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A B S T R A C T

During vertebrate embryogenesis, vascular endothelial cells (ECs) and primitive erythrocytes become specified
within close proximity in the posterior lateral plate mesoderm (LPM) from a common progenitor. However, the
signaling cascades regulating the specification into either lineage remain largely elusive. Here, we analyze the
contribution of β-catenin dependent Wnt signaling to EC and erythrocyte specification during zebrafish
embryogenesis.

We generated novel β-catenin dependent Wnt signaling reporters which, by using destabilized fluorophores
(Venus-Pest, dGFP), specifically allow us to detect Wnt signaling responses in narrow time windows as well as in
spatially restricted domains, defined by Cre recombinase expression (Tg(axin2BAC:Venus-Pest)

mu288;
Tg(14TCF:loxP-STOP-loxP-dGFP)mu202). We therefore can detect β-catenin dependent Wnt signaling activity
in a subset of the Fli1a-positive progenitor population. Additionally, we show that mesodermal Wnt3a-mediated
signaling via the transcription factor Lef1 positively regulates EC specification (defined by kdrl expression) at
the expense of primitive erythrocyte specification (defined by gata1 expression) in zebrafish embryos.

Using mesoderm derived from human embryonic stem cells, we identified the same principle of Wnt
signaling dependent EC specification in conjunction with auto-upregulation of LEF1.

Our data indicate a novel role of β-catenin dependent Wnt signaling in regulating EC specification during
vasculogenesis.

1. Introduction

To supply the body with oxygen and nutrients, vertebrates devel-
oped the cardiovascular system consisting of the heart, the vasculature,
and the blood cells. All these components are mesoderm-derived
structures, and their development is tightly linked to each other.
Especially vascular endothelial cells (ECs) and primitive hematopoietic
lineages arise in close proximity to each other during the first stages of
embryonic development (Palis and Yoder, 2001; Risau and Flamme,
1995). The existence of a progenitor cell population with the capability
to give rise to either of the lineages has been shown in vitro and in vivo
(Choi et al., 1998; Haferkamp et al., 2004; Vogeli et al., 2006).
Furthermore, ECs and hematopoietic cells initially share expression

of many genes, including Etv2/ets1-related protein (Sumanas and Lin,
2006), fli1a, lmo2, gata2 (Thompson et al., 1998) and tal1 (Gering
et al., 1998). Additionally, some mouse gene knockouts (e.g. Flk1
(Shalaby et al., 1995), Etv-2 (Lee et al., 2008)) as well as zebrafish
mutants cloche (Reischauer et al., 2016; Stainier et al., 1995) and
mirinay (Jin et al., 2007) result in disappearance of ECs and
hematopoietic cells.

In the zebrafish embryo, ECs and primitive hematopoietic cells
become specified within the lateral plate mesoderm (LPM), with the
anterior LPM giving rise to ECs and macrophages and the posterior
LPM to ECs and primitive erythrocytes. ECs are specified once they
express the vascular endothelial growth factor receptor (vegfr) 2
ortholog kdrl, while primitive hematopoiesis is regulated and indicated
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by the expression of pu.1 in macrophages (anterior LPM) and of gata1
in erythrocytes (posterior LPM) (Jagannathan-Bogdan and Zon, 2013).
Within the posterior LPM, specification of kdrl-positive ECs and
gata1-positive erythrocytes can be observed from 11.5 h post fertiliza-
tion (hpf) or 4–5 somite stage (ss) onwards in two parallel stripes along
the anterior-posterior axis (Long et al., 1997). From 14 hpf both cell
populations migrate in close association towards the midline, where
ECs form the major axial vessels (Helker et al., 2015). It was suggested
previously, that Notch signaling negatively regulates the EC number
while promoting generation of primitive erythrocytes and thereby acts
as molecular switch during cell fate specification (Lee et al., 2009).
However, regulators promoting EC specification from multipotent
progenitors have not been identified.

β-catenin dependent Wnt signaling regulates numerous processes
in the developing vertebrate embryo (Clevers and Nusse, 2012; Loh
et al., 2016). During gastrulation, it has been shown to be necessary for
mesoderm induction (Liu et al., 1999; Martin and Kimelman, 2012).
For β-catenin dependent signaling, binding of a Wnt ligand to Frizzled
receptors results in disassembly of the Axin/Gsk3β/CkI/Apc destruc-
tion complex and thereby enables accumulation of β-catenin and
translocation into the nucleus. As a result, β-catenin can bind to
transcription factors of the Tcf/Lef family (TCF1/Tcf7, TCF3a/Tcf7l1a,
TCF3b/Tcf7l1b, TCF4/Tcf7l2 and LEF1/Lef1) and induce target gene
transcription (Angers and Moon, 2009; Behrens et al., 1996). One of
the universal Wnt signaling target genes is axin2 (Leung et al., 2002).
Axin2 acts in a negative Wnt signaling feedback loop, as it stabilizes the
destruction complex and therefore mediates β-catenin degradation
(Behrens et al., 1998). Wnt signaling has been shown to regulate
angiogenic blood vessel growth and remodeling (Franco et al., 2009;
Reis and Liebner, 2013; Vanhollebeke et al., 2015). But until today, the
commitment of Wnt signaling to vasculogenesis has not been eluci-
dated.

In this study we have investigated the role of β-catenin dependent
Wnt signaling during EC specification in the developing zebrafish
embryo and human embryonic stem (ES) cell differentiation. Our
results show for the first time, that ECs specify from Fli1a-positive
progenitor population in a Wnt3a-dependent manner via Lef1.

2. Materials and methods

2.1. Zebrafish husbandry and transgenic lines

Zebrafish (Danio rerio) embryos were maintained under standard
husbandry conditions at 28.5 °C (Westerfield, 1993). Zebrafish lines
used were: Tg(etv2:GFP)ci1 (Proulx et al., 2010), Tg(fli1a:EGFP)y1

(Lawson and Weinstein, 2002), Tg(fli1a:dsRed)um13 (Covassin et al.,
2009), Tg(gata1:EGFP)la781 (Long et al., 1997), Tg(gata1:dsRed)sd2

(Traver et al., 2003), Tg(hsp70l:dkk1-GFP)w32 (Stoick-Cooper et al.,
2007) (referred as hs:dkk1), Tg(hsp70l:wnt8-GFP)w34 (Weidinger
et al., 2005) (referred as hs:wnt8), Tg(kdrl:EGFP)s843 (Jin et al.,
2005), Tg(kdrl:mCherry)s896 (Chi et al., 2008) and zebrafish mutants
used were lef1u767 (Valdivia et al., 2011) and clom39 (Stainier et al.,
1995).

2.1.1. Generation of transgenic fish
Tg(axin2BAC:Venus-Pest)

mu288 is based on recombining a Kozak
sequence and the Venus-Pest sequence (Aulehla et al., 2008) at the
start codon of the axin2 gene into the BAC clone CH211-66B14
(196 kb) according to the previously described protocol (Bussmann
and Schulte-Merker, 2011). For Tg(14TCF:loxP-STOP-loxP-
dGFP)mu202, two tandem sequences of the 7TCF-BAT promoter motif
(Maretto et al., 2003) were cloned upstream of a floxed STOP cassette
(loxP-STOP-loxP (Hesselson et al., 2009)) followed by destabilized GFP
(dGFP (Dorsky et al., 2002)) in pTol2Dest (Villefranc et al., 2007). The
Tg(fli1a:cre)mu225 line was generated by cloning the Cre recombinase
gene downstream of the fli1a promoter using pTol2fli1epDest

(Villefranc et al., 2007). Specificity of Cre expression and recombina-
tion efficiency was tested by in situ hybridization and mating to
recombination reporter lines. Transgenesis was performed as pre-
viously described (Helker et al., 2013).

2.2. Microinjections

Morpholino (MO) - microinjections were performed as previously
described (Nasevicius et al., 2000). Translation blocking MOs used in
this study: lef1 5’-CTCCTCCACCTGACAACTGCGGCAT (Dorsky et al.,
2002), 2.5 ng injected a single-cell stage; tcf7 5’-
TGCGGCATGATCCAAACTTTCTCAA, 8 ng injected, tcf7l1a 5’-
CCTCCTCCGTTTAACTGAGGCATGT, 8 ng injected; tcf7l1b 5’-
GGGCTTGTCTTGCAAACGGTCACAA, 5 ng injected; tcf7l2 5’-
CTGCGGCATTTTTCCCGAGGAGCGC, 8 ng injected; wnt3 5’-
GATCTCTTACCATTCGTCCTGC (Mattes et al., 2012), 8 ng injected;
wnt3a 5’-GTTAGGCTTAAACTGACACGCACAC (Buckles et al., 2004),
8 ng injected; wnt8 5’-ACGCAAAAATCTGGCAAGGGTTCAT and 5’-
GCCCAACGGAAGAAGTAAGCCATTA (Lekven et al., 2001), co-injec-
tion of 8 ng.

For Cre recombinase expression, the cre coding sequence
(Hesselson et al., 2009) was cloned into pCS2+ and transcribed into
mRNA using the SP6 mMessage mMachine Kit (Ambion). 2 nL of cre
mRNA (200 ng/µL) were injected at single cell stage.

For transient CRISPR-Cas9 mediated knockdown, annealed tem-
plate oligonucleotides were transcribed into gRNAs using
MEGAshortscript T7 Kit (Ambion): wnt3a 5’-
AAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGC-
CTTATTTTAACTTGCTATTTCTAGCTCTAAAACCCGCCAGAGACCTG-
CAGACACCCTATAGTGAGTCGTATTACGC, cldn5b (used as control)
5’-
AAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGC-
CTTATTTTAACTTGCTATTTCTAGCTCTAAAACGGTGACGGTCAAGC-
AGAGTCCTATAGTGAGTCGTATTACGC. 2 nL of 500 ng/µL gRNA and
300 ng/µL nls-zCas9-nls mRNA (Jao et al., 2013) were injected at
single cell stage. Genotyping was performed by PCR amplification using
wnt3a fwd 5’-CCTGTTCCTTTTTTGTGGG, wnt3a rev 5’-
GAAACTGATGCTGACACTCCTG and consecutive PstI digest (ON,
37 °C). Digested PCR fragments were analyzed by gel electrophoresis
on a 4% TBE-agarose gel. We used NCBI blast to check specificity of the
gRNAs and controlled efficiency of the cutting by genotyping 10 pooled
embryos.

2.3. Pharmacological and heatshock treatments

Dechorionated zebrafish embryos were incubated from 9 hpf to
18.5 hpf in either 20 μM IWR-1 (Chen et al., 2009), 1 μM BIO (Gore
et al., 2011; Meijer et al., 2003) or a combination of 150 µM
Aphidicolin and 20 mM Hydroxyurea (AHU). For heatshock induced
gene expression, embryos were incubated for 45 min in 39 °C E3
medium at 11 and 13 hpf and analyzed at 18.5 hpf.

2.4. Immunohistochemistry

Immunohistochemistry was performed as described previously
(Blum et al., 2008) using rabbit anti–red fluorescent protein
(ABIN129578), rabbit anti-GFP-Alexa Fluor 488 conjugated
(Invitrogen) and goat anti-rabbit Atto-594 (Sigma-Aldrich).

2.5. Image acquisition and quantification of fluorescent reporter
expression (volume) and cell numbers

Fluorescence images were acquired as 3D confocal stacks of the
whole tail region of GFP (Leica Sp5 DM 6000 upright) and dGFP or
Venus-Pest (ZEISS LSM780 inverted) expressing embryos as pre-
viously described (Hamm et al., 2016). Volume quantification of the
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GFP signal was done using the volume rendering function of Imaris
(Bitplane).

For analysis of cell numbers, embryos were fixed in 4% PFA
overnight, washed in PBS supplemented with 0.1% Tween-20 and
embedded in 4% low melting agarose (Roth). 200 µm thick transversal
sections at the level of the 10–12th somite were stained with anti-GFP
antibody and TOPRO-3 iodide/PBST (1 mM in DMSO, Invitrogen) to

visualize nuclei, as described (Lee et al., 2009).
Statistical analysis was performed using Prism 6 (GraphPad) and p-

Values were calculated by student's t-test and ANOVA as indicated for
each experiment. Statistical significance was shown by * p < 0.05, ** p
< 0.01 and *** p < 0.001.
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2.6. Whole mount RNA in situ hybridization (WISH)

Single and double non-fluorescent WISH (Herzog et al., 2003;
Thisse and Thisse, 2008) and double fluorescent WISH (Schoenebeck
et al., 2007) were performed as previously described. Embryos were
cleared after staining either using benzylbenzoate: benzylalcohol (2:1)
(single non-fluorescent WISH), or 80% glycerol (double non-fluores-
cent WISH). Templates for antisense probes were amplified from cDNA
of 24 hpf old embryos using: axin2 fwd 5’-GCCTGTTCAGA-
ATGGCAGTT, axin2 rev 5’-GTTCCTGTGCAATGTCTGGA; fli1a fwd
5’-AACGCAAGAGCAAACCCAAC, fli1a rev 5’-GGAAGCTTTCACA-
TCCTGAC; lef1 fwd 5’-TATCTCGGGAAGAGCAAGCT, lef1 rev 5’-
TACAGAGGAAAAGTGACATCC; venus fwd 5’-CAAGGGCGAGGAG-
CTGTT, venus rev 5’-TGATCCTAGCAGAAGCACAGG; wnt3a fwd 5’-
TGTGTAGCTCAATTCCTGGC, wnt3a rev 5’-ACTTGCAGGTGTGAA-
CATCG. lef1 and wnt3a cDNA fragments were cloned into pGEM-T
Easy (Promega) and antisense probes were synthesized using T7
(axin2, lef1, venus) or Sp6 promoter (wnt3a). The antisense axin2,
fli1a and venus probes were synthesized using a T7 promoter contain-
ing reverse primer in an additional amplification step: T7-axin2 rev 5’-
AACGTAATACGACTCACTATAGGGAAGTTCCTGTGCAATGTCTGGA;
T7-fli1a rev 5’-AACGTAATACGACTCACTATAGGGGGAAGCTTTCA-
CATCCTGAC; T7-venus rev 5’- AACGTAATACGACTCACTATAGGGA-
ATGATCCTAGCAGAAGCACAGG. The antisense GFP and tal1 probes
were generated as described (Moro et al., 2012; Thisse and Thisse,
2008).

2.7. Differentiation of human ES cells

Human ES cells (line HuES6) were cultured under feeder-free
conditions in chemically defined FTDA medium (Frank et al., 2012).
Following dissociation into single cells using Accutase, ES cells were
seeded at 500,000 cells per well of a Matrigel-coated 24-well plate into
mesoderm induction media containing KODMEM (Life Technologies),
Insulin/Transferrin/Selenium (BD), PenStrep/Glutamine, 10 μM Y-
27632, 2 μM CHIR 99021 (Santa Cruz), 2 ng/ml BMP4 (R &D
Systems) and 20 ng/ml FGF2 (R &D Systems). On the next day,
medium was changed to KO-DMEM, Transferrin/Selenium (BD),
PenStrep/Glutamine, 2 μM CHIR 99021, 2 ng/ml BMP4 and 20 ng/
ml FGF2. On day 2 and 3, cells were either treated with 1 μM CHIR
99021 alone (Blaschke et al., 2013), 2 μM IWP-2 (Chen et al., 2009)
(Santa Cruz), or kept untreated. Hence after, cells were further cultured
in basal differentiation medium without growth factors / inhibitors as
indicated in figures. Gene expression was either analyzed in a time-
course fashion using Illumina human-12 microarrays or at day 10 of
differentiation using RT-qPCR or immunocytochemistry.

2.8. Microarray, RT-qPCR, Immunocytochemistry

Cells were directly lysed on culture dishes and RNA was extracted
using RNeasy Mini kits with on-column DNA digestion (Qiagen). For
analysis on Illumina HumanHT-12 v4 microarrays, cRNA was pre-
pared and samples hybridized and analyzed as described elsewhere

(Greber et al., 2011). For RT-qPCR, 1 μg of total RNA was reverse
transcribed using MMLV Reverse Transcriptase (USB #78306) and
oligo-dT priming following the manufacturer's instructions. Real-time
PCR was performed using validated primer pairs listed in Table S1 and
iTaq SYBR Green Supermix with ROX (Bio-RAD) on ABI Prism 7500
instrumentation. Fold mRNA expression changes were determined
using the ΔΔCt method based on normalization against RPL37A. Data
were averaged from three biological replicates. Student's t-tests were
performed to reveal statistical significance against IWP-2 treated
samples. Immunocytochemistry was performed using PECAM1 (R&
D #BBA7) and Alexa-488 conjugated secondary antibodies.

3. Results

3.1. ECs and primitive erythrocytes derive from a common
progenitor population at the posterior lateral plate mesoderm

ECs and primitive erythrocytes originate from the same progenitor
population (Brown et al., 2000; Haferkamp et al., 2004; Liu et al.,
2008). In zebrafish, fli1a is used as a marker for this multipotent
progenitor cells (Brown et al., 2000; Liu et al., 2008). We detected
these progenitor cells using Tg(fli1a:GFP) in bilateral stripes in lateral
plate mesoderm at 14 hpf (Fig. 1A). At this stage, ECs expressing
Tg(kdrl:GFP) and primitive erythrocytes expressing Tg(gata1:GFP)
localize to the same region in the zebrafish embryo (Fig. 1B,C). Higher
magnification revealed, that the fli1a-positive cell population in poster-
ior LPM has a width of about 30 µm consisting of five to six cells
(Fig. 1A inlet a). Within the same region, the EC population has a width
of one to two cells, which are positioned more medially within the fli1a-
positive progenitor cell population (Fig. 1B inlet b). In contrast, the
primitive erythrocytes occupy a width of three to four cells, which were
positioned in the lateral part of the progenitor cell population (Fig. 1C
inlet c). We confirmed by immunofluorescence staining of double
transgenic fish expressing either fli1a:dsRed and kdrl:GFP or
gata1:dsRed and kdrl:GFP, that kdrl-positive ECs occupy the medial
part of the fli1a-positive progenitor cell population (Fig. 1D).

Therefore, at 14 hpf in the anterior most region of the posterior
LPM we identify a spatial subdivision of ECs and primitive erythrocytes
within the fli1a-positive progenitor cell population, with ECs localizing
to the medial and erythrocytes localizing to the lateral part of the
posterior LPM (Fig. 1E).

3.2. β-catenin dependent Wnt signaling is active in a subset of the
fli1a-positive cell population

To analyze in vivo if the fli1a-positive progenitor cells display active
Wnt signaling during specification of ECs and primitive erythrocytes,
we generated novel Wnt reporter transgenic zebrafish lines, expressing
destabilized fluorophores under the control of Wnt responsive promo-
ters (Fig. 2). Therefore, we generated a transgenic zebrafish line
expressing a very short-lived Venus (Venus-Pest (Aulehla et al.,
2008)) downstream of the natural axin2 promoter, which was cloned
using BAC recombination of the full-length promoter sequence. We

Fig. 1. Wnt signaling is active in the fli1a-positive progenitor cell population of the posterior LPM, consisting of medial kdrl-positive cells and more lateral gata1-positive cells. (A-D)
Position of the progenitor cell population (A, Tg(fli1a:GFP)y1), endothelial cells (B, Tg(kdrl:GFP)s843, ECs) and erythrocytes (C, Tg(gata1:GFP)la781) in the posterior LPM at 14 hpf
(10ss). (a-c, a’-c’) Magnified dorsal images of the left side of the posterior LPM region caudal to the 9th somite. Scale bars 30 µm. The fli1a-positive cell population has a width of 4–5
cells (A), the kdrl-positive cell population has a width of 1–2 cells (B) and the gata1-positive cell population has a width of 3–4 cells (C). Double labeling of fli1a-positive and kdrl-
positive cells (D, left panel, Tg(kdrl:GFP)s843;(fli1a:dsRed)y1 with immuno-labeling of dsRed) or of gata1-positive erythrocytes and kdrl-positive ECs (D, right panel, Tg(kdrl:GFP)s843;
(gata1:dsRed)sd2 with immuno-labeling of dsRed) indicated, that kdrl-positive ECs are sorted more medially within the fli1a-positive cell population than gata1-positive cells. (E)
Schematic of the posterior LPM at 14 hpf illustrating the localization of the kdrl-positive (ECs, green) and the gata1-positive (erythrocytes, red) cell populations within the fli1a-positive
progenitor cell population (purple) as shown in A-D. (F-H) Time course of the migration of fli1a-positive cells from 12 to 16 hpf. Dorsal views of the posterior LPM. Images were
processed either as surface rendering projections (F,G) or displayed as maximum intensity projections (H, upper panel) or using inverted colors (H, lower panel) for better visualization.
Tg(fli1a:GFP)y1 is expressed in bilateral stripes that migrate towards the midline (F). Wnt responding cells from Tg(axin2BAC:Venus-Pest)

mu288 (G) or cre mRNA injected
Tg(14TCF:loxP-STOP-loxP-dGFP)mu202 (H, upper panel) show mesodermal expression in the developing somites and expression in bilateral stripes similar to Tg(fli1a:GFP)y1. Double
transgenic embryos for Tg(14TCF:loxP-STOP-loxP-dGFP)mu202 and Tg(fli1a:cre)mu225 exhibit GFP expression in a subset of fli1a-positive cells at 14 hpf (H, lower panel). Grey lines
surround the region of the migrating fli1a-positive cell population.
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observed Venus-Pest expression not only in the mesoderm of the
developing somites, but also in bilateral stripes of the posterior LPM,
which seems to correspond to similar positions as Tg(fli1a:GFP) at 12
hpf (Fig. 1 F,G). Comparable to the fli1a-positive cell population, these
Venus-Pest positive cells migrate to the midline between 12 and 16 hpf
(Fig. 1 F,G).

As an alternative reporter for β-catenin dependent Wnt signaling,
we used the well-established approach of combining synthetic TCF
binding sites with a minimal promoter (Maretto et al., 2003; Moro
et al., 2012; Shimizu et al., 2012). To generate a line which can also be

used to report tissue specific Wnt response, we engineered 14 TCF
binding sites (14TCF) before a loxP-flanked STOP cassette (Hesselson
et al., 2009), driving expression of a destabilized GFP (dGFP, (Dorsky
et al., 2002)), called Tg(14TCF:loxP-STOP-loxP-dGFP)mu202.
Following injection of cre mRNA into Tg(14TCF:loxP-STOP-loxP-
dGFP)mu202 embryos at single cell stage, and thereby excising the
STOP cassette in all cells, we could detect GFP expression in bilateral
stripes that migrate to the midline in addition to the mesodermal
expression domain in the medial mesoderm similar to
Tg(axin2BAC:Venus-Pest)

mu288 (Fig. 1H, upper panel).
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Fig. 2. Tg(axin2BAC:Venus-Pest)
mu288 and Tg(14TCF:loxP-STOP-loxP-dGFP)mu202 lines represent bona fide β-catenin dependent Wnt signaling reporters. (A,B) Domain structure of

Tg(axin2BAC:Venus-Pest)
mu288 (A) and Tg(14TCF:loxP-STOP-loxP-dGFP)mu202 (B), and whole mount in situ hybridization using antisense axin2, Venus and GFP probes. axin2 and

Venus and GFP are expressed in similar domains: at 13 hpf hindbrain-midbrain boundary, posterior neuroectoderm and mesoderm; at 24 hpf in parts of the developing CNS, the skin
and slightly in the tail tip with the GFP expression at 24hpf being limited to smaller domains in the CNS. (C) Tg(axin2BAC:Venus-Pest)

mu288 (left panel) and Tg(14TCF:loxP-STOP-loxP-
dGFP)mu202 (right panel) embryos were exposed to a Wnt signaling inhibitor (IWR-1) or a Wnt signaling activator (BIO) from 9 to 13 hpf or to 24 hpf and analyzed by confocal
microscopy. Treatment with IWR-1 strongly reduced the fluorescence signal of both reporter lines compared to DMSO controls. Vice versa, treatment with Wnt signaling activator BIO
resulted in strongly increased expression of both reporters compared to the respective controls. Hence, Tg(axin2BAC:Venus-Pest)

mu288 and Tg(14TCF:loxP-STOP-loxP-dGFP)mu202

faithfully respond to Wnt signaling stimulation. For analysis, Tg(14TCF:loxP-STOP-loxP-dGFP)mu202 embryos were injected with cre mRNA at single cell stage.
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To excise the STOP cassette in the fli1a-positive progenitor cell
population we generated transgenic zebrafish, expressing Cre recom-
binase under the control of the fli1a promoter, called
Tg(fli1a:cre)mu225. In Tg(fli1a:cre; 14TCF:loxP-STOP-loxP-dGFP)
double transgenic embryos we detected Wnt reporter expression in a
small cell population (Fig. 1 H, lower panel). This clearly demonstrates
the Wnt activity within some fli1a-positive cells. However, our careful
analysis of the Tg(fli1a:cre) line indicated that we could not target all
fli1a-positive cells using this line, therefore resulting in fewer Wnt
signaling positive cells than expected.

We validated our novel Wnt signaling reporters by comparing the
endogenous axin2 expression with reporter driven expression as well
as by pharmacological Wnt signaling inhibition or stimulation (Fig. 2A-
C).

In sum, by using our two Wnt signaling reporter strains, we could
show that Wnt signaling is active in a subset of the fli1a-positive cell
population during the time window of EC and primitive erythrocyte
specification.

3.3. β-catenin dependent Wnt signaling promotes EC specification,
while negatively regulating primitive erythrocyte specification

With β-catenin dependent Wnt signaling being active in the
fli1a-positive progenitor population, we analyzed its functional
consequences. Therefore, we pharmacologically manipulated Wnt
signaling using inhibitor of Wnt response 1 (IWR-1, (Chen et al.,
2009)) and the Wnt signaling activator BIO (Gore et al., 2011;
Meijer et al., 2003). Both agents act on components of the β-
catenin destruction complex and thereby regulate β-catenin avail-
ability: treatment with IWR-1 reduces cytosolic β-catenin by
stabilizing Axin2 in the destruction complex, whereas treatment
with BIO increases the cytosolic pool of β-catenin through inhibi-
tion of GSK3β. We treated zebrafish embryos prior to EC specifica-
tion (at 9 hpf) continuously until 18.5 hpf (19 ss), when specified
ECs have migrated to the midline, but did not yet form a vessel
(Fig. 3A). We analyzed EC specification by quantifying the total
volume of the kdrl-expressing cell population using
Tg(kdrl:GFP)s843 embryos, or by counting GFP-positive EC nuclei
in transversal sections (Fig. 3B). Inhibition of Wnt signaling by
IWR-1, led to a significant decrease in the total EC volume of 46%
compared to control and reduced the number of GFP-positive ECs
(IWR-1: 5.5 ± 0.6 cells, DMSO: 8.0 ± 0.8 cells; Fig. 3B). In contrast,
activation of Wnt signaling using BIO, increased the total volume of
kdrl:GFP to 158% compared to control and elevated the cell
number of GFP-positive ECs (BIO: 9.1 ± 0.9 cells, Fig. 3B). We
observed similar effects of Wnt signaling manipulation when
analyzing the ECs by GFP expression from Tg(etv2:GFP)ci1 positive
embryos (Fig. 3D). Our data strongly indicate that β-catenin
dependent Wnt signaling positively regulates EC number and
expands the EC population.

In the posterior LPM ECs and primitive erythrocytes are being
specified in close proximity (Fig. 1A-C). We therefore analyzed

whether β-catenin dependent Wnt signaling also influences ery-
throcyte specification. We inhibited or stimulated Wnt signaling in
an erythrocyte specific transgenic line (Tg(gata1:GFP)la781) and
measured GFP volume. Interestingly, inhibition of Wnt signaling
by IWR-1 significantly increased the total volume of gata1:GFP to
160% compared to DMSO treated embryos and raised the cell
number of GFP-positive erythrocytes (IWR-1: 10 ± 1.6 cells,
DMSO: 8.5 ± 1.8 cells; Fig. 3C). Activation of Wnt signaling by
BIO had the opposite effect and reduced total volume of gata1:GFP
to 62% and decreased cell number of GFP-positive erythrocytes
(BIO: 6.8 ± 1.3 cells; Fig. 3C). We additionally showed similar
effects of Wnt manipulation on the erythrocytes by detecting tal1
expression using whole mount in situ hybridization (Fig. 3E).

Previously, Wnt signaling has been shown to affect fate of cell
populations by regulating asymmetric cell division (Habib et al.,
2013; Ouspenskaia et al., 2016). In order to test, whether Wnt
signaling regulates EC versus erythrocyte specification from pro-
genitor cells through asymmetric cell division, we treated zebrafish
embryos with a proliferation inhibitor cocktail (aphidicolin and
hydroxyurea, AHU) and analyzed the differentiation into ECs or
erythrocytes as before. Treatment of embryos with AHU from 9 hpf
to 18.5 hpf efficiently blocked cell proliferation and reduced the
total volume of both ECs (kdrl:GFP positive) and erythrocytes
(gata1:GFP positive) compared to control to about 50% (Fig. 3F).
However, when we determined the ratio between specified erythro-
cytes and ECs, there was no alteration through block of prolifera-
tion (Fig. 3F). During unperturbed development we observed a
volume ratio of GFP-positive erythrocytes and ECs of 1.7, which
remained 1.8 after block of proliferation. In contrast, single or co-
treatment with Wnt inhibitor IWR-1 increased the gata1:GFP/
kdrl:GFP ratio in comparison to control (IWR-1: 3.1, IWR-1+AHU:
2.8; Fig. 3F).

We therefore conclude, that while β-catenin dependent Wnt
signaling positively regulates EC specification, this does not require
cell division.

3.4. Wnt3a positively regulates EC specification during somitogenesis

To identify the specific Wnt ligand that regulates EC specifica-
tion, we screened for expression of the 15 potential canonical Wnt
ligands at 12 hpf by in situ hybridization (wnt1, wnt2, wnt2ba,
wnt2bb, wnt3, wnt3a, wnt4a, wnt8a, wnt8b, wnt8like, wnt9a,
wnt9b, wnt10a, wnt10b and wnt16; data not shown). We selected
the ligands that were expressed in the LPM and used antisense
morpholino-oligonucleotides (MO) to abolish translation. We again
counted the number of ECs in transversal sections and measured
the posterior EC volume in Tg(kdrl:GFP) embryos. MO-mediated
knockdown of wnt9a, wnt9b, wnt8 or wnt3 had no effect on the EC
number (Fig. 4A). However, Wnt3a deficiency reduced the number
of ECs to the same level as IWR-1 treatment (wnt3a MO: 5.7 ± 0.9
cells, ctr. MO: 8.4 ± 0.8 cells; Fig. 4A,B, compare to Fig. 3B).
Likewise, the total volume of ECs was significantly reduced after

Fig. 3. β-catenin dependent Wnt signaling positively regulates the number of ECs, while negatively regulating the number of erythrocytes. (A) Schematic representation of the
experiment. (B) EC volume and cell numbers were analyzed by GFP expression in Tg(kdrl:GFP)s843 embryos. (C) Erythrocyte volume and cell numbers were analyzed by GFP expression
in Tg(gata1:GFP)la781 embryos. Confocal images with the insets representing the overview, and the larger images displaying the specific volume used for quantification. Nuclei were
visualized using TOPRO-3 (white). Inhibition of Wnt signaling by IWR treatment led to a reduction in EC volume (B, n = 10) and EC cell numbers (B, n = 19), and to an increase in
erythrocyte volume (C, n = 6) and erythrocyte cell numbers (C, n = 22) compared to DMSO treated control embryos (volumes: B, n = 11; C, n = 8; cell numbers: B, n = 30; C, n = 25).
Wnt activation (BIO) increased the EC volume (B, n = 8) and the EC number (B, n = 10), while decreasing the erythrocyte volume (C, n = 8) and the erythrocyte number (C, n = 36)
compared to DMSO treated control embryos. Values represent mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001; Student's t-test. (D,E) Alternative analysis of the EC population by GFP
expression of Tg(etv2:GFP)ci1 (D) and of the erythrocyte cell population using whole mount in situ hybridization with an antisense tal1 probe (E). As observed by kdrl or gata1
expression (B,C), Wnt inhibitor treatment (IWR-1) resulted in reduced EC volume, but in an expanded erythrocyte cell population. Treatment with Wnt activator (BIO) increased the EC
volume and decreased the erythrocytes population, respectively. Note, that for EC volume analysis of Tg(etv2:GFP)ci1 the GFP staining in the muscle tissue was cropped and not included
in the analysis. (F) Analysis of the EC volume using Tg(kdrl:GFP)s843 and erythrocyte volume using Tg(gata1:GFP)la781 in embryos treated with either Wnt inhibitor (IWR-1),
proliferation inhibitor (AHU) or both (AHU+IWR-1). Inhibition of proliferation by AHU decreased the volume of kdrl:GFP and gata1:GFP compared to untreated control embryos, but
had no effect on the ratio of both populations (indicated as gata1:GFP/kdrl:GFP). Hence, Wnt signaling specifically affects cell fate specification of ECs and erythrocytes and does not act
via asymmetric cell division. (F, n ≥ 8), Values represent mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001; Student's t-test.
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wnt3a knockdown using injection of wnt3a MO or a wnt3a
targeting CRISPR-Cas9 combination (to 45–55% compared to
control, Fig. 4C; compare to Fig. 3B), indicating that Wnt3a
regulates EC specification in the zebrafish embryo. We further
detected wnt3a expression in the medial mesoderm, flanked by the
bilateral fli1a-positive progenitor population in the posterior LPM
at 14 hpf (Fig. 5B,C). Furthermore, we used transgenic overexpres-
sion of a Wnt ligand (Tg(hsp70l:wnt8-GFP), referred as hs:wnt8)
or the Wnt inhibitor Dkk1 (Tg(hsp70l:dkk1-GFP), referred as
hs:dkk1) to manipulate Wnt signaling through heatshock and
analyzed the EC volumes in Tg(kdrl:mCherry). While overexpres-
sion of Wnt8 increased the EC volume, Dkk1 expression led to a
decrease in EC volume compared to control siblings (hs:wnt8:
142%, hs:dkk1: 50%, Fig. 4F). Hence, EC specification is promoted
by increased Wnt ligand availability.

3.5. Lef1 is expressed in a subset of the fli1a-positive progenitor cell
population and promotes EC specification

Additionally, we wanted to identify the transcription factor trans-
ducing the specification signal. There are five different Tcf/Lef tran-
scription factors known in zebrafish: lef1, tcf7, tcf7l1a, tcf7l1b and
tcf7l2 (Angers and Moon, 2009; Behrens et al., 1996). We performed
individual MO-mediated knockdown of all five transcription factors
and analyzed the EC number of Tg(kdrl:EGFP) embryos. We observed
no significant changes after knockdown of tcf7, tcf7l1a, tcf7l1b or
tcf7l2 (Fig. 4D). However, knockdown of lef1 significantly reduced the
number of ECs (lef1 MO: 4.8 ± 0.9 cells, ctr. MO: 8.0 ± 1.0 cells;
Fig. 4D,E). Comparing ECs and erythrocytes, MO-mediated knock-
down of lef1 reduced the total volume of the EC population to 48%
compared to control and increased to total volume of the erythrocyte
population to 143%, similar to IWR-1 treatment (Fig. 4H; compare to
Fig. 3B). We confirmed these data by analyzing lef1u767 mutant
embryos.

Embryos carrying heterozygous and homozygous lef1u767 mutations
showed reduced EC volumes, but increased erythrocyte volumes
compared to wild type siblings (Fig. 4G).

Interestingly, the phenotype of overactivation of the Wnt signaling
pathway by treatment with BIO, could be rescued by MO-mediated
lef1-knockdown, indicating that Lef1 is the major downstream tran-
scription factor, but also suggesting that other Tcf transcription factors
can be activated in this process and thereby partially compensate
(Fig. 4H). We therefore conclude, that Lef1 is the main transcription
factor transducing the Wnt3a signal during EC specification. However,
we do not exclude a minimal contribution of other Tcf family members.

To analyze lef1 expression, we performed individual and double in
situ hybridization for fli1a and lef1. As previously reported, lef1 was
strongly expressed in the tail bud (Fig. 5E, asterisk (Dorsky et al.,
2002)). However, we also detected bilateral expression within the
posterior LPM (Fig. 5E), which was narrower than the fli1a expression
domain (Fig. 5D) and co-localized with a subset of fli1a-positive cells
(Fig. 5F,H,I). In homozygous cloche mutants, lacking ECs and ery-
throcytes, we did not detect the bilateral expression of fli1a and lef1
(Fig. 5G). We therefore assume, that fli1a is expressed in ECs as well as
erythrocytes, but that only putative ECs are positive for lef1 at this
developmental stage.

Taken together we show, that Lef1 specifically promotes EC
specification in the progenitor cell population, which receives Wnt3a
stimulation most likely from the medial mesoderm.

3.6. Wnt signaling promotes EC differentiation in human ES cells

To analyze whether Wnt signaling would also promote EC fate in a
mammalian system, we investigated the effects of Wnt signaling
inhibition or enhancement on human mesodermal cells. We hence
induced mesoderm formation in human ES cells using a cocktail of

BMP, Wnt, and FGF agonists and then, 2 days later applied either Wnt
stimulation (using the GSK3β inhibitor CHIR 99021), no treatment, or
Wnt inhibition (by IWP-2) for another 2 days (Fig. 6A). The effects of
these different treatments following mesoderm induction were ana-
lyzed on day 10. Compared to untreated samples, inhibition of Wnt
signaling resulted in a significant reduction in the expression of EC
markers PECAM1 and CDH5 (VE-Cadherin) by RT-qPCR (Fig. 6B).
Additional Wnt stimulation only had a moderate effect on the induction
of these markers, suggesting that Wnt signaling was active in these
cells. The stimulatory effect of endogenous and extrinsic Wnt signaling
on EC differentiation was confirmed by immunohistochemistry, where-
by EC networks became apparent in untreated and Wnt stimulated
samples, but not in Wnt inhibited ones (Fig. 6C).

To further elucidate whether the stimulatory effect on EC differ-
entiation could potentially be mediated by LEF1, human ES cells were
treated as before to monitor gene expression during EC specification.
As a confirmation, the early primitive streak marker MIXL1 was indeed
strongly upregulated by the initial exposure to the mesoderm induction
factor cocktail, whereas its downregulation after day 2 appeared to be
independent of Wnt signaling activity (Fig. 6D,E left panel). In
contrast, LEF1 was induced upon mesoderm induction and became
further upregulated if cells were left untreated, but under Wnt
inhibition conditions LEF1 expression was significantly diminished
(Fig. 6E right panel). These data confirm that Wnt signaling positively
induces EC fate in mesodermal cells, which is in agreement with the
observed expression of Lef1 in a subset of Fli1a-positive cells in the
zebrafish embryo, at 14 hpf (Fig. 5D-I), following a putative earlier
stimulus (by Wnt3a expression from 10 hpf on).

4. Discussion

To analyze the Wnt signaling response in the developing embryo we
generated novel transgenic Wnt reporter zebrafish lines using the
short-lived fluorophores dGFP and Venus-Pest as readout proteins
((Aulehla et al., 2008; Dorsky et al., 2002); see Fig. 1). While this
approach resulted in much weaker reporter signals than the previously
generated Wnt reporters (Dorsky et al., 2002; Moro et al., 2012;
Shimizu et al., 2012), it allowed us for the first time to visualize active
Wnt signaling within the Fli1a-positive progenitor cell population,
which using a stable fluorophore would have been masked by previous
Wnt signaling in the unspecified mesoderm. Additionally we generated
novel reporter fish, which will allow us in the future to analyze tissue
specific Wnt responses, based on tissue specific Cre recombinase
expression.

We further showed, that Wnt3a regulates EC specification within
the Fli1a-positive progenitor cell population in the developing zebrafish
embryo. An alternative hypothesis, that Wnt signaling does not
regulate specification, but proliferation of the EC cell population, is
not supported by our data. For one, we did not observe any increase in
the Fli1a-positive cell population. Secondly, inhibition of proliferation
did not affect the ability of Wnt to affect EC and erythrocyte specifica-
tion (Fig. 3). Interestingly, the Wnt (Wnt3a)- induced EC fate is
mediated via the transcription factor Lef1, which is expressed only in
a subpopulation of Fli1a-positive progenitors (Fig. 5). Lef1 expression
in human ES cells as well as in zebrafish embryos points to an initial
amplification loop, by which autocrine or Wnt induced upregulation of
Lef1 expression would allow for higher responsiveness of lef1-positive
cells to the medial Wnt signal (Figs. 5, 6). This is in full agreement with
our observed short pulse of the fluorescent short lived Wnt reporter
expression (in Tg(axin2BAC:Venus-Pest)

mu288 and Tg(14TCF:loxP-
STOP-loxP-dGFP)mu202 embryos, Fig. 1). During specification, kdrl-
positive ECs become sorted to a more medial position than gata1-
positive erythrocytes (Fig. 1), presumably where they receive meso-
dermal Wnt signals. This cell sorting can also be seen during murine
development, where progenitors of the yolksac blood islands sort into
central erythrocytes surrounded by ECs, which then fuse to form a
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Fig. 4. EC specification is induced by Wnt3a and mediated via Lef1. (A,B) Morpholino (MO)-mediated knockdown of wnt3a reduced the EC number (A, n = 14) in Tg(kdrl:GFP)s843

embryos compared to control (ctr.) MO (A, n = 19). Knockdown of other Wnt ligands, expressed in the zebrafish posterior LPM, did not significantly change EC numbers compared to
ctr. MO injected embryos (A): wnt9a (n = 13), wnt9b (n = 14), wnt8 (n = 19) or wnt3 (n = 7). (C) MO-mediated knockdown or transient CRISPR-Cas9-mediated knockdown of wnt3a
significantly reduced the EC volume in Tg(kdrl:GFP)s843 embryos (ctr. MO: n = 5; wnt3a MO: n = 8; ctr. CRISPR: n = 5; wnt3a CRISPR: n = 8). Agarose gel electrophoresis of wnt3a
CRISPR genotyping showed an undigested putatively mutated PCR product (wnt3a CRISPR fragment). Non-mutated wild type fragments were cut by PstI digest. (D,E) MO-mediated
knockdown of lef1 reduced the EC number (D, n = 10) compared to ctr. MO (D, n = 38) in Tg(kdrl:GFP)s843 embryos. Knockdown of any of the other Tcf-transcription factors did not
significantly change EC numbers compared to ctr. MO injected embryos (D): tcf7 (n = 30), tcf7l1a (n = 23), tcf7l1b (n = 28) or tcf7l2 (n = 32). (F) Heatshock induced Wnt ligand
overexpression using Tg(hsp70l:wnt8-GFP)w34 (indicated as hs:wnt8) increased the EC volume in Tg(kdrl:mCherry)s896 embryos (F, n = 7) compared to control siblings (F, n = 12). In
contrast, heatshock induced overexpression of Wnt signaling inhibitor Dkk1 using Tg(hsp70l:dkk1-GFP)w32 (indicated as hs:dkk1) decreased the EC volume (F, n = 5) compared to
control siblings. (G) EC and erythrocyte cell volume analysis in lef1u767 mutant embryos. Embryos carrying heterozygous and homozygous lef1u767 mutations showed reduced EC
volumes (G, upper panel, wt sibling: n = 14; lef1u767/+: n = 18; lef1u767/u767: n = 10), but increased erythrocyte volumes (G, lower panel, wt sibling: n = 14; lef1u767/+: n = 19; lef1u767/
u767: n = 9) compared to wild type siblings. (H) MO-mediated knockdown of lef1 decreased the EC volume (H, upper panel, n = 6) compared to ctr. MO (H, upper panel, n = 7) in
Tg(kdrl:GFP)s843 embryos, but increased the erythrocyte volume (H, lower panel, n = 7) compared to ctr. MO (H, lower panel, n = 7) in Tg(gata1:GFP)la781 embryos. Overactivation of
Wnt signaling in lef1-deficient embryos using BIO restored EC volume and erythrocyte volume nearly to control levels (H, upper and lower panel, n = 7). All values represent mean ± SD.
*p < 0.05, **p < 0.01, ***p < 0.001; Student's t-test.
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vascular plexus (Palis and Yoder, 2001). However, our observations
focused only on the first wave of EC specification, and therefore on
putative arterial ECs. The later specification of venous angioblasts (Jin
et al., 2007; Kohli et al., 2013) might be regulated differently.

We clearly show that Wnt signaling acts on the fli1a-positive and
kdrl- and gata1-negative cell population. This is in agreement with
previous reports, that Fli1a acts upstream of EC and blood develop-
ment in zebrafish and frogs (Liu et al., 2008), but in contrast to the
early onset of etv2 expression potentially restricted to the EC lineage
(Kohli et al., 2013). However, we believe that this early progenitor
population is very fragile and easily disturbed by manipulations, for
example heatshock induced overexpression of mCherry did affect the
differentiation of ECs and often ended up targeted to the gata1-positive
erythrocyte population (data not shown).

It has been suggested earlier, that Wnt signaling could be involved
in the EC versus erythrocyte fate specification (Gore et al., 2011;
Kazanskaya et al., 2008). But despite availability of global and
conditional knockouts used for Wnt signaling manipulation, this role
of Wnt signaling has not been uncovered in mice. The reasons for that

might be, that Wnt signaling is required for mesoderm induction and
that the experiments involve targeting of an early progenitor popula-
tion. Hence, the murine global Wnt3 knockout is unable to form a
primitive streak, mesoderm or node (Liu et al., 1999). In zebrafish due
to a partial genome duplication two Wnt3 copies exist: Wnt3 and
Wnt3a. These genes can function redundantly, e.g. during induction of
the Shh-secreting middiencephalic organizer (Mattes et al., 2012), but
might also have diverged in their spatiotemporal action. In line with
the latter, only Wnt3a knockdown (but not Wnt3 knockdown) affected
EC specification (Fig. 4). Conditional approaches in mice manipulating
the Wnt signaling pathway, e.g. vascular specifically (Cattelino et al.,
2003), only target specified ECs, and therefore fail to elucidate the role
of Wnt signaling on the progenitor population. This is also in line with
the temporally very restricted responsiveness of our novel transgenic
Wnt reporter lines in the fli1a-positive progenitor population (Fig. 1),
which indicates the fast speed of progenitor differentiation, making
targeting of these cells more difficult. However, previous reports
indicate, that Wnt3 positively regulates EC specification in mouse
embryoid bodies (Wang et al., 2006) and pharmacological activation of

Fig. 6. Wnt signaling promotes EC differentiation in human ES cells. (A) Differentiation protocol for investigating the effects of Wnt inhibition after an initial treatment with BMP, Wnt,
and FGF to induce a mesodermal progenitor state. (B) RT-qPCR analysis of endothelial markers PECAM1 and CDH5 on day 10 of differentiation, using distinct differentiation conditions
illustrated in A. (C) Immunocytochemical analysis of PECAM1 expression on day 10 using distinct differentiation conditions illustrated in A. (D-F) Gene expression time-course analysis
of the primitive streak marker MIXL1 (E) as well as LEF1 (F) (microarray data). Note the decrease in LEF1 expression by inhibition of autocrine WNT signaling on days 2 and 3.
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Wnt signaling induced EC differentiation from human pluripotent stem
cells (Lian et al., 2014).

In recent years, there are a few reports demonstrating that later in
development Wnt signaling is involved in subspecification of cell fates
within the EC lineage (Grainger et al., 2016; Nicenboim et al., 2015;
Ulrich et al., 2016; Vanhollebeke et al., 2015). During definitive
hematopoiesis for example, Wnt9a-induced Wnt signaling is required
in hemogenic endothelial (HE) cells (Chanda et al., 2013; Grainger
et al., 2016), which differentiate from the specified EC population and
are characterized by upregulated expression of hematopoietic marker
genes (e.g. runx1) (Eliades et al., 2016; Fujimoto et al., 2001).
Interestingly, in vitro studies using human pluripotent stem cells
indicate, that definitive hematopoietic progenitors require Wnt signal-
ing during specification, whereas primitive hematopoietic progenitors
can be generated using Wnt signaling inhibitory conditions, which is in
line with our findings ((Sturgeon et al., 2014), Fig. 3). Furthermore, the
specification of lymphatic ECs from specialized angioblasts within the
posterior cardinal vein is induced by Wnt5b signals (Nicenboim et al.,
2015), whereas during brain development Wnt7a/7b signals promote
tip cell selection and brain capillary sprouting via Gpr124-Reck
(Daneman et al., 2009; Posokhova et al., 2015; Ulrich et al., 2016;
Vanhollebeke et al., 2015). These findings together with our data argue
for a specialized, temporally and spatially controlled function of Wnt
ligands during embryonic development and for a role of Wnt signaling
during EC fate specification in different developmental contexts.

In our study, we show for the first time that Wnt3a regulates the cell
fate decision between ECs and primitive erythrocytes directly and only
during the very short specification phase in the Fli1a-positive progeni-
tor cell population (Fig. 7). We demonstrate, that Wnt signaling
promotes EC specification via Lef1, while limiting erythrocyte specifi-
cation at the same time. Our findings add to understanding of lineage
specification during early embryonic development and provide insights
into the balanced regulation of ECs and primitive erythrocytes.
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