (F, arrows), which are reduced upon Etv2 depletion (C–E). (G) 

Average number of lymphatic precursor cells per segment. Analysis was accomplished by 
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counting the number of parachordal lymphangioblasts in ten intersegmental spaces over the 

trunk of each larva per group. The average number of PLs per segment was then determined. 

Mean values ± SEM are shown. Note that the larvae were analyzed at 52 hpf, prior to the 

emergence of PLs in the control group. Larvae that were uncaged at 6 hpf (shield stage) had 

abnormal vasculature that made calculation of PLs impossible (ND, not determined) (C). 

The experiment has been replicated twice.
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Figure 9. Etv2 directly binds to the promoter / enhancer regions of multiple genes associated 
with lymphangiogenesis
(A) Genomic snapshots from ChIP-Seq analysis in mouse differentiated ES cells depict the 

Etv2 binding peaks associated with genes related to lymphangiogenesis. These peak regions 

denoted by the numbers below (1-5) were further validated by the luciferase reporter assay 

as shown in (B). Full sequences for each enhancer and consensus ETS binding sites are 

shown in the Supplemental Table S1. (B) The graph shows relative luciferase activity in 

293T cells of each reporter construct containing the Etv2 peak region (1-7) over pGL4.24 

control reporter in the presence or absence of murine Etv2 expression plasmids (pMSCV-

Etv2). Error bars represent the SEM obtained from four biological replicates. Individual data 

points are shown in Fig. S7. (C) Graphs show relative luciferase activity for each reporter 

construct as used in (B) injected in zebrafish larvae with or without zebrafish etv2 mRNA 
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compared to constructs with mutated ETS binding sites injected along with etv2 mRNA. * 

p<0.05, *** p<0.001, two-tailed Student’s t test. Error bars indicate SEM. Individual data 

points are shown in Fig. S8. Each assay has been replicated at least twice.
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