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Lymphatic vessels arise from specialized
angioblasts within a venous niche
J. Nicenboim1*, G. Malkinson1*, T. Lupo1, L. Asaf1, Y. Sela1, O. Mayseless1, L. Gibbs-Bar1, N. Senderovich2, T. Hashimshony2,
M. Shin3, A. Jerafi-Vider1, I. Avraham-Davidi1, V. Krupalnik4, R. Hofi1, G. Almog1, J. W. Astin5, O. Golani6, S. Ben-Dor6,
P. S. Crosier5, W. Herzog7,8, N. D. Lawson3, J. H. Hanna4, I. Yanai2 & K. Yaniv1

How cells acquire their fate is a fundamental question in developmental and regenerative biology. Multipotent
progenitors undergo cell-fate restriction in response to cues from the microenvironment, the nature of which is
poorly understood. In the case of the lymphatic system, venous cells from the cardinal vein are thought to generate
lymphatic vessels through trans-differentiation. Here we show that in zebrafish, lymphatic progenitors arise from a
previously uncharacterized niche of specialized angioblasts within the cardinal vein, which also generates arterial and
venous fates. We further identify Wnt5b as a novel lymphatic inductive signal and show that it also promotes the
‘angioblast-to-lymphatic’ transition in human embryonic stem cells, suggesting that this process is evolutionarily
conserved. Our results uncover a novel mechanism of lymphatic specification, and provide the first characterization
of the lymphatic inductive niche. More broadly, our findings highlight the cardinal vein as a heterogeneous structure,
analogous to the haematopoietic niche in the aortic floor.

The lymphatic system plays a crucial role in normal and pathological
conditions. It is essential for maintaining fluid homeostasis, for
immune responses and for dietary lipid absorption, and is exploited
by tumours to metastasize1. Close to a century ago, two models
describing the origins of the lymphatic system were proposed.
While Sabin2 suggested a venous origin for the lymphatic endothe-
lium, the second model, put forward by Huntington & McClure3,
postulated that lymphatic vessels form by concrescence of discontinu-
ous and independent lymph vesicles, and that mesenchymal-derived
cells constitute the walls of the lymphatic vessels. Studies performed
during the last decade, involving in vivo imaging in zebrafish4 and
lineage tracing in mice5, have extensively confirmed Sabin’s hypo-
thesis. Nevertheless, the presence of mesenchymal lymphangioblast-
derived lymphatic vessels has been described in Xenopus tadpole6 and
chick7 embryos. At present, the embryonic origins of the lymphatic
endothelium still remain controversial.

During the past years, specific markers of the lymphatic endothe-
lium have been identified, which provided new insights into the
mechanisms controlling lymphatic specification and growth8.
Assembly of the lymphatic vascular network is considered a stepwise
process, which begins approximately at embryonic day 9.5 (E9.5)
when the expression of Prox1, a master regulator of lymphatic differ-
entiation and maintenance9 is first detected in a subpopulation of
endothelial cells within the cardinal vein (CV). Two additional tran-
scription factors—Sox18 (ref. 10) and Nr2f2 (also known as
COUPTFII, ref. 11)—were shown to be required for induction of
Prox1 expression. The newly specified lymphatic progenitors then
bud from the CV in response to VEGFC signalling12 and form prim-
itive lymph sacs, which eventually give rise to the entire lymphatic
vasculature. Most recently, an important role for BMP2 (ref. 13) and
the RAF1/MEK/ERK signalling cascade14 in the specification of
lymphatic fate has also been established. Nevertheless, as none of

these factors seems to be asymmetrically expressed, the question of
how only a subset of cells within the CV is initially specified towards a
lymphatic fate, as opposed to cells that will maintain a venous identity,
remains unanswered.

The zebrafish was recently shown to possess a lymphatic system
that shares many similarities with lymphatic vessels found in other
vertebrates4,15. In vivo imaging of 2–4 days post-fertilization (dpf)
zebrafish embryos demonstrated that the parachordal cells (PACs),
which form at ,2 dpf along the embryo’s midline and serve as build-
ing-blocks for the lymphatic system later on, are derived from the
posterior cardinal vein (PCV). Starting at ,2.5 dpf PACs migrate
ventrally to generate the main lymphatic vessel, the thoracic duct4.

Lymphatic progenitors originate in the PCV floor
To characterize the initial events controlling lymphatic specification,
we fate-mapped the origins of lymphatic endothelial cells (LECs)
within the PCV of zebrafish embryos. We imaged Tg(fli1:EGFP)y1

(Fig. 1a, Supplementary Video 1) and Tg(fli1:nEGFP)y7 (ref. 16;
Extended Data Fig. 1a) embryos starting at 22–24 h post-fertilization
(hpf) and until 60 hpf, when PACs are fully discernible4. Tracking of
PAC-LECs back in time and space demonstrated that 81% of these
cells originated in the ventral side of the PCV (vPCV) compared to
19% that originated in the dorsal PCV (dPCV). To corroborate these
results, we took advantage of Tg(fli1:gal4ubs3;uasKaederk8) embryos,
expressing the photoconvertible protein Kaede in endothelial cells
(Kaede is a green fluorescent protein that irreversibly converts to
red fluorescence under UV light)17. Pan-Kaede photoconversion of
vPCV cells at 24 hpf rendered ,90% PACs red, indicating that they
originated in the floor of the PCV. In contrast, less than 10% red PACs
were observed following dPCV photoconversion (Fig. 1b–d and
Extended Data Fig. 1b). vPCV cells generated PACs also in plcg1
mutants (Extended Data Fig. 1d and Supplementary Video 2), which
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lack arterial intersegmental vessels as well as blood flow, but develop
venous sprouts and PACs18, suggesting that the specification of
lymphatic progenitors is not affected by nearby arteries or by blood
circulation.

The ventral PCV harbours a niche of specialized
angioblasts
Previous reports19 indicated that the budding of LEC progenitors
from the PCV persists for approximately 24 h. We reasoned that a
continuous exit of cells would eventually result in disruption of
the PCV wall, unless LECs arise from a population of specialized
progenitors that repeatedly divide. Time-lapse sequences of
Tg(fli1:gal4ubs3;uasKaederk8) embryos revealed that vPCV cells
undergo asymmetric division (Fig. 2a) and generate progeny that
contribute to the nascent PACs (Supplementary Video 3). To further
confirm these results we scored symmetric vs asymmetric division
events on each half of the PCV. Cell division was defined as asym-
metric if (1) it generated a cell of different fate, and (2) the plane of
division was perpendicular to the PCV main axis. We found a signifi-
cantly higher number of asymmetric divisions in the vPCV at 24–34
hpf (initial stages of LEC specification), with no changes in symmetric
division events (Extended Data Fig. 1e). In addition, no differences in
global cell proliferation were detected in the dPCV, vPCV and dorsal
aorta (Extended Data Fig. 2a), suggesting that the specific arising of
LECs from the floor of the PCV is not a result of this being a more
proliferative area.

Unexpectedly, during the course of tracing photoconverted vPCV
cells we noticed that, in addition to generating PACs, these cells also
migrated ventrally to incorporate into the supraintestinal artery (SIA)
and the subintestinal vein (SIV) (Fig. 2b and Extended Data Fig. 3a).
Single-cell Kaede photoconversion revealed the dynamics of spe-
cification of the vPCV progenitors (Fig. 2c). Whereas at 23 hpf most
of these cells give rise to either PACs or venous intersegmental vessels,
at 27 hpf there is a shift towards population of the subintestinal vein
and supraintestinal artery. In contrast, dPCV cells generated mostly
venous intersegmental vessels throughout all analysed developmental
stages. Altogether, these results unveil the presence of specialized cells
within the floor of the PCV, which divide asymmetrically, and gen-
erate arterial, venous and lymphatic fates.

We then asked whether these cells represent in fact angioblasts that
originate directly in the lateral plate mesoderm and migrate medially
to colonize the floor of the PCV20. Alternatively, these cells could be of
arterial origin, and sprout ventrally from the dorsal aorta to reach the
ventral PCV21. To answer this question, we performed pan-Kaede
photoconversion of a population of lateral plate mesoderm medial
angioblasts that colonize the dorsal aorta by 17 hpf20, or of a popu-
lation of ventral cells (lateral plate mesoderm early-lateral angio-
blasts)20, detected in the trunk by ,19 hpf (Fig. 2d and Extended
Data Fig. 1c). Fate analysis of the photoconverted cells at 48 hpf
demonstrated that the vast majority of vPCV progenitors giving rise
to PACs in the trunk did not originate in the dorsal aorta, but
migrated directly from the lateral plate mesoderm to reach their final
position in the vPCV (Fig. 2d, e). These results indicate that the vPCV
cells are specialized angioblasts22, which originate directly in the lat-
eral plate mesoderm and retain their multipotency throughout later
stages of development.

To gain insight into the molecular identity of the newly identified
vPCV angioblasts we initially analysed Tg(fli1:dsRed)um13 zebrafish
(ref. 23) crossed to Tg(flt1_9a_cFos:GFP)wz2, a vegfr1 (flt1) enhancer,
which specifically labels arterial endothelial cells (Extended Data
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Figure 2 | vPCV cells are specialized angioblasts. a, Snapshots from a time-
lapse movie of a Tg(fli1:gal4;uasKaede) embryo showing photoswitched
vPCV cell (light-blue arrowhead), which generates PACs (white arrowhead)
through asymmetric division. b, Single photoswitched vPCV cell in
Tg(fli1:gal4;uasKaede) embryo at 24 hpf (light-blue arrowhead), whose progeny
populates the supraintestinal artery (SIA, white arrows) and subintestinal vein
(SIV, yellow arrows) at 56 hpf. c, Location of vPCV and dPCV progeny at 56
hpf, following photoswitching at different stages (nphotoswitched vPCV cells 5 73,
nphotoswitched dPCV cells 5 45). d, Photoswitching of medial and early-lateral
angioblasts at 17 and 20 hpf (light-blue arrowheads), respectively,
in Tg(kdrl:Kaede)wz3 embryos. e, Percentage of red PACs at 48 hpf
(nmedial angioblasts 5 16, nearly lateral angioblasts 5 16; *P 5 2.1 3 1025).
f, g, Tg(flt1_9a_cFos:GFP;fli1:dsRed) embryos show flt1_9a:GFP1 endothelial
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vPCV (g, green, orange arrowheads). h, Selected genes enriched in vPCV cells.
Scale bars, 30 mm. Error bars, mean 6 s.e.m.
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Figure 1 | Lymphatic progenitors originate in the vPCV. a, Snapshots from a
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Fig. 3b). We detected green fluorescence in well-established ‘arterial’
structures including the dorsal aorta, arterial intersegmental vessels
and supraintestinal artery (Fig. 2f). Surprisingly however, we also
detected a few GFP1 cells within the PCV (Fig. 2g). To understand
whether the flt1_9a:GFP1-vPCV cells represent the population
of specialized angioblasts that give rise to LECs we imaged
Tg(flt1_9a_cFos:GFP; lyve1:dsRed2)nz101 double transgenic embryos
(ref. 24), in which arterial endothelial cells are GFP1, while venous
and lymphatic endothelial cells display red fluorescence (Extended
Data Fig. 3b, c). Time-lapse sequences revealed that 100% of PACs
traced (n 5 9) originated from flt1_9a:GFP1 cells (Supplementary
Video 4), through a process of asymmetric cell division. Interestingly,
we found that the vast majority of these progenitors were located in
the vPCV (n 5 7). Nonetheless, the small number of dPCV cells that
generate PACs (Fig. 1d) was also labelled by flt1_9a:GFP (n 5 2),
highlighting this angioblast population as the sole origin of LECs in
the zebrafish trunk. Similar asymmetric division events were detected
during subintestinal vessel formation (Extended Data Fig. 3d). In this
case, flt1_9a:GFP1-vPCV cells generated progeny that populated
the subintestinal vein and the supraintestinal artery. Altogether
these results highlight the PCV as a highly heterogeneous tissue,
containing ‘non-venous’ cells competent to give rise to multiple fates,
including LECs.

The fact that lymphatic vessels originate from a novel population of
PCV angioblasts and not from fully differentiated venous endothelial
cells, as previously postulated, prompted us to enquire into the
molecular signature of these cells. Global expression profiling via
RNA sequencing (RNA-Seq)25 (Extended Data Fig. 4a, b) revealed
significant enrichment of well-established angioblast, lymphatic and
arterial markers in the vPCV vs dPCV cells (Fig. 2h and Extended
Data Fig. 4c, d). We then asked when do these progenitors acquire a
lymphatic fate. In mammals, the expression of the transcription factor
Prox1 in certain cells of the CV marks the onset of lymphatic spe-
cification9. To investigate whether this is the case in zebrafish as well,
we imaged TgBAC(prox1a:KalT4-UAS:uncTagRFP)nim5 embryos26.
We found that the first cells expressing prox1a are already visible
at 22–24 hpf in the vPCV (Fig. 3a). Later on these cells divide,
translocate to the dorsal PCV, and bud from the PCV to generate
PACs (Fig. 3a and Supplementary Video 5). Approximately 80%
of Tg(fli1:EGFP;prox1a:KalT4-UAS:uncTagRFP) embryos displayed
1–2 prox1a1 cells in the vPCV at 22–24 hpf, in contrast to ,20%
embryos displaying prox1a1 cells in the dPCV (Fig. 3b). At later

stages (26–30 hpf), an increased number of prox1a1 cells was detected
in the dPCV, reflecting the proliferation and dorsal translocation of
the newly specified LECs. Similar results were obtained when we
analysed the distribution of the Prox1 protein (Fig. 3c). We further
found that most of the cells that expressed prox1a at 22–24 hpf
were flt1_9a:GFP1 vPCV-angioblasts (Fig. 3d). Taken together, our
results analysing global gene expression and lymphatic-specific mar-
kers demonstrate that lymphatic specification is induced in a
restricted population of angioblasts in the vPCV. Furthermore, they
confirm that LECs acquire a lymphatic fate before their budding
from the PCV.

Wnt5b induces LEC specification
Having identified the floor of the PCV as the origin of lymphatic
progenitors, we analysed the surrounding tissues in search for a
source of spatially-restricted inductive signals. Histological sections
of 22 and 24 hpf Tg(fli:EGFP) embryos showed that vPCV cells develop
close to the endoderm (Fig. 4a). In addition, analysis of casta56 (sox32)
mutants, which lack endoderm-derived tissues, revealed that PACs do
not develop in these mutants (Fig. 4b and Extended Data Fig. 5a), sug-
gesting that the signal(s) necessary for LEC specification comes from the
endoderm.

Recently, the Wnt–b-catenin–TCF/LEF signalling pathway has
been shown to directly activate Nr2f2 and Prox1—members of the
LEC specification cascade—in the context of adipogenesis and neu-
rogenesis27,28. We thus wondered whether endoderm-secreted Wnt(s)
could serve as inducer(s) of lymphatic specification in the vPCV cells.
In situ hybridization revealed clear expression of wnt5b messenger
RNA in the endoderm of 18–20 hpf embryos (Fig. 4c and Extended
Data Fig. 5b). Analysis of wnt5b morphants and pptti265 (wnt5b)
mutants indicated a significant reduction in the percentage of
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PAC- and thoracic-duct-containing segments, with no changes in the
initial number of flt1_9a:GFP1-vPCV angioblasts (Fig. 4d and
Extended Data Fig. 5c–f). In contrast, overexpression of Wnt5b in
Tg(hsp70l:wnt5b-GFPw33;lyve1:dsRed2) double transgenic embryos
at 23–24 hpf (Extended Data Fig. 6a) resulted in a strong pro-
lymphangiogenic response reflected by the presence of ectopic
PAC sprouts (Fig. 4e). Finally, Wnt5b induction led to a significant
recovery in the number of PACs in sox32 morpholino (MO)-
injected Tg(hsp70l:wnt5b-GFP) embryos (Fig. 4f). Taken together,
these results highlight the endoderm-secreted Wnt5b as both neces-
sary and sufficient for lymphatic formation during embryonic
development.

To confirm that Wnt5b is specifically required for lymphatic
specification, and not for general sprouting from the PCV, we
assessed the number of venous vs arterial intersegmental vessels in
wnt5b-, and Control MO-injected Tg(flt1_9a_cFos:GFP;fli:dsRed)
embryos, and found no differences (Extended Data Fig. 6b).
Likewise, flt1_9a:GFP1-vPCV progenitors were normally found
within the subintestinal plexus of wnt5b morphants (Extended Data
Fig. 6c), confirming that Wnt5b does not inhibit PAC formation by
unselectively impeding sprouting from the PCV, but rather by affect-
ing LEC specification. To ascertain whether Wnt5b affects LEC pro-
liferation, we photoconverted and time-lapse imaged vPCV cells in
wnt5b MO-injected Tg(fli1:gal4;uasKaede) (Extended Data Fig. 7a)
and Tg(fli1:nEGFP; fli1:dsRed) (Supplementary Video 6) embryos.
While in control siblings approximately 30% of the vPCV cells
reached the PACs by 48 hpf (Fig. 2c), they did not engage in dorsal
migration to generate PACs in wnt5b morphants. Interestingly,
although the cells were viable and divided normally, the only asym-
metric division events detected involved cells that migrated ventrally
to populate the subintestinal vessels (data not shown). In addition,
ectopic induction of Wnt5b did not result in enhanced endothelial cell
proliferation (Extended Data Fig. 2b).

Conclusive evidence supporting a role for Wnt5b as an inducer of
LEC specification was provided by the analysis of lymphatic marker
expression following wnt5b downregulation and overexpression.
In situ hybridization revealed a pronounced reduction in lymph-
atic-specific transcripts in the PCV of wnt5b morphants, whereas
the expression of pan-endothelial genes remained unchanged
(Extended Data Fig. 7b). This phenotype, indicative of a defect in
lymphatic specification, was not reported following loss of Vegfc, a
signal specifically required for LEC budding from the PCV29,30. In
addition, the expression of vegfc and ccbe130 remained unchanged in
sox32 and wnt5b morphants (Extended Data Fig. 7c), ruling out the
possibility that Wnt5b controls lymphatic specification through
activation of these genes. Finally, the number of prox1a1 cells was
reduced in wnt5b morphants, and increased following Wnt5b over-
expression (Fig. 5a). Moreover, Wnt5b activation induced upregula-
tion of the prox1a transcript (Fig. 5b), and the Prox1 protein
(Extended Data Fig. 7d). Taken together these data indicate that
Wnt5b is mainly required for lymphatic specification, and not migra-
tion or proliferation, of the vPCV angioblasts.

Recently, a divergence in the molecular mechanisms controlling
lymphatic specification in zebrafish and mice was postulated26. To
ascertain whether the novel mechanism of LEC specification uncov-
ered here is conserved among vertebrates, we tested the ability of
recombinant WNT5B to induce lymphatic specification in human
embryonic stem cell (hESCs)-derived vascular progenitors31,32. As
seen in Fig. 5c, WNT5B induced a marked increase in the fraction
of LYVE11 cells detected in the culture, as well as in the levels of
PROX1 (Fig. 5d) and FLT4 (Extended Data Fig. 7e) mRNAs, indi-
cating that the role of Wnt5b as potent inducer of LEC specification
is evolutionarily conserved. Furthermore, these findings indicate
that Wnt5b acts directly on vascular progenitors to promote the
‘angioblast-to-lymphatic’ specification.

Wnt5b-activated canonical pathway induces LEC
specification
We next characterized the downstream components of the Wnt path-
way involved in lymphatic specification. Wnt5 is mostly referred to as
a non-canonical Wnt ligand, which can also repress and/or activate
the canonical pathway in different contexts33,34. It is well-established
that a key step in the activation of canonical Wnt pathway is the
inhibition of a destruction complex composed of APC, axin, GSK3-
b and other proteins, which results in stabilization and nuclear trans-
location of cytoplasmic b-catenin35. We therefore began by analysing
lymphatic development following manipulation of axin and APC.
Injection of wnt5b MOs into mbltm213 (axin1) mutants did not affect
PAC formation (Extended Data Fig. 8a), confirming the requirement
of axin downstream of Wnt5b. Likewise, apcmcr mutants displayed
significantly increased PAC numbers (Extended Data Fig. 8b), resem-
bling the Wnt5b overexpression phenotype (Fig. 4e). Conversely, axin
overexpression (Extended Data Fig. 8c), as well as treatment with
IWR1, a small molecule shown to lower the levels of b-catenin,
induced a significant reduction in the number of PAC-containing
segments (Extended Data Fig. 8d). In contrast to these results, the
inhibitor of b-catenin-independent Wnt activation, TNP-470, did not
cause any detectable lymphatic defects (Extended Data Fig. 9a). We
then investigated the role of the TCF/LEF transcription factors36 in
early lymphangiogenesis. Downregulation of tcf4, tcf7, lef1 and tcf3b
(Extended Data Fig. 9b, c and data not shown), resulted in reduced
number of PACs with an otherwise normal blood vasculature. In line
with the phenotypes resulting from Wnt5b downregulation, arterial/
venous differentiation was not impaired in these morphants
(Extended Data Fig. 9b), and photoswitched vPCV cells did not
migrate dorsally to generate PACs (Extended Data Fig. 9d).
Together, these results indicate that induction of lymphatic specifica-
tion by Wnt5b occurs primarily through b-catenin/TCF activation.

The lymphatic defects derived from Wnt/b-catenin inhibition
could be secondary to global Wnt5b-signalling depletion. Alterna-
tively, they could reflect a cell-autonomous requirement for Wnt-
signalling within prospective LEC progenitors. To distinguish between
these two possibilities, we assessed b-catenin/TCF activity within
vPCV-angioblasts using Tg(fli1:EGFP;7xTCF-Xla.Siam:nlsmCherry)ia5
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Figure 5 | Wnt5b induces lymphatic specification in zebrafish and hESCs.
a, Quantification of Prox1a1 vPCV cells (light-blue arrowheads) in
Tg(fli1:EGFP;prox1a:KalT4-UAS:uncTagRFP) embryos following Wnt5b
induction, and downregulation (nwnt5bMO 5 7, nhsp70:wnt5b 5 9,
nWT 5 7; *P 5 0.05, **P 5 0.001). b, prox1a mRNA in 24 hpf
Tg(fli1:EGFP;prox1a:KalT4-UAS:uncTagRFP;hsp70l:wnt5b-GFP) embryos
following heat shock at 21 hpf (nindependent experiments 5 4). c, Fraction of
LYVE11 cells, and d, PROX1 mRNA levels in hESC-derived angioblasts treated
with WNT5B (nindependent experiments 5 3). Scale bar, 60 mm. Error bars,
a, mean 6 s.e.m.; b, d, geometrical mean 6 standard error of the geometrical
mean (s.e.g.m.).

4 J U N E 2 0 1 5 | V O L 5 2 2 | N A T U R E | 5 9

ARTICLE RESEARCH

G2015 Macmillan Publishers Limited. All rights reserved



double transgenic embryos. As seen in Fig. 6a, TCF activity was
detected in these cells at 24 hpf, and in PACs at 48 hpf. Furthermore,
time-lapse imaging revealed that only vPCV angioblasts with active
b-catenin/TCF undergo asymmetric cell division and generate PACs
(Extended Data Fig. 10a). Moreover, these cells were also flt1_9a:GFP1

(Fig. 6b). The number of b-catenin/TCF1 vPCV-angioblasts was sig-
nificantly reduced following wnt5b downregulation (Extended Data
Fig. 10b, c), confirming that the b-catenin/TCF activity detected in
these cells was Wnt5b-dependent. Altogether, our results analysing
b-catenin/TCF activity in LEC progenitors in vivo, in combination with
LEC specification in cultured hESCs, indicate that Wnt5b-dependent
activation of b-catenin is cell-autonomously required within vascular
progenitors for proper lymphatic specification, and highlight Prox1 as
one of the major downstream targets of Wnt5b.

The changes in prox1 mRNA levels observed in zebrafish and
hESCs (Fig. 5b, d) could result from either transcriptional regulation,
or post-transcriptional modifications that alter RNA stability of the
prox1 transcript. To distinguish between these two possibilities we
took advantage of the TgBAC(prox1a:KalT4-UAS:uncTagRFP) zebra-
fish reporter (Fig. 3 and ref. 26), in which the KalT4 fragment reca-
pitulates the transcriptional activation of the endogenous prox1a
promoter, without being subjected to the post-transcriptional mod-
ifications of the prox1a gene (the KalT4 cassette possess its own 39

untranslated repeat). We hypothesized that if Wnt5b transcription-
ally regulates prox1a mRNA, overexpression of Wnt5b will result in a
significant increase in the levels of KalT4 mRNA. If in turn, prox1a
upregulation involves alterations in its mRNA stability, the levels of
KalT4 mRNA will remain unchanged upon hsp70:Wnt5b activation.
As seen in Fig. 6c, overexpression of Wnt5b results in elevated levels of
the KalT4 transcript. Although we cannot exclude the possibility that
post-transcriptional modifications are also involved in prox1a regu-
lation, our results strongly support a mechanism involving transcrip-
tional regulation of prox1a in response to Wnt5b. Whether this is a
direct or indirect regulation remains to be elucidated.

Discussion
Development and regeneration of multicellular organisms rely on the
ability of competent cells to respond to different signalling inputs that
specify cell fate. The results presented here identify for the first time a
pool of specialized angioblasts within the floor of the posterior car-
dinal vein that bears the potential to generate arterial, venous and
lymphatic fates. Anatomically, these cells develop in close proximity

to the endoderm, which serves as source of Wnt5b, a novel inductive
signal promoting the angioblast-to-lymphatic transition (Fig. 6d).
Interestingly, the time-frame of induction of lymphatic fate in the
vPCV angioblasts fully overlaps with the endodermal expression of
the Wnt5b ligand, highlighting a tight spatiotemporal regulation of
cell differentiation within this niche.

Recently, a divergence in the molecular mechanisms controlling
lymphatic specification in zebrafish and mice was suggested26. The
finding that Wnt5b functions as a potent inducer of lymphatic cell
fate, both in zebrafish and in hESC-derived vascular progenitors,
provides compelling evidence for a strong conservation of this path-
way among vertebrates.

Previous reports have postulated an arterial origin for the cardinal
vein, both in zebrafish21 and mammals37. Here we show that cells
expressing arterial/angioblast markers within the posterior cardinal
vein are those that generate lymphatic progenitors during embryonic
development. However, it is striking that these cells do not originate in
the dorsal aorta, but rather migrate directly from the lateral plate
mesoderm to populate the ventral wall of the posterior cardinal vein,
retaining their ‘multipotent’ capacities.

Altogether our results highlight the posterior cardinal vein as a
highly heterogeneous structure containing different cell populations,
thereby challenging the current view of a ‘strict’ venous origin for
lymphatic vessels. Our findings help settle a century-old controversy
regarding the origin of the lymphatic endothelium by providing evid-
ence for a novel mechanism, which reconciles the models proposed by
Sabin2 and Huntington & McClure3. On the one hand lymphatic
endothelial cells do emerge from veins; however, they do so by an
unexpected mechanism involving a venous niche of specialized meso-
derm-derived angioblasts. These findings open a whole set of new
questions regarding the formation of lymphatic vessels during disease
states and regeneration.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS
Zebrafish husbandry and transgenic lines. Zebrafish were raised by standard
methods16 and were handled according to the Weizmann Institute Animal Care
and Use Committee. The plcg1y10 (ref. 18), Tg(fli1:EGFP)yl (ref. 19), Tg(fli1:nEGFP)y7

(ref. 4), Tg(fli1:dsRed)um13 (ref. 23), Tg(fli1:gal4 ubs3;uasKaederk8) (ref. 17),
Tg(hsp70l:wnt5b-GFP)w33 (ref. 38), Tg(7xTCF-Xla.Siam:nlsmCherry)ia5 (ref. 39),
casta56 (ref. 40), pptti265 (ref. 41), mbltm213 (ref. 42), apcmcr (ref. 43),
Tg(lyve1:dsRed2)nz101 (ref. 24), and TgBAC(prox1a:KalT4-UAS:uncTagRFP)nim5

(ref. 26) were previously described. The Tg(flt1_9a_cFos:GFP)wz2 reporter was gen-
erated by cloning the previously identified zebrafish flt1_9a enhancer44, into
pGW_cFosGFP45. The Tg(kdrl:Kaede)wz3 was generated by cloning a Kaede frag-
ment in a Tol2-compatible vector containing 2.5kb from the kdrl promoter using the
Gateway methodology46.
In situ hybridization and immunofluorescence. Whole-mount in situ hybrid-
ization was carried out as described16 using flt4, ccbe130, sox1847 and cdh516 anti-
sense mRNA probes. The lyve1 (59-AGACGTGGGTGAAATCCAAG-39 and
59-GATGATGTTGCTGCATGTCC-39), wnt5b (59-ATGGATGTGAGAATGA
ACCAAGGAC-39 and 59-CTACTTGCACACAAACTGGTCTACG-39), and
vegfc (59-CATCAGCACTTCATACATCAGC-39 and 59-GTCCAGTCTTCC
CCAGTATG-39) probes were amplified by PCR from 24 hpf complementary
DNA. A fragment (1,269 bp) flanking the (59-GTACAAAAAAGCAGGCT
CCGCGGCC-39…59-TCATCAGGGATATGTTGCTGTCGGG-39) sequence
of the nr2f2 gene was cloned into Pcs2 plasmid, and linearized using NotI.
Embryos were imaged using a Leica M165 FC imaging system.

Phospho-histone staining was carried out as described48 using p-histone H3
antibody (1:300) (Santa Cruz).

For detection of Prox1 protein embryos were fixed overnight in 4% para-
formaldehyde, washed in 100% methanol, incubated 1 h on ice in 3% H2O2 in
methanol, washed in 100% methanol and stored at 220uC. Embryos were then
permeabilized in wash buffer (PBS/0.1% tween/0.1%Triton), blocked in 10% goat
serum/1%BSA in wash buffer for 5 h at 4uC, and incubated with Prox1 antibody
(1:750) overnight4. Samples were then washed 5 times with wash buffer, followed
by washes with maleic buffer (150 mM maleic acid/100 mM NaCl/0.001% Tween
20 pH 7.4 saturated with 10 N NaOH), blocking in maleic buffer containing 2%
blocking reagent (Roche), and incubation overnight at 4uC with goat anti rabbit
IgG–horseradish peroxidase (Jackson 1:500) for TSA signal amplification.
Following washes with maleic buffer and PBS, samples were incubated for 3 h
with TSA Plus Cyanine 3 reaction (Perkin Elmer) and washed with wash buffer
several times through 1–2 days at room temperature.
Manipulation of zebrafish embryos. Heat-shock, TNP-470 and IWR1 treat-
ments. 24–26 hpf Tg(hsp70l:wnt5b-GFP) embryos were heat-shocked at 37uC
for 25 min and analysed for PAC number at 56 hpf. For Prox1 immunostaining
Tg(hsp70l:wnt5b-GFP) embryos were heat-shocked at 19–20 hpf for 25 min and
fixed as described above at 28 hpf. For qRT–PCR analyses Tg(prox1:KalT4-
UAS:uncTagRFP;hsp70l:wnt5b-GFP) embryos were heat-shocked at 21 hpf, for
25–30 min.

IWR1 (ref. 49) (Sigma) and TNP-470 (Sigma) were dissolved in dimethyl
sulfoxide (DMSO) as previously described50. Embryos were treated with 30 mM
IWR1, for 2 days starting at 20 hpf. TNP-470 was added at a concentration of 25
mM, for 2 days starting at 23 hpf. PAC formation was assessed at 3 dpf.
Morpholino injection. The following antisense morpholino oligonucleotides were
used: sox32 (ref. 51) (1 ng), tcf7 (ref. 52) (8 ng), lef1 (ref. 53) (3 ng), wnt5b (ref. 41)
(7.5 ng or 4 ng for subdose), vegfc (ref. 4) (5 ng), tcf4 (59-CTGCGGCATTTT
TCCCGAGGAGCGC-39) (8 ng), control MO (59-CCTCTTACCTCAGTT
ACAATTTATA-39) (8 ng). MOs (Gene-tools) were resuspended and injected
as described16.
DNA and mRNA injection. axin mRNA54 (260 pg) was injected at 1-cell stage. To
generate the Tg(flt1_9a_cFos:GFP), and Tg(kdrl:Kaede) transgenic lines, ,30 pg
plasmid were injected along with 30 pg of Tol2 transposase mRNA into 1-cell
stage embryos.
Quantitative real-time PCR (qRT–PCR). qRT–PCR was carried out as prev-
iously described16 using the following primers:
Zebrafish: prox1a (59-AATCCAAGAGGGGCTTTCGC-39 and 59-TGCAGCGG
TTAAACTTCACG-39), KaltA4 (59-GACGCTGTGACAGACCGATT-39 and
59-CAGCTGTCTCTGTCCCTTGT-39), bactin216, etv2 (59-TACCCAGGATCT
GGACCCAT-39 and 59-CAGCCATCACCAGTCCAACT-39), frz7a (59-TGTCT
CGTGCGGACTGTTAC-39 and 59-CACTGTTCATGAGGCTCCGT-39), nr2f2
(59-ACAGAGTGGTCGCCTTTATGG-39 and 59-CCACACGCATCTGAAGT
GAA-39). Human: PROX1 (59-CCACTGACCAGACAGAAGCA-39 and 59-TG
GGCTCTGAAATGGATAGG-39), beta-actin (59-TCCACCTTCCAGCAGAT
GTG-39 and 59-GCATTTGCGGTGGACGAT-39), FLT4 (59-AAGAAGTTCCA
CCACCAAACAT-39 and 59-TGAAAATCCTGGCTCACAAGC-39) and CDH5
(59-AACTTCCCCTTCTTCACCC-39 and 59-AAAGGCTGCTGGAAAATG-39).

Scoring and quantification of phenotypes. To assess the contribution of dorsal
vs ventral PCV to different vascular beds, single EC, or pan-Kaede photoconver-
sion was carried out in Tg(fli1:gal4;uasKaede) embryos. Photoswitching was per-
formed using a 405 nm laser. To assess the contribution of medial vs early lateral
angioblasts to PACs, endothelial cells in 4 segments of Tg(kdrl:Kaede) embryos
were photoswitched at 17–18 hpf and 20–21 hpf, respectively. 28 h later, embryos
were imaged, and the number of green vs red PACs was counted in 6 segments
over the photoswitched area.

For quantification of phenotypes, the average number of PACs or thoracic
duct per cell number in 9–10 segments over the yolk extension was calculated.
Embryos with no fluorescence or with gross vascular morphological defects were
excluded from quantification. For analysis, embryos that meet all the criteria
above were randomly selected. For quantification of PAC related phenotypes
in ppt mutants, a subdose of wnt5b MO (4 ng) was injected into ppt embryos
to abolish maternal RNA contribution as described55.
Imaging. Confocal imaging was performed using a Zeiss LSM 780 upright con-
focal microscope (Carl Zeiss, Jena, Germany) with a W-Plan Apochromat 320
objective, NA 1.0. Fluorescent proteins were excited sequentially with single-
photon lasers (488 nm, 563 nm). Two-photon imaging of GFP was carried out
at 920 nm. Time-lapse, in-vivo imaging was performed as previously described56

using a custom-built chamber for perfusion of embryos with temperature-
controlled physiological medium. z-stacks were acquired at 2.5–3mm increments,
every 10–12 min.
Embryo dissociation, fluorescence activated cell sorting (FACS) and RNA
sequencing. Following pan-Kaede photoconversion of dorsal, or ventral PCV
in Tg(fli1:gal4;uasKaede) embryos at 24 hpf, 6 embryos per group were used for
FACS isolation of Kaede photoconverted (red) endothelial cells. Single-cell sus-
pensions were prepared as described16 with some modifications (the embryos
were not chopped, and no Liberase was used). Sorting was performed at 4uC in
a FACSAria cell sorter using a 70-mm nozzle. Photoconverted (red) endothelial
cells were collected in 1 ml PBS, washed with PBS and centrifuged twice at 300g,
at 4uC for 5 min. Total RNA was extracted using Tri@Reagent (Sigma) as
described57, except that only GenElute-LPA (Sigma) was added to help precipitate
the RNA. RNA-Seq was performed as previously described25 with the following
modification: a new set of primers was used with a shorter barcode, and a 5-base
unique molecule identifier to enable transcript counting.
RNA sequencing data analysis. CEL-Seq data was normalized by dividing the
reads of each gene by the total reads of the sample and multiplying by 10,000
(transcript per 10,000). Genes without any detected expression, or with express-
ion detected only in one sample were filtered out. For identification of significant
differentially expressed genes, fold change was calculated and a two-sample t-test
was conducted.

Gene Ontology analysis was performed with Ontologizer 2.058 using the
Topology-Weighted algorithm on the set of genes with a change of at least 1.5
fold between the ventral and dorsal samples. The associations were taken from
geneontology.org, Version 1.4 from ZFIN.
Image processing. Images were processed off-line using ImageJ (NIH) and
Imaris (Bitplane). Selected data sets were deconvoluted with Autoquant X3
(Media Cybernetics). For co-localization analyses confocal images were first
deconvoluted and then analysed using the Imaris ‘Colocalization Module’. We
used this new channel to mark, and manually count cells that are labelled with
both EGFP and mCherry/TagRFP fluorophores. Co-localization thresholds and
nuclei quantification were set manually. Where necessary, movies were registered
with the ‘‘Linear Stack Alignment with SIFT’’ plugin of FIJI.
Histology. Tg(fli1:EGFP) embryos were fixed in 4% PFA for 20 min at room
temperature, embedded in gelatin-bovine albumin medium (0.35% gelatin, 21%
bovine albumin) as previously described59. 50–100 mm cross-sections were
obtained using a Leica VT 1000s vibratome and stained in 1:200 dilution of
TRITC-Phalloidin (Sigma) as previously described60.
Human embryonic stem cells. Induction of differentiation towards the endothe-
lial lineages has been previously described32. Briefly, H9 cells were seeded as single
cells on Collagen-IV (Sigma) coated plates at 5 3 104 cells per cm2 and cultured
with MEM-alpha (Invitrogen), 10%FBS (Hyclone) and 0.1 mM b-mercaptoeth-
anol for 6 days. At day 6, cells were re-seeded on collagen-IV coated plates
at 1.25 3 104 cells per cm2 and cultured under ECGM (Promocell)120% FBS,
50 ng ml21 VEGF-A (Biolegend Inc., San Diego CA) and 10 mM SB431542
(Sigma Aldrich). To induce lymphatic differentiation cells were added with
100 ng ml21 Wnt5b (R&D) starting from day 6 every other day. At day 12
RNA was extracted with Tri@Reagent (Sigma)/Chlorophorm, and cDNA was
produced using the SuperscriptIII kit (Invitrogen).

H9 cells were obtained and handled by the Stem Cells Research Center at the
Weizmann Institute (Israel), and were routinely checked for karyotype and for
mycoplasma contamination.
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For FACS analyses cells were harvested using non-enzymatic dissociation
solution (Sigma), stained with an allophycocyanin-conjugated Lyve1 Antibody
(R&D systems, Minneapolis, MN) for 30 min at room temperature, washed with
PBS 3% FCS, stained with propidium iodide (Sigma) and analysed via
FACSariaIII. Dead cells were excluded from analysis by gating out propidium
iodide-positive cells.
Statistical analyses. No statistical methods were used to predetermine
sample size.

Data was analysed using the unpaired two-tailed Student’s t-test assuming
unequal variance from at least two independent experiments, unless stated other-
wise. In all cases normality was assumed and variance was comparable between
groups. Sample size was selected empirically following previous experience in the
assessment of experimental variability. The investigators were not blinded to
allocation during experiments and outcome assessment. We chose the adequate
tests according to the data distribution to fulfil test assumptions. Numerical data
are the mean 6 s.e.m., unless stated otherwise.

For qRT–PCR experiments we computed standard error for each fold-change.
For genes with more than a single fold-change value, x1, x2, …, xn, each with a
standard error Dx1, Dx2, …, Dxn, we computed the mean fold-change by taking
the geometrical average, �x~
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Extended Data Figure 1 | Mesoderm-derived angioblasts generate LECs
through asymmetric cell division. a, Snapshots from a time-lapse sequence
of a Tg (fli1:nEGFP)y7 zebrafish embryo, showing the origin of a PAC cell
(yellow) in the vPCV (nimaged embryos 5 7). b, vPCV (left panel), and dPCV
(right panel) Kaede photoconverted cells at 48 hpf. c, Kaede-photoswitched
‘medial’ (left panel) and ‘early lateral’ (right panel) angioblasts. d, Snapshots
from a time-lapse sequence of a plcg1 mutant, showing the origin of a
PAC cell (green) in the vPCV (nimaged embryos 5 3). e, Quantification of
symmetric and asymmetric division events in the vPCV and dPCV of double
Tg(flt1_9a_cFos:GFP; lyve1:dsRed2 nz101) embryos (nimaged embryos 5 6). Scale
bars, 30 mm.
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Extended Data Figure 2 | Analysis of cell division in the zebrafish axial
vessels. a, Phospho-histone H3 staining shows no difference in the number of
proliferative endothelial cells among the DA, dPCV and vPCV (n24 hpf embryos 5

17, n26 hpf embryos 5 16, n28 hpf embryos 5 16, n30 hpf embryos 5 16). b, Ectopic
induction of Wnt5b in Tg(hsp70l:wnt5b; fli1:EGFP) does not result in

enhanced proliferation of endothelial cells (26 hpf; ncontrol embryos 5 15,
nhsp70:wnt5b embryos 5 8, 28 hpf; ncontrol embryos 5 14, nhsp70:wnt5b embryos 5

8, 30 hpf; ncontrol embryos 5 14, nhsp70:wnt5b embryos 5 10). Scale bar, 60 mm.
Error bars, mean 6 s.e.m.
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Extended Data Figure 3 | Fate map analysis of vPCV cells. a, Schematic
representation of the subintestinal plexus at 72 hpf. Subintestinal vein (SIV,
green), interconnecting SI vessels (purple), supraintestinal artery (SIA, pink),
posterior cardinal vein (PCV, blue), dorsal aorta (DA, red). b, Quantification of
the number of intersegmental arteries (ISA) and intersegmental veins (ISV)
in the first four segments of Tg(flt1_9a_cFos:GFP; lyve1:dsRed2) double
transgenic embryos (nembryos 5 41). IS# denotes the position of
intersegmental vessel. c, Confocal images of Tg(lyve1:dsRed2) (left panel)
and Tg(flt1_9a_cFos:GFP; lyve1:dsRed2) (right panel) embryos showing
lyve1:dsred21 endothelial cells in PACs, venous intersegmental vessels (ISVs),
PCV and SIV and flt1_9a:GFP1 endothelial cells in the SIA. d, flt1_9a:GFP1

vPCV angioblast (light-blue arrowhead), divides asymmetrically (curved
arrow) to generate cells that populate the SIV (31.5 hpf, white arrowhead),
and the SIA (53.5 hpf, white arrowhead). Scale bar, 30 mm. Error bars,
mean 6 s.e.m.
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Extended Data Figure 4 | Transcriptional profiling of vPCV angioblasts.
a, Experimental setup used for RNA sequencing analysis of FACS isolated
vPCV and dPCV cells. b, FACS isolation of green vs red (photoconverted)
endothelial cells from Tg(fli1:gal4;uasKaede) embryos following
photoswitching of dorsal or ventral PCV (nindependent experiments 5 4). c,
qRT–PCR analysis of selected candidates shows enrichment in ventral vs dorsal
PCV cells (nindependent experiments 5 2). d, Gene Ontology enrichment in vPCV
vs dPCV cells (results represent 2 out of 4 independent biological repeats).
Error bars, geometrical mean 6 s.e.g.m.
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Extended Data Figure 5 | Endoderm-derived Wnt5b is required for
lymphatic development. a, PAC-containing segments in WT (arrows) and
cas mutants (asterisks). b, In situ hybridization at 20 hpf showing expression of
wnt5b mRNA (blue arrowhead) in the endoderm of WT embryos. c, PAC-
containing segments in uninjected (UI) (arrows) and wnt5b MO-injected
embryos (asterisks). d, ppt mutants injected with wnt5b MO (subdose) display
significant reduction in PAC number (nUI embryos 5 38, nwnt5b-MO embryos sub 5

38, nppt-UI embryos 5 34, nppt, wnt5b MO sub-embryos 5 34; *P 5 1.2 3 1025).
e, wnt5b morphants exhibit marked reduction in the number of thoracic duct-
containing segments (asterisks) as compared to uninjected (UI) siblings
(arrows) (nUI-embryos 5 38, nwnt5b MO-embryos 5 32; *P 5 4.5 3 10230). f, The
number of flt11 vPCV progenitors is not affected in wnt5b morphants
(nUI-embryos 5 31, nwnt5b-MO embryos 5 31). Scale bars, a, c, 60 mm; b, e, f, 30 mm.
Error bars, mean 6 s.e.m.
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Extended Data Figure 6 | Wnt5b is not required for sprouting from the
PCV. a, Phenotypic analysis of Wnt5b overexpression in Tg(hsp70l:wnt5b-
GFP; lyve1:dsRed2) embryos, following 25–30 min heat shock (HS), at 23, 25
and 27 hpf (23 hpf embryos nHS-25 min 5 18, nHS-30 min 5 14, nHS-40 min 5 15, 25
hpf embryos nHS-25 min 5 14; nHS-30 min 5 17, nHS-40 min 5 20, 27 hpf embryos
nHS-25 min 5 19, nHS-30 min 5 17, nHS-40 min 5 10). b, The number of vISVs vs

aISVs is unaltered in wnt5b morphants as compared to Control MO-injected
siblings (nControl MO-embryos 5 43, nwnt5b MO-embryos 5 41). c, flt1_9a1 vPCV
cells are detected in the supraintestinal artery (SIA) and subintestinal vein (SIV)
of wnt5b MO-injected embryos (nCtrl MO 5 16, nwnt5b MO 5 16). Scale bars,
60 mm. Error bars, mean 6 s.e.m.
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Extended Data Figure 7 | Wnt5b induces the ‘‘angioblast-to-lymphatic’’
specification. a, Selected frames from a time-lapse sequence of a
Tg(fli1:gal4;uasKaede) embryo injected with wnt5b MO. Photoconverted vPCV
cell (white arrow) divides normally (arrows at 48 hpf point to 2 daughter cells),
but does not engage in dorsal migration to generate PACs. b, In situ
hybridization of Ctrl MO-, and wnt5b MO-injected zebrafish at 30 hpf, with
lyve1, sox18, nr2f2 and cdh5 probes, showing specific decrease in lymphatic
marker expression in the floor of the PCV (white arrowheads) of wnt5b
morphants. The pan-endothelial marker cdh5, as well as the arterial expression
of sox18, remain unchanged in wnt5b morphants. c, vegfc and ccbe1 mRNA
levels remain unaltered in sox32 and wnt5b morphants. d, Immunostaining of
Prox1 shows marked increase in protein levels following ectopic activation of
Wnt5b in Tg(hsp70l:wnt5b; fli1:EGFP) embryos (co-localization channel is
shown in yellow, white arrowheads). e, qRT–PCR analysis of FLT4 and CDH5
in hESCs treated with WNT5B (nindependent-experiments 5 3; *P 5 0.03 by one
sample t-test). Scale bars, 60 mm. Error bars, geometrical mean 6 s.e.g.m.

RESEARCH ARTICLE

G2015 Macmillan Publishers Limited. All rights reserved



Extended Data Figure 8 | Wnt5b induces LEC specification through
activation of canonical pathway. a, PAC-containing segments (arrows)
in wnt5b MO-injected mbl mutants (nwnt5bMO 5 42, nmbl;wnt5bMO 5 52;
*P 5 3.4 3 10210). b, apc mutants (nWT 5 18, napc 5 19; *P 5 0.0006), c, axin1
mRNA-injected embryos (nUI 5 33, naxin-mRNA 5 46; *P 5 1.73 3 10214), and
d, IWR-1 treated embryos (nDMSO 5 55, nIWR 5 54; *P 5 1.05 3 10221).
Scale bars, 60 mm. Error bars, mean 6 s.e.m.
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Extended Data Figure 9 | Involvement of Tcf transcription factors in LEC
specification. a, PAC number remains unchanged in TNP-470 treated
Tg(fli1:EGFP) embryos as compared to DMSO (control) (nDMSO 5 19, nTNP-470

5 38). b, c, Quantification of PAC-containing segments in the trunk of UI, tcf7,
lef1 and tcf4 MO-injected embryos (nUI-embryos 5 59, ntcf7-MO embryos 5 33,
nlef1-MO embryos 5 16, ntcf4-MO embryos 5 25; *P 5 4.53 3 10225,
**P 5 9.62 3 1028, ***P 5 9.12 3 1029). d, Photoswitching of vPCV cells
in tcf7 MO-injected Tg(fli1:gal4;uasKaede) embryos (white arrowheads) at
24 hpf. At 48 hpf photoconverted, red vPCV cells (arrowheads) remain
in the PCV and do not generate PACs. Scale bars, 30 mm. Error bars,
mean 6 s.e.m.
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Extended Data Figure 10 | Wnt5b-dependent activation of b-catenin/TCF
in vPCV angioblasts. a, Selected frames from a time-lapse sequence showing
b-catenin/TCF activity in a single vPCV angioblast (light-blue arrowhead),
which generates PACs (white arrowhead) through asymmetric cell division
(n 5 2). b, Confocal images of the trunks of Tg(7xTCFXla.Siam:nlsmCherry;
fli1:EGFP) double transgenic zebrafish injected with wnt5b MO,
showing decreased b-catenin/TCF activation in vPCV cells (quantified in
c) (nUI-embryos 5 18, nwnt5b-embryos 5 17; *P 5 4 3 1025). Purple signal depicts
co-localization of cytoplasmic EGFP and nuclear mCherry. Scale bars, 30 mm.
Error bars, mean 6 s.e.m.
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