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The formation of primitive (embryonic) blood in vertebrates is
mediated by spatio-temporally restricted signaling between differ-
ent tissue layers. In Xenopus, in which primitive blood originates in
the ventral blood island, this involves the secretion of bone mor-
phogenetic protein (BMP) ligands by the ectoderm that signal to
the underlying mesoderm during gastrulation. Using novel trans-
genic reporter lines, we report that the canonical Wnt/β-catenin
pathway is also activated in the blood islands in Xenopus. Further-
more, Wnt-reporter activity was also detected in the blood islands
of the mouse yolk sac. By using morpholino-mediated depletion in
Xenopus, we identified Wnt4 as the ligand that is expressed in the
mesoderm of the ventral blood island and is essential for the ex-
pression of hematopoietic and erythroid marker genes. Injection of
an inducible Wnt-interfering construct further showed that, during
gastrulation, Wnt/β-catenin signaling is required both in the meso-
derm and in the overlying ectoderm for the formation of the ventral
blood island. Using recombination assays with embryonic explants,
we document that ectodermal BMP4 expression is dependent on
Wnt4 signals from the mesoderm. Our results thus reveal a unique
role for Wnt4-mediated canonical signaling in the formation and
maintenance of the ventral blood island in Xenopus.
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The development of the hematopoietic system involves multiple
steps ranging from induction and patterning of mesoderm and

specification of the earliest blood cell progenitors to completion of
the full differentiation program (1). In Xenopus, the earliest he-
matopoietic cells of the embryo, known as primitive blood cells,
form in the ventral blood island (VBI), which is the equivalent of
the extraembryonic blood islands in the yolk sac of mammals.
Definitive hematopoietic stem cells (HSCs) in Xenopus arise from
the dorsal lateral plate (DLP). In mammals, these HSCs originate
in the aorta gonad–mesonephros region and in the mature yolk
sac (2, 3). Studies using ES cells and novel transplantation pro-
tocols have indicated that primitive progenitors can also contrib-
ute to definitive hematopoiesis (4, 5).
Intensive investigation of the signaling events required for blood

development has exposed functions for several growth and dif-
ferentiation factors (6). Recent studies using in vitro differentia-
tion of ES cells and manipulation of zebrafish embryos point to
a role for Wnt signaling in primitive blood development (7, 8).
However, there is still no direct conclusive evidence for a role for
Wnt signaling in the formation of primitive blood in vivo.
Here, we uncovered a role for Wnt/β-catenin signaling, and

particularly the Wnt4 ligand, in the specification and maintenance
of the primitive blood cells in Xenopus embryos. We developed
a sensitive and dynamic fluorescent reporter to detect the spa-
tiotemporal pattern of Wnt/β-catenin signaling in transgenic
Xenopus tropicalis embryos and tadpoles. This reporter construct
revealed Wnt activity in the VBI and the DLP and later in the
circulating primitive blood cells. By using loss-of-function assays in
whole embryos and explants, we found that Wnt4 is required in

the mesoderm, and that it functions in a non–cell-autonomous
manner by modulating bone morphogenetic protein (BMP) in the
ectoderm during gastrulation stages to promote the hematopoietic
fate of the mesodermal tissues. Furthermore, we show that tar-
geted inhibition of Wnt/β-catenin signaling down-regulates the
expression of VBI markers and that Wnt needs to signal both in
the mesodermal and ectodermal tissues for proper induction and
maintenance of the VBI.

Results
To uncover unknown roles of the canonical Wnt pathway during
embryonic development and postembryonic growth, we designed
and characterized a reporter construct consisting of a synthetic
promoter containing eight copies of an optimal binding sequence
for LEF/TCF factors and a minimal TATA box in front of a re-
porter gene (SI Appendix, Fig. S1). To reveal as clearly as pos-
sible the temporal dynamics of Wnt pathway activation, we used
destabilized EGFP as a reporter gene and flanked it with chro-
mosomal insulator sequences from the chicken β-globin gene to
increase its expression (9). The reporter construct (pbin8Lef-
dGFP) was integrated by transgenesis in X. tropicalis embryos.
Expression of GFP was analyzed throughout embryonic de-

velopment and larval growth. Both fluorescent illumination and
whole-mount in situ hybridization (WISH) with a GFP probe
showed several recurrent patterns of GFP expression in the
transgenic embryos and the growing tadpoles (SI Appendix, Figs.
S2 and S3 and Table S1). A full description of these dynamic
GFP expression patterns, and a description of the correlative
expression domains of Wnt ligands and Frizzled receptors or of
reported biological functions of the canonical Wnt pathway
during early and late development, are provided (SI Appendix,
Table S1 and SI Text). In summary, we obtained several trans-
genic lines that faithfully report the activation of the canonical
Wnt pathway in both the embryonic and the juvenile stages.
Aside from identifying signals that overlap with known patterns

of Wnt ligand expression, we detected in embryos at stage 21–40
major GFP expression in a ventral zone in which the ventral blood
island is located (Fig. 1A–C and SI Appendix, Figs. S2C andE–G′
and S3 G–J). A ventral view of these embryos shows a V-shaped
GFP expression domain that is very similar to the pattern of the
hematopoietic marker genes SCL, GATA1, and T3-globin (SI
Appendix, Fig. S3 L and M). Transverse sectioning of a stage-32
embryo shows that the GFP signal is localized in both the ventral
mesoderm and the overlying epidermis (Fig. 1B). WISH with
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a GFP probe was used to detect expression in the earlier embry-
onic stages. dGFP transcripts were detected throughout the ven-
tral region of postneurulation embryos (SI Appendix, Fig. S3G)
both before and after stage 15, at which the first hematopoietic
stem cell marker SCL can be detected (10). The first GFP signal in
the precursor of the VBI was detected in bisected gastrula stage
embryos at about stage 12.5 in the leading edges of the anterior
leading edge endomesoderm and the ventral mesoderm, which
meet at this stage (SI Appendix, Fig. S4). In addition, the overlying
ventral ectoderm (VE) also showed expression of GFP. This indi-
cates that Wnt/β-catenin signaling is already activated within the
mesoderm of the future VBI and in the VE during hematopoietic
commitment and before formation of the hemangioblast. The ven-
tral GFP signal disappeared in an anterior-to-posterior wave at the
time when the embryonic heart starts to beat around stage 35.
However, GFP-positive cells at this and later stages were seen to
leave the ventral blood island through the lateral vittelline veins and
to enter the blood circulation network (Fig. 1C and Movie S1).
Microscopic analysis of blood collected from stage-37 embryos
showed the presenceofGFP-positive cells thatweremorphologically
identified as erythrocytes (Fig. 1D). GFP transcript and protein were
also detected at the dorsal lateral plate mesoderm (DLPM) from
stage22onward (Fig. 1AandSIAppendix, Figs. S2CandS3GandH).
TheDLPM is themesodermal tissue that later differentiates to form
the pronephric anlage, the pronephric duct, and the DLP, a source
for definitive hematopoietic cells.
Prompted by the results in Xenopus embryos, we reinvestigated

the expression of a Wnt-reporter in transgenic mice. Embryos were
obtained from the BAT-GAL mouse (11) at different days post-
coitum and stained for β-gal activity. The extraembryonic meso-
derm that forms the blood islands in the yolk sac of E8.5 embryos
showed strong activation of the Wnt-reporter gene (Fig. 1E). The
analysis of transgenic Wnt-reporter frogs and mice show that the
Wnt/β-catenin pathway is active at the site of primitive hemato-
poiesis in both Xenopus and mouse as well as at the site of de-
finitive hematopoiesis in Xenopus.
Having determined that canonical Wnt/β-catenin signaling is

active in the VBI and overlaps with the expression of several
hematopoietic marker genes, we next sought to identify the Wnt
ligand responsible for the pathway’s activation. Interestingly,
a paper focusing on the role of Wnt4 in the formation of the
pronephros also documented the presence of Wnt4 mRNA in

a region probably corresponding to the VBI (12). Repeating the
WISH with a Wnt4 probe in bisected gastrula stage embryos,
we detected Wnt4 mRNA in the leading edge of the anterior
endomesoderm, which migrates on the roof of the blastocoel to
meet the ventral mesoderm to form the VBI (SI Appendix, Fig.
S4). Wnt4 mRNA was further present in the VBI of stage 21
Xenopus laevis embryos in a region posterior to the cement gland
and corresponding to the expression domain of SCL at this stage
(Fig. 2A) and was detected at least until stage 34 (Fig. 2 E–G).
Also in tailbud stage embryos, vibratome sections showed that
Wnt4 mRNA is localized in the mesoderm but is absent from the
overlying ectoderm (Fig. 2 B, D, and H). Wnt4 transcripts are
also present in the DLP region (Fig. 2 B, C, and E).
We assessed the effect of Wnt4 depletion on the formation of

the VBI by using the morpholino (MO) that had been carefully
characterized in the original paper by Saulnier et al. (12). In-
jection of Wnt4 MO induced the loss of dGFP expression in the
region of the VBI in the Wnt-reporter embryos (Fig. 3A, Upper).
Concomitantly, expression of the erythroid marker gene αT3-
globin was lost (Fig. 3A, Lower). As Wnt4 expression is not re-
stricted to the VBI, general Wnt4 depletion also affected the
overall morphology of the embryo, especially the head region,
where it is expressed abundantly in the brain (13). Hence we
targeted the region of the embryo that contributes to the me-
sodermal compartment of the VBI, in which Wnt4 mRNA is
expressed. In Xenopus this compartment has a dual origin. The
anterior part (aVBI) is derived from the dorsal mesoderm and
can be traced back to blastomeres C1 and D1 of 32-cell stage
embryos (14). In 16-cell stage embryos, this region can be tar-
geted by injecting the CD1 blastomere (also called the D2.1). In
contrast, the posterior mesodermal compartment of the VBI
(pVBI) originates in the ventral-most mesoderm and can be
targeted by injecting the CD4 blastomere. Injecting the Wnt4
MO in the CD1 blastomeres resulted in loss of the marker genes
SCL, LMO2, and αT3-globin, especially in the aVBI (Fig. 3B and
SI Appendix, Fig. S5, arrowheads, and Table S2). In contrast,
injection of the Wnt4 MO in the CD4 blastomeres affected
marker gene expression most strongly in the pVBI (Fig. 3B and
SI Appendix, Fig. S5, arrows). Furthermore, targeted knockdown
of Wnt4 in V2 blastomeres of embryos at the eight-cell stage,
which gives rise to the tissue generating the DLP (14) also
resulted in loss of SCL and LMO2 expression at the DLP (SI
Appendix, Fig. S6A, arrows).
To evaluate the specificity of the MO and its effects on the

VBI, we performed rescue experiments. Coinjection of the Wnt4
MO with a synthetic Wnt4 RNA (HA-Wnt4) that is insensitive to
the MO (12) rescued the reduction in the expression of the he-
matopoietic markers SCL and T3-globin from 86% (n = 45) to
22% (n = 36) (SI Appendix, Fig. S6B). These data indicate that
the defects in VBI formation seen with Wnt4 MO are specific.
Together, the expression pattern and the functional data show
that Wnt4 is the ligand required for formation of the VBI during
Xenopus development. Importantly, in the VBI, Wnt4 appears to
signal through the canonical Wnt/β-catenin pathway, and the
signal originates from the mesoderm.
Having determined that Wnt4 inactivation disrupts Wnt/

β-catenin signaling in a region corresponding to the VBI and
interferes with the expression of hematopoietic marker genes, we
wanted to investigate whether we could disrupt VBI formation
by using the dexamethasone (Dex)-inducible Wnt-interfering
construct EnR-LEFΔN-GR (further called EnR) (15). The ad-
dition of Dex at stage 13 resulted in prominent reduction of the
hematopoietic marker gene SCL (Fig. 4A, Lower). Even when
the Wnt-interfering construct was activated at later stages (stage
20), the erythrocyte markers SCL and T3-globin were still re-
duced (Fig. 4B). To identify the tissue in which activation of the
canonical Wnt signaling is required, EnR RNA was injected in
specific blastomeres, and Dex was added to the embryos at stage
11.5. Embryos injected in the CD1 blastomeres showed loss of
hematopoietic marker expression in the aVBI (Fig. 4C and SI
Appendix, Fig. S7, Left, arrowheads, and Table S3). Likewise,

Fig. 1. Wnt/β-catenin signaling is active in the ventral blood island of Xen-
opus and in the yolk sac mesoderm of mouse embryo. (A–D) Expression of the
d2EGFP protein in transgenic embryos carrying the Wnt/β-catenin reporter
construct. (A) GFP is expressed in the DLP mesoderm and the VBI, from which
definitive and primitive blood cells originate, respectively. (B) Transverse
section of a stage-32 embryo (dashed line in E) shows high levels of Wnt
activity in the VBI (indicated by mes) and also in the overlying ectoderm (ect).
(Inset) DAPI staining of the section. (C) Stage 37 embryos show GFP-
expressing blood cells leaving the VBI through the vitelline veins and circu-
lating in the posterior cardinal vein (arrowhead) and throughout the whole
body. (D) GFP-expressing and DAPI-stained individual erythrocytes collected
from stage-37 embryos and viewed with confocal microscope. (E) Detection
of Wnt/β-catenin signaling in E8.5 embryo of BAT-Gal Wnt-reporter mouse.
Strong β-gal activity is visible in the embryo proper (lower left half) and in the
extraembryonic mesoderm that forms the blood islands in the yolk sac (ar-
rowhead). No activity is seen in the surrounding visceral endoderm (arrow).
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targeting the CD4 blastomeres reduced the expression of these
markers in the pVBI (Fig. 4C and SI Appendix, Fig. S7, Middle,
arrows). This shows that canonical Wnt signaling is required in
the mesodermal compartment of the VBI, i.e., where the Wnt4
ligand is expressed. In addition, we found that injection of EnR
RNA in A4 blastomeres also resulted in reduced expression of
the hematopoietic markers. Note that most of the signal of the
aVBI disappeared but only the anterior part of the pVBI was
affected. Fate-mapping experiments have shown that the A4
blastomeres contribute to the epidermis that, during gastrula-
tion, overlies the blood-forming mesoderm of the entire aVBI
and part of pVBI (16). Combining the data on the Wnt-reporter
with the results of the targeted injection of the inducible Wnt-

interfering construct indicates that hematopoietic commitment
requires Wnt/β-catenin signaling during gastrulation both in the
mesoderm of the future VBI and in the overlying ectoderm. In
addition, at later embryonic stages, Wnt/β-catenin signaling is
also required for erythrocyte differentiation or survival.
We wondered whether endothelial development was also de-

pendent on Wnt4-mediated signaling. R-spondin 3 (Rspo3), a se-
creted ligand that can also activate theWnt/β-catenin pathway, was
recently shown to be required for endothelial differentiation, ac-
tually at the expense of erythrocyte differentiation (17). Expression
of Rspo3 and the endothelial marker Xfli1 was slightly reduced in
Wnt4 morphant embryos (SI Appendix, Fig. S8). This indicates that
Wnt4 signaling is also required for vascular development.
Examining the data on the Wnt-reporter together with the

results of the functional studies using our inducible Wnt-interfering
construct led us to think that Wnt/β-catenin signaling could play
a role both in the mesoderm of the VBI and in the overlying ec-
toderm. Several reports have documented the involvement of
BMP expression in the ectoderm for the induction of the VBI (18–
20). Hence, we wondered whether, during the stages of hemato-
poietic commitment, crosstalk exists between the Wnt4 expressed
in the mesoderm and the BMP expressed in the overlying ecto-
derm. We injected CD1 blastomeres, which contribute to the an-
terior endomesoderm (AEM), with Wnt4 or control (Co) MO. At
the onset of gastrulation (stage 10+), we explanted the zone of
AEM and recombined the tissue with noninjected (NI) VE, which
later in development normally overlies the AEM during VBI for-
mation (Fig. 5A). Next, we analyzed gene expression by quantita-
tive PCR (qPCR) at stage 15 or by WISH at stage 32 (SI Appendix,
Fig. S9). Compared with CoMO(AEM)/NI(VE) recombinants,
expression of BMP4 was strongly diminished in Wnt4 MO(AEM)/
NI(VE) recombinants, concomitant with a reduction of the he-
matopoietic markers SCL and T3-globin (Fig. 5B and SI Appendix,
Fig. S9). This indicates that, during gastrulation, BMP4 expression
in the ectoderm is dependent on Wnt4 secreted from the meso-
derm. Strikingly, Wnt4 transcript levels were also significantly re-
duced in the explant recombinants, suggesting that Wnt4 maintains
itself in an autocrine or paracrine loop.
Because the formation of the VBI required Wnt/β-catenin

signaling both in the mesoderm and in the ectoderm (Fig. 4C),
we wondered whether inhibiting Wnt signaling in the ectoderm
affects the expression of BMP4. We combined the VE of em-
bryos injected with the Wnt-interfering construct EnR with the
AEM of noninjected (NI) embryos, treated the combined ex-
plants with Dex at stage 11+, and harvested them for RNA
extraction and qPCR at stage 15. Dex treatment strongly reduced
BMP4 expression in the explants (Fig. 5C). Therefore, as Wnt
signaling activity is required in the ectoderm proper, this implies
that Wnt secreted from the mesoderm signals directly to the
overlying ectoderm and does not act indirectly, e.g., via the se-
cretion of another paracrine factor from the mesoderm. We
wondered whether the BMP4 gene could be a direct target of the
Wnt/β-catenin signaling pathway. So we injected embryos with

Fig. 2. WISH analysis of Wnt4 mRNA expression in the VBI
and DLP in Xenopus embryos. (A–D) Wnt4 transcripts are
observed in the neural plate and in the VBI and DLP me-
soderm in stage-21 embryos. (B) Transverse section at site
indicated by dashed line in A. (C ) Closer view of dorsolat-
eral and ventral regions (D). Wnt4 signal is clearly excluded
from overlying ectoderm (C and D). Wnt4 transcripts in DLP
are sustained in embryos at stage 25 (E ) and restricted to
pronephric region in embryos at stage 28 (F ) and stage 34
(G). Wnt4 is clearly expressed in VBI (E–H) and specifically
in the mesodermal layers (arrowhead in H), but not in
overlying ectoderm (arrow in H). Wnt4 is also expressed in
the brain, branchial arches, and lateral plate mesoderm
(arrowhead in C ). dlp, dorsal lateral plate, dlpm, dorsal
lateral plate mesoderm; ecto, ectoderm; endo, endoderm;
hb, hindbrain; hend, hepatic endoderm; mb, midbrain; mhb, midbrain–hindbrain boundary; meso, mesoderm; np, neural plate; nt, neural tube; pt,
pronephric tubules; vbi, ventral blood island.

Fig. 3. Depletion of Wnt4 affects formation of VBI. (A) Wnt-reporter em-
bryos were injected at two-cell stage with 10 ng Co MO or Wnt4 MO in
marginal zones, cultured to stage 32, and hybridized in situ with probes for
dGFP and blood marker T3-globin (T3). Wnt4 morphant lost most of the GFP
and T3-globin signals at the VBI. GFP transcripts were totally abolished at the
DLP in Wnt4-depleted embryos (Right, arrowhead). Note that the GFP signal
in the morphant embryo was also abrogated in the branchial arches (Upper
Right, arrows) and lateral plate mesoderm area, which normally show
abundant Wnt4 expression (Fig. 2G, arrow and arrowhead). (B) Targeted
depletion of Wnt4 at CD1 or CD4 blastomeres (Upper, highlighted) by in-
jection of Wnt4 morpholino ablates expression of hematopoietic cell
markers SCL and T3-globin (violet blue) in corresponding VBI compartments.
Arrowheads and arrows indicate aVBI and pVBI, respectively. Cytoplasmic
β-gal RNA was coinjected as a lineage tracer (cyan blue).
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a Dex-inducible Wnt-mimicking chimeric construct, LEFΔN-
VP-16-GR, which we previously characterized (21). Embryos
were treated with Dex to activate the construct and cultured for 2
h in the absence or presence of the translation-blocker, cyclo-
heximide (CHX). Quantitative RT-PCR analysis of RNA
extracted from these embryos showed that expression of BMP4
and Msx1, the latter of which is a direct Wnt-target gene, were
both induced by the Wnt-mimicking construct. However, Msx1
was induced in the presence of CHX, but BMP4 was not (SI
Appendix, Fig. S10). These data show that BMP4 is not a direct
target gene of the Wnt/β-catenin pathway.
To delineate the window for VBI induction during which the

Wnt4-expressing mesoderm needs to interact with the ectoderm
it encounters during late gastrulation, we made combined
explants of AEM and VE at stage 10.5 but separated the tissues
at stage 11.5 or 12.5 (SI Appendix, Fig. S11). The brief coculture
of AEM and VE (from stage 10.5 until stage 11.5) was sufficient

to induce expression of BMP4 in the VE explants and SCL in the
AEM. Neither gene was activated when expression of the Wnt4
MO was targeted to the AEM or when EnR RNA was expressed
in the VE and activated at stage 10.5.
At the onset of zygotic transcription in Xenopus, Wnt/β-catenin

signaling is known to inhibit the activity of the Spemann Organizer,
which flanks the AEM. Hence, in our explant assays, loss of Wnt
signaling in morpholino-injected AEM explants might have resul-
ted in a stronger organizer activity leading to increased inhibition
of BMP4 expression in the VE. Therefore, we analyzed the expres-
sion of organizer genes Goosecoid, Nodal-related 3, and Chordin in
AEM injected with CoMOorWnt4MO.The expression of none of
these threemarker genes was increased upon the depletion ofWnt4
in theAEM(SIAppendix, Fig. S12), whichmakes it unlikely that the
decrease of BMP4 expression in theWnt4 knockdown is an indirect
result of stronger organizer activity.
To analyze whether the expression of Wnt4 in the mesoderm is

dependent on a BMP signal from the ectoderm, we made explant
recombinations in which the mesoderm was injected with RNA
encoding an inducible BMP-interfering ER-Xsmad6 construct.
This construct is inactive in the absence of hormone, but its acti-
vation by estrogen enables it to interfere with BMP signaling (19).
We found that SCL expression was reduced when BMP signaling
was impaired in the mesoderm but that expression ofWnt4 was not
affected (Fig. 5D). This indicates that the expression ofWnt4 in the
mesoderm is not dependent on BMP signals from the ectoderm.
Together, our results show that, during hematopoietic com-

mitment, Wnt4 ligands from the mesoderm signal directly to the
overlying ectoderm to induce the expression of BMP4. In addi-
tion, Wnt/β-catenin signaling is also required in the mesoderm to
maintain Wnt4 expression. Finally, Wnt4 expression in the me-
soderm is not dependent on BMP signaling. One of the impli-
cations of our data is that the impairment of hematopoietic
commitment observed upon Wnt interference could be rescued
by ectopic expression of BMP4 in the ectoderm overlying the
mesoderm of the VBI. Indeed we showed, in combined explant
cultures, that the reduced expression of SCL observed upon
ectodermal expression of the Wnt-interfering EnR construct is
rescued when BMP4 is coexpressed in the ectoderm (Fig. 5E).

Discussion
We designed a Wnt-reporter construct based on multiple Lef1/
TCF binding sites combined with a minimal promoter TATA box
and destabilized GFP as the reporter. Insulator elements were
incorporated to overcome mosaic expression due to variation and
variegation as well as to enhance expression of the reporter gene.
We showed that transgenic Xenopus tropicalis embryos that in-
tegrated the bin8Lef-dGFP construct reflect all known domains of
Wnt/β-catenin signaling activity during early development of
Xenopus (SI Appendix, Figs. S2 and S3 and Table S1). A detailed
description and discussion of the different GFP patterns is given in
SI Appendix, SI Text. The Wnt-reporter X. tropicalis embryos
revealed active Wnt/β-catenin signaling in the VBI and in the
primitive erythrocytes. We identified Wnt4 as the ligand that is
expressed in the VBI of developing embryos and determined that
it is required for its formation. Importantly, within the VBI, Wnt4
seems to act through canonical Wnt signaling because its knock-
down suppresses the GFP signal in the VBI of Wnt/β-catenin
reporter Xenopus embryos. Although we focused our study on the
role of Wnt4 in the development of the VBI, we noticed that
Wnt4 is also expressed in the dorsal lateral plate mesoderm
(DLPM) and that Wnt4 depletion in the presumptive DLPM
abolished the expression of SCL and LMO2. The DLPM is the
common precursor of the pronephric duct and the dorsal lateral
plate (DLP), which is the source of the first definitive blood cells
that colonize the tadpole liver (2). Therefore, Wnt4 appears to be
important not only for regulating primitive hematopoiesis but also
for definitive hematopoiesis in Xenopus embryos.
We explored further the spatial and temporal requirements

for Wnt/β-catenin signaling in regulating the process of VBI
induction and its development. By using an inducible Wnt-

Fig. 4. Wnt/β-catenin signaling is required in both ectoderm and mesoderm
for formation of VBI. (A) Global inhibition of Wnt/β-catenin signaling re-
duced expression of the hematopoietic marker gene SCL in VBI. Embryos
were injected at the two-cell stage with 0.5 ng RNA of Wnt-inhibiting con-
struct EnR and cultured in the absence or presence of Dex from stage 13
onward, and then assayed for SCL expression by WISH at stage 20 or 24.
Ratio in lower right corner indicates proportion of embryos that had the
phenotype shown in the picture. (B) Global inhibition of Wnt signaling just
before differentiation of erythrocytes still reduces erythrocyte differentia-
tion or survival. Embryos were injected as above and cultured in the absence
or presence of Dex from stage 20 onward. Embryos were assayed by WISH
for SCL and T3-globin (T3) at stages 25 and 32, respectively. (C) Embryos were
injected at the 16-cell stage in CD1, CD4, or A4 blastomeres (as indicated on
top) and with 100 pg RNA of EnR and 10 pg RNA of cytoplasmic β-gal as lin-
eage tracer. Embryos were treated with Dex during gastrulation (stage 11.5).
SCL was completely abrogated in Dex-treated embryos, regardless of injection
site. CD4-injected embryos lost T3 expression completely at pVBI (arrows),
whereas CD1-injected embryos show only partial loss of T3 gene expression in
aVBI (arrowheads). Domain of T3 down-regulation in both cases was extended
to neighboring compartment, i.e., beyond β-gal boundary. Inhibition of Wnt
signaling in ventral ectoderm (A4 descendants) during gastrulation resulted in
overall down-regulation of T3 expression.
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interfering construct (15), we demonstrated that Wnt/β-catenin
signals are required throughout the development of the VBI. We
provide evidence that Wnt/β-catenin signaling is needed for the
commitment and differentiation of hematopoietic cells after the
specification of the mesoderm toward the hematopoietic cell
fate. It has been shown that aVBI and pVBI originate from
dorsal and ventral lateral mesoderm (14), respectively, and that
during gastrulation the two compartments require BMP signaling
in the ectoderm and in the mesoderm itself for their induction
and maintenance (18–20). The expression of blood markers was
down-regulated throughout the whole VBI when Wnt/β-catenin
signaling was inhibited in the ectoderm at gastrulation, indicating
that Wnt4 delivers signals from the mesoderm to the ectoderm
during gastrulation to induce formation of the ventral blood
island. However, Wnt/β-catenin signaling is also required in the
mesoderm proper for the differentiation or maintenance of the
hematopoietic population in the VBI. The latter data are in line
with the continuous presence of a GFP signal in the VBI and in
the mature circulating primitive blood cells in Wnt/β-catenin
reporter embryos. In addition, we found that Wnt4 positively
regulates its own expression and thereby forms a positive in-
duction loop in the mesoderm. A model summarizing these
results is presented in Fig. 5F.
Different lines of evidence have demonstrated the role of

ectodermally expressed BMP in regulating hematopoeisis in
Xenopus embryos (22). Using explant combinations, we here
show that BMP4 expression in the ectoderm is dependent on
Wnt4 expression in the mesoderm. Furthermore, inhibiting Wnt/
β-catenin signaling in the ectoderm also resulted in BMP4 down-
regulation, and the concomitant reduced expression of SCL
could be rescued by ectopic ectodermal expression of BMP4.
These data suggest that Wnt/β-catenin signaling regulates he-

matopoietic commitment by directly and non–cell-autonomously
modulating BMP4 in the ectoderm (Fig. 5F). Our data agree
with recent evidence obtained from murine ES cell cultures
modeling primitive and definitive hematopoietic programs (7).
In these studies, β-catenin, BMP, and Activin signaling syner-
gized to regulate the formation of Flk1+ mesoderm, which has
hematopoietic potential, and β-catenin signaling was required for
specification of the primitive erythroid lineage (7). However, our
data conflict with a similar report by Lengerke et al., who also
found a role for both Wnt and BMP signaling in primitive blood
formation but put Wnt signaling downstream of BMP signaling
(8). In any case, our study provides conclusive direct evidence for
the involvement of Wnt/β-catenin signaling in the induction and
maintenance of the primitive hematopoietic program in vivo.
Although we here describe the activation of a Wnt/β-catenin

reporter in the yolk sac mesoderm of E8.5 mouse embryos, there
is currently no evidence to support a role for the Wnt4 ligand in
the formation of the primitive blood in mammals. Although
Wnt4 transcripts are expressed in the yolk sac (23), the Wnt4
knockout mouse does not manifest a hematopoietic phenotypic
abnormality indicating the involvement of another Wnt ligand
(24, 25). As for the interplay between Wnt and BMP signaling
during the induction of hematopoiesis, both pathways might in-
teract in the mouse as well. However, in contrast to Xenopus,
there is no ectodermal layer overlying the yolk sac mesoderm,
but BMP2 and BMP4 are expressed in the yolk sac mesoderm
proper (26). The visceral endoderm overlies the mesoderm, but
it neither expresses BMPs nor shows Wnt-reporter activity (our
current results). Hence, whereas primitive blood formation in
Xenopus requires paracrine Wnt- and BMP-based signaling be-
tween adjacent tissues, in the mouse this signaling might act
within the yolk sac mesoderm proper.

Fig. 5. Mesodermal Wnt4 regulates primitive he-
matopoiesis by modulating BMP4 in ectoderm during
gastrulation. (A) Schematic representation of tissue
recombinations with anterior endomesoderm (AEM)
and ventral ectoderm (VE) used in the quantitative
RT-PCR (qPCR) experiments. Embryos were injected at
the two-cell stage and explant combinations were
carried out at stage 10+ and qPCR assay at stage 15.
(B) Mesodermal Wnt4 is required for BMP4 expression
in the AEM explant. AEM of embryos injected with
Wnt4 MO or Co MO were recombined with VE of
embryos injected with Co MO and assayed for SCL,
BMP4 and Wnt4 expression by qPCR. All three genes
were down-regulated following Wnt4 depletion. (C)
Blocking Wnt/β-catenin signaling in the VE down-
regulates ectodermal BMP4. Embryos were injected
with 0.5 ng RNA of EnR in animal area. VE was excised
and combined with AEM of NI embryos, and the
combined explants were cultured from stage 11 on-
ward in the presence (+Dex) or absence (-Dex) of Dex.
Both BMP4 and SCL were down-regulated upon in-
hibition of Wnt signaling in the ectoderm. (D)Wnt4 is
not a target of BMP signaling. Embryos were injected
in marginal zones at two-cell stage with 2 ng RNA of
ER-Xsmad6 (Smad6). AEM of injected embryos were
combined with VE of NI embryos, and combined
explants were cultured with E2 (+E2) or without E2
(-E2) from stage 11. SCL and BMP4 were suppressed
upon Smad6 activation, but Wnt4 expression was
unaffected. (E) Resubstitution of BMP4 rescues
expression of hematopoietic marker SCL in Wnt-
repressed embryos. Embryos were injected with Wnt4 MO or EnR, and explant combinations were carried out as in B and C. For rescue experiment, EnR was
coinjected with 3 ng BMP4 RNA in animal region of embryos at two-cell stage. Combined explants were cultured in the presence of Dex from stage 11
onward. Expression of SCL was rescued by ectopic BMP4 almost to level of control untreated explants. Hex expression was assayed as an internal control for
the amount of endo-mesodermal tissue being explanted. All values in B–E are averages of triplicate reactions normalized to expression of housekeeping
genes EF1α and ornithine decarboxylase (ODC). Error bars represent SD. (F) Model showing communication between mesodermal Wnt4 and ectodermal
BMP4 during gastrulation leading to induction of hematopoietic program in VBI (detailed in Discussion). Indicated in red are interactions involved in in-
duction of primitive blood that have already been documented in Xenopus. In green are previously uncharacterized factors and interactions that were
identified in our study. Question mark refers to requirement for Wnt signaling in mesoderm (Fig. 4); we do not know whether this interaction is direct.

16164 | www.pnas.org/cgi/doi/10.1073/pnas.1007725107 Tran et al.

www.pnas.org/cgi/doi/10.1073/pnas.1007725107


Although we found a biphasic role for Wnt/β-catenin signaling
during blood formation in Xenopus, i.e., an early role for he-
matopoietic commitment during gastrulation and a role in ery-
throid differentiation or maintenance after the formation of the
hemangioblast, the situation in the mouse might be different.
The Wnt reporter was induced continuously in Xenopus until the
stage of circulating blood cells, but the window of reporter ac-
tivation in the blood islands in the yolk sac of the BAT-GAL
mouse was much narrower (between E7.5 and E8.5). A similar
narrow window of Wnt activation was reported in early mouse
embryos stained with an antibody recognizing activated β-catenin,
and the use of ES cell differentiation protocols has also indicated
that Wnt/β-catenin is required for hemangioblast formation but
needs to be inhibited for erythroid differentiation (27). Hence,
we believe that the role of Wnt/β-catenin signaling in the mouse
might be restricted to hematopoietic commitment and heman-
gioblast formation. It was also reported recently that in Xenopus,
R-spondin 3, which is an activator of Wnt/β-catenin signaling, is
expressed in the VBI and induces VEGF; this situation favors
endothelial differentiation while repressing erythroid differen-
tiation (17). Thus far, we cannot reconcile these data with our
results. One possible explanation is that Wnt acts as a morphogen
in the VBI, and that specific levels of Wnt/β-catenin signaling
activity are required for blood versus endothelial differentiation.
Hence, Rspo3 could act synergistically with the Wnt4 protein to
increase signaling to a level that might be required for endothelial
differentiation in the VBI. However, this is pure speculation, and
further studies are needed to clarify this apparent discrepancy.
In summary, our study provides unique evidence for the in-

volvement of Wnt/β-catenin signaling in the induction and
maintenance of the primitive hematopoietic program in Xenopus
embryos. We identified Wnt4 as the ligand expressed in the
mesodermal compartment and regulating these processes by
modulating BMP4 expression in the overlying ectoderm in
a non–cell-autonomous manner. In addition, we report that Wnt/

β-catenin expression is required in the mesoderm to maintain
Wnt4 expression in a positive induction loop.

Materials and Methods
RNA/Morpholino Injection and Transgenesis. Eggs from X. laevis were col-
lected, fertilized, and injected as described elsewhere (15). X. tropicalis
embryos were collected from natural mating couples and dejellied in 3%
cystein in 1× MMR buffer. Embryos were injected while submerged in 0.1×
MMR/6% Ficol and cultured at 22 °C. Wnt4 MO (as described by Saulnier
et al. (12), and control MO (Gene Tools) were injected at the doses indicated
in the figure legends (Fig. 3). Capped RNA encoding pEnR (15), Wnt4-HA
(12), and ER-Smad6 (19) was synthesized by using SP6 RNA polymerase.
Transgenesis was performed as described by Sekkali et al. (9).

WISH. Embryos were grown to the desired stages, fixed in 1× MEMFA (0.1 M
Mops, pH 7.4, 2 mM EGTA, 1 mM MgSO4, and 3.7% formaldehyde) for 1 h at
room temperature and processed for β-gal staining. The embryos were
washed several times in 1× PBS and histochemically stained at 37 °C in 1× PBS
containing 5 mM K3Fe(CN)6, 5 mM K4Fe(CN)6, 2 mM MgCl2, and 1 mg/mL X-
gal. The embryos were then were washed in 1× PBS, refixed for 1 h in 1×
MEMFA, dehydrated in 100% methanol, and either stored at –20 °C or
processed immediately for WISH. XWnt4 (12), αT3-globin, SCL, and LMO2
(28) probes were generated, and WISH was performed as described.

Additional details on materials and methods are provided in SI Appendix,
SI Text.
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