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Understanding how hematopoietic stem cells (HSCs) are generated and the signals that
control this process is a crucial issue for regenerative medicine applications that require
in vitro production of HSC. HSCs emerge during embryonic life from an endothelial-like

cell population that resides in the aorta-gonad-mesonephros (AGM) region. We show here
that B-catenin is nuclear and active in few endothelial nonhematopoietic cells closely
associated with the emerging hematopoietic clusters of the embryonic aorta during mouse
development. Importantly, Wnt/B-catenin activity is transiently required in the AGM to
generate long-term HSCs and to produce hematopoietic cells in vitro from AGM endothelial
precursors. Genetic deletion of B-catenin from the embryonic endothelium stage (using
VE-cadherin—Cre recombinase), but not from embryonic hematopoietic cells (using Vav1-Cre),
precludes progression of mutant cells toward the hematopoietic lineage; however, these
mutant cells still contribute to the adult endothelium. Together, those findings indicate
that Wnt/B-catenin activity is needed for the emergence but not the maintenance of HSCs

in mouse embryos.

Hematopoietic stem cells (HSCs) are generated
during embryonic life from the hemogenic
endothelium of specific arterial vessels (Dzierzak
and Speck, 2008). Studies in different organisms
have demonstrated that the first embryonic site
that generates HSCs is the dorsal aorta that is
surrounded by the gonad and mesonephros
(aorta-gonad-mesonephros [AGM]; Medvinsky
and Dzierzak, 1996). More recently, cell-tracing
studies have demonstrated that HSCs derive
from endothelial-like precursors that express
VE-cadherin (VEC; Zovein et al., 2008) as well
as Runx1 (Chen et al., 2009). Important progress
has been made in the understanding of regulatory
signals that govern the emergence of HSCs.
Some of the signals required for both adult BM
HSCs and embryonic hematopoiesis include
the cytokine IL-3 and the transcription factors
such as GATA2 and SCL (Robin et al., 2006).
However, other signals, including those mediated
by the Notch receptor, are specifically required
for embryonic hematopoiesis (Kumano et al.,
2003; Robert-Moreno et al., 2005, 2008) and
not essential for BM HSC (Radtke et al., 1999;
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Maillard et al., 2008). There is also strong evi-
dence that Notch, Wnt, and BMP pathways col-
laborate to generate HSC in the zebrafish embryo
and also regulate hematopoietic development
from embryonic stem cells (ESCs; Burns et al.,
2005; Lengerke et al., 2008; Yu et al., 2008;
Clements et al., 2011).

Wnt is an important regulator of multiple
aspects of embryonic development. However,
there is as yet no evidence for its involvement
in the onset of hematopoiesis in mammals. The
Wnt ligands comprise 19 highly glycosylated
secreted proteins that function by associating
with the frizzled receptors and the low density
lipoprotein receptor protein co-receptors. Upon
binding, Wnt signaling triggers different down-
stream responses dependent on B-catenin (also
known as the canonical pathway), JNK, or PKC
(also known as noncanonical pathways). Non-
canonical pathways do not stabilize 3-catenin;
rather, they activate G protein complexes and
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increase Ca* or Rho/Rac GTPases to activate JNK (Malhotra
and Kincade, 2009). The canonical pathway instead is charac-
terized by the inhibition of glycogen synthase kinase 3 B
(GSK3-B)—dependent phosphorylation of B-catenin, thus
blocking its degradation and resulting in its nuclear translo-
cation and activation of [-catenin/TCF-responsive genes.
Inhibition of GSK3-f activity is mediated by dishevelled and
involves the disruption of a catalytic complex (also known
as the destruction complex) formed by Axin, adenomatous
polyposis coli (APC), casein kinase I, and GSK3-f3. Whether
Wnt/B-catenin is required for maintaining adult HSCs is
controversial; whereas conditional deletion of B-catenin (using
Vav1-cre), its inhibition by Dickkopf 1 (DKK1), or Wnt3a
deficiency in HSC impairs self-renewal (Reya et al., 2003;
Fleming et al., 2008; Luis et al., 2009), inducible deletion of
B /7y-catenin genes in BM does not have such effect (Jeannet
et al., 2008; Koch et al., 2008). In contrast, ectopic activation
of Wnt/B-catenin in vitro enhanced HSC activity, and it was
initially interpreted as an effect on HSC expansion (Reya
et al., 2003; Goessling et al., 2009). More recently, it has been
shown that gain-of-function mutations of [-catenin in vivo
result in the exhaustion of this compartment (Kirstetter et al.,
2006; Scheller et al., 2006; Renstrom et al., 2009; Lane et al.,
2010). Altogether, this suggests that a delicate balance of the
Wnt/B-catenin activity is required to maintain HSC integrity
(Malhotra and Kincade, 2009).

Although Wnt has been shown to be important for HSC
specification in the zebrafish AGM (Goessling et al., 2009),
nothing is known about its role in the generation, amplification,
or maintenance of HSCs in the mammalian embryo. To inves-
tigate this possibility, we have now extensively characterized
different subpopulations of the aorta/AGM endothelium for
the activation status of Wnt/-catenin. We also studied the
effect of B-catenin intervention to generate HSCs and show
that Wnt/[B-catenin activity is transiently required in the AGM
to generate long-term HSCs. Finally, we demonstrate that
[3-catenin is required in the embryonic VEC-expressing cells
to contribute to the adult hematopoiesis.

RESULTS

Wnt/B-catenin activity is restricted to few endothelial
nonhematopoietic cells in the AGM

The AGM region contains different subtypes of endothelial
and hematopoietic precursors at different stages of differen-
tiation toward definitive cells of these lineages. Cells with
hematopoietic traits that emerge in clusters from the aorta
endothelium can be distinguished from the rest of endothelial
cells by the expression of the c-kit receptor (CD117; Yokomizo
and Dzierzak, 2010), whereas cells already determined to the
hematopoietic lineage, including HSCs, are identified by the
expression of CD45. To investigate the mechanisms regulat-
ing the endothelial to hematopoietic transition, we compared
the expression profile of two endothelial-like cell popula-
tions of the AGM based on ¢-kit expression: 31K~ (CD31*
c-kit™CD457) and 31K* (CD31*c-kit*CD457; Fig. 1 A). We
found that several Wnt family genes were highly enriched in
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the 31K~ population compared with 31K* (Fig. 1, B and C).
Moreover, several Wnt genes, including Wnt3a, are expressed
in the endothelium and hematopoietic clusters of E10.5 AGM
(unpublished data). Thus, we investigated the activation sta-
tus of the Wnt/f-catenin pathway in nonmanipulated AGMs
using the 8E7 antibody, which detects the nonphosphory-
lated form of B-catenin (directed to Ser37 and Thr41) and
recognizes nuclear active -catenin (ABC; Staal et al., 2002).
By immunostaining with this antibody, we found a large ac-
cumulation of nonphosphorylated B-catenin in the cytoplasm
of most endothelial cells (Fig. 1 D) and in the nucleus of a few
cells at the base of the presumptive hematopoietic clusters
(Fig. 1 D, detail). By double immunostaining with anti—c-kit
antibody, we observed that cells containing nuclear 3-catenin
were c-kit™ but were closely associated with the c-kit* cells
(Fig. 1 E). In addition, these cells express the marker CD31
(Fig. 1 F) and are positive for anti—-galactosidase staining in
the TOPGAL reporter embryos, which is commonly used as
readout for Wnt/B-catenin activation (DasGupta and Fuchs,
1999; Fig. 1 G). Then, we sorted 31K~ and 31K* cells on
slides and performed immunofluorescence with the ABC
antibody. We detected nuclear B-catenin in 5.92 + 1.77% of
the 31K~ fraction (endothelial), whereas the 31K* (prehema-
topoietic) fraction was essentially negative (Fig. 1 H). These
results indicate that [3-catenin activation occurs in a CD31*
c-kit™ and CD45~ subpopulation of the aortic endothelium
localized at the base of the c-kit" hematopoietic clusters.

B-Catenin activity is required at embryonic day 10.5
(E10.5) to generate HSCs in the AGM

To functionally evaluate whether -catenin activity regulates
HSC generation in the AGM, we tested the effect of phar-
macological inhibitors or activators of the pathway on explant
cultures (Fig. 2 A, scheme). This culture system has been exten-
sively used to maintain and amplify the embryonic HSC pool
(Medvinsky and Dzierzak, 1996). As a [3-catenin activator,
we used the GSK3-f3 inhibitor SB216763 which stabilizes
[3-catenin at the protein level (Driessens et al., 2010), and as
inhibitor we used PKF-115-584 which blocks the inter-
action between B-catenin and TCF (Lepourcelet et al., 2004).
As control, we confirmed that SB216763-treated explants
showed increased levels of total and nuclear B-catenin (not
depicted) and higher expression of the B-catenin target
genes Axin2 and Lef1 (Fig. 2 B), whereas PKF-115 treatment
reduced EphB2 and CyclinD1 transcription (Fig. 2 B). We
found that B-catenin activation by SB216763 increased the
number of colony-forming cells (CFCs) in the explants,
which was statistically significant when considering BFU-E
(burst-forming unit erythroid) and CFC-Mix colonies. In
contrast, B-catenin inhibition led to a reduction of all CFC
types, although only CFC-GM (granulo-macrophage CFC)
reduction reached statistical significance (Fig. 2 C). We next
determined the capacity of these AGM explants to generate
colonies in the spleen 11 d after transplantation (CFU-S,;) as
a measure of the most undifferentiated myeloid progenitors.
We found that treating E10.5 AGMs with SB216763 resulted
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in a twofold increase in the number of CFU-S,;, whereas
PKF-115 reduced the number of these colonies by threefold
(Fig. 2 D). Interestingly, inhibiting B-catenin at E11.5 no longer
had any effect in the number of CFU-S,; progenitors (Fig. 2 E),
indicating a stage-dependent requirement for [3-catenin activity.
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Figure 1. Wnt/B-catenin activity is
restricted to few endothelial nonhemato-
poietic cells in the AGM. (A) Representa-
tion of the surface markers expressed in
CD31+ cells to illustrate different endothelial/
hematopoietic cell populations present in
the AGM region. 31K~, C31+c-kit~CD45~;
and 31K+, CD31+c-kit*CD45. (B) Wnt sig-
nature enrichment in the 31K~ cells com-
pared with 31K* in the E11.5 AGM. The heat
map represents fold change in differentially
expressed genes (P < 0.05). (C) Validation of
microarray data by gRT-PCR. Fold change is
shown as relative to 31K* population after
normalization by B-actin (n = 2 independent
experiments; mean + SEM). Significant dif-
ferences are indicated by asterisks (**, P <
0.01;** P <0.001; P > 0.05, unlabeled).

(D) Confocal images of a transverse section
of E10.5 AGM stained for nonphosphory-
lated ABC (green), with a detail of nuclear
staining in specific endothelial cells (bottom,
arrows). Bar, 100 um. (E) Details of confocal
images (E10.5) of hematopoietic clusters
with c-kit (red) and ABC (green). Arrows
point to nuclear staining at the base of
c-kit* cells. Bars, 25 um. (F) Detail of confo-
cal images (E10.5) with CD31 (red) and ABC
(green). Arrows point to nuclear staining of
CD31+ cells. Bar, 25 um. (G, top) Confocal
image of a transversal section of E11.5 AGM
from TOPGAL* embryo stained with anti-3-
galactosidase (green) and CD31 (red). Bar,
25 um. (G, bottom) Arrow points to a
CD31+TOPGAL* cell at the base of a cluster.
Bar, 75 um. (H) Details of confocal images
of 31K~ or 31K* sorted from E11.5 AGM
cells on slides and immunostained with ABC
(green), and a merged image with TOPRO-3
(bottom, blue). Bar, 75 pum. Also shown is a
zoom of a cell with nuclear staining (right;
n = 3 independent experiments, data shown
as mean + SEM of cell counts of at least
five unselected regions with >150 cells
counted). Nuclear staining with DAPI is
shown in D-G. Asterisks in D and E indicate
circulating cells (CD31~c-kit™) with ABC
nuclear staining. D, dorsal; V, ventral.

Finally, we investigated the possible
effect of B-catenin modulation in the
generation of HSCs by hematopoi-
etic reconstitution of lethally irradi-
ated mice, using single AGM explants
untreated or treated with the differ-

ent compounds. Our results showed that E10.5 AGM cells
showed a poor long-term repopulation capacity in the
control (one out of six) and PKF-115—treated (zero out of
seven) explants (Fig. 2 F left). However, when animals were
transplanted with 2 embryo equivalents (2 ee;2 AGM explants),
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Figure 2. B-Catenin activity is required to generate HSCs in the E10.5 AGM. (A) Procedure for AGM explant culture. SB216763 is a GSK3-B

inhibitor (B-catenin activator), and PKF-115-584 impairs the binding of B-catenin to TCF (B-catenin inhibitor). (B) gRT-PCR of B-catenin target genes
in AGM-treated explants. Results were normalized by B-actin expression and represented as fold increase over the DMSO explant (n = 3 independent
experiments, data shown as mean + SEM). (C) Clonogenic progenitors detected in E10.5 AGMs that were treated as indicated. Clonogenic progenitors
were analyzed in methylcellulose cultures. Bars show the mean + SEM of total hematopoietic progenitors types (CFC-GM, BFU-E, and CFC-Mix; n = 6

AGMs from two independent experiments). (D and E) Spleen images of CFU-

S,; obtained from animals transplanted with E10.5 (D) or E11.5 (E) 24-h AGM

explant cultures (DMSO n = 12, SB n = 6, and PKF-115 n = 8 for E10.5; DMSO n = 11 and PFK n = 8 for E11.5; n represents the number of AGM/spleen

per condition from at least three independent experiments). Zero to two co
of colonies per tissue is indicated. (F) Transplantation of B-actin~ GFP* E10
sured as the percentage of GFP* cells within the recipient hematopoietic (C

lonies were detected in irradiated noninjected control mice. The mean + SEM

.5 (left) and E11.5 (right) 24-h AGM-treated explants. Engraftment was mea-

D45*) compartment in peripheral blood (PB) after 16 wk. (G) Engraftment of

DMSO-treated or PKF-115-treated E10.5 AGM explants (2 ee) measured in PB 13 wk after transplantation. (H) Quantification of HSC activity by limiting
dilution transplantation performed in the CD45.1/CD45.2 system. Engraftment in PB at 16 wk after transplantation of E11.5 AGM explant (1, 0.5, or 0.25 ee)
treated with DMSO or SB216763. (1) Dot plot of representative analysis from transplanted animals in H. Single CD45.2+ cells are from the donor AGM,
single CD45. 1+ cells are from the recipient, and double CD45.1+/CD45.2* are from spleen cells used as hematopoietic support. (J) Engraftment measured

as the percentage of GFP+ cells within the CD45* compartment in PB at 16

wk after the secondary transplantation of AGM explant at E11.5 from F.

(F, G, H, and J) Each dot represents one recipient animal. Data are cumulative of at least three independent experiments. Significant differences are indi-
cated by asterisks (*, P < 0.05;*, P <0.01;*** P <0.001; P > 0.05, unlabeled).

we detected hematopoietic reconstitution from the control-
treated donor cells in three out of four recipients and HSC
activity was essentially lost after PKF-115 treatment (Fig. 1 G).
Importantly, single SB216763-treated explants (1 ee) displayed
robust engraftment capacity (7 out of 11 animals, P = 0.0029
compared with DMSO control) with a mean contribution of’
>70% of donor cells in the recipient animal (Fig. 2 F, left).
Consistent with the results obtained in the CFU-S;; assays,
parallel transplantation experiments using E11.5 AGM explants
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(1 ee) showed no differences in the repopulation capacity of
treated explants compared with the controls (Fig. 2 F, right).
However, a more accurate quantification of the HSC activity
by limiting dilution experiments (1, 0.5, and 0.25 ee) dem-
onstrated that E11.5 AGMs were still responding to 3-catenin
modulation because SB216763 treatment significantly in-
creased the reconstitution capacity of the AGM explants when
0.25 ee was transplanted (Fig. 2, H and I). Most importantly,
SB216763-treated HSCs preserved their self-renewal capacity as

Wnt/B-catenin activity in HSC development | Ruiz-Herguido et al.



demonstrated by secondary transplants from animals engrafted
with E10.5- (not depicted) and E11.5 (Fig. 2 ])-treated AGM
explants. On the contrary, AGM and fetal liver (FL) cells
from embryos carrying an APC mutation (APCM™*; Groden
et al., 1991) that show constitutive -catenin activation dis-
played a marked decrease in the HSC self-renewal capacity in
secondary transplants (unpublished data), similar to that reported
for APCM»* BM cells (Lane et al., 2010; Wang et al., 2010).

Together, these results indicate that HSC generation in the
AGM is totally dependent on B-catenin at E10.5, whereas al-
ready formed HSCs contained in the E11.5 AGM are 3-catenin
independent. However, the HSC pool can still be increased by
activating [3-catenin at this later stage.

B-Catenin favors hematopoietic differentiation

from endothelial precursors

We next investigated the mechanisms underlying the require-
ment of B-catenin on the generation of HSCs in the AGM.
By flow cytometry analysis, we did not detect any change in
proliferation or apoptosis (measured by Annexin V binding)
in the CD31* population from different AGM-treated explants
(Fig. 3, A and B). Ki67 (proliferation) and TUNEL (apoptosis)
staining of sorted 31K* and 31K~ cells confirmed these results
(Fig. 3 C, table).

We then analyzed whether Wnt/f-catenin modulators
affected the relative percentage of endothelial (CD31%c-kit™)
and hematopoietic precursor (CD31%c-kit") cells in the AGM
explants. Our results demonstrated that Wnt/[-catenin inac-
tivation significantly decreased the percentage of hematopoi-
etic cells while increasing the endothelial lineage (Fig. 3 D).
Conversely, SB216763 treatment resulted in a slight increase

in the percentage of hematopoietic precursors (Fig. 3 D),
which mimics the effect of the APC mutation in AGM
explants (not depicted). These results indicate that $-catenin
activity is required to support hematopoietic commitment
of the AGM precursors without affecting proliferation or
apoptosis of the CD31* population.

31K~ cells produce hematopoietic cells dependent

on (3-catenin activation

As we found that the 31K~ fraction included the cells containing
nuclear B-catenin, we directly tested the effects of Wnt modu-
lators on this population compared with the 31K*. With this
aim, we performed in vitro cultures of sorted populations using
SB216763 or Wnt3a as activators of (3-catenin and PKF-115
or DKK1 as [3-catenin inhibitors (Fig. 4, A and B; and Fig. S1).
We found that untreated or treated 31K* cells from either E10.5
(Fig. 4 H, left) and E11.5 (Fig. 4 D) produced comparable num-
bers and percentages of hematopoietic cells as measured by flow
cytometry analysis (example in Fig. 4 C) and CFC hematopoi-
etic colony assays (not depicted). Similarly, control or [3-catenin—
activated (SB216763 and Wnt3a) 31K~ cultures from E11.5
AGM produced both adherent and nonadherent round-shaped
cells after 8 d of culture (Fig. 4 F) that mostly expressed the
CD45 hematopoietic marker (Fig. 4 E), whereas B-catenin
activation significantly potentiates the hematopoietic capacity
of E10.5 cultures (Fig. 4 H, right). Conversely, inhibition of
[3-catenin by the pharmacological inhibitor PKF-115 almost
abolished the generation of hematopoietic cells from 31K~
precursors (Fig. 4, E and F) and the capacity of these cells to
form hematopoietic colonies in CFC assays from E11.5 AGMs
(Fig. 4 G). Similarly, the use of the recombinant DKK1 inhibitor
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Figure 4. 31K~ cells are the target of B-catenin activation to produce hematopoietic cells. (A) Experimental design. (B) Example of sorting win-
dows used to define 31K~ and 31K* subpopulations (see Fig. S1 for purity analysis). (C) Strategy for flow cytometry analysis used in D, E, and H (Endothelial
cells: CD31+c-kit~CD45~, black box; prehematopoietic cells: CD31+c-kit*CD45, gray box; hematopoietic progenitors: CD31+c-kit*CD45*, blue box; total
hematopoietic cells: CD45*, red box). (D and E) 1,500 cells from 31K* (D) and 10,000 cells from 31K~ (E) sorted populations were cultured for 6 and

8 d, respectively. Bars show the total number of the indicated cells obtained from 31K* (D) and 31K~ (E) populations (n > 5 independent experiments).

(F) Zoom of representative images from 31K~ cells after 8 d in liquid culture with the indicated treatments. Bar, 75 pm. (G) Relative number of clonogenic
progenitors from 31K~ cells after 8 d in culture (n > 7 independent experiments). (H) 1,100 cells from 31K* and 10,000 cells from 31K~ sorted from E10.5
AGMs were cultured as in D and E. Bars show the total number of the indicated cell types obtained from 31K* (left) and 31K~ (right) populations (n > 4
independent experiments). n, number of independent experiments; mean + SEM. Significant differences are indicated by asterisks (¥, P < 0.05; **, P < 0.01;
P > 0.05, unlabeled). Differences in PKF cultures from 31K+ are nonsignificant compared with SB-treated (p-values are 0.79 [black], 0.64 [gray], 0.12 [blue],

and 0.13 [red]) or DMSO-treated (p-values are 0.54 [black], 0.72 [gray], 0.18 [blue], and 0.17 [red]) cultures.

in these cultures resulted in a decrease in the production
of hematopoietic cells, reaching statistical significance when
comparing total CD45" cells (P = 0.043). In contrast, the 31K~
population from E10.5 AGM produced very few hematopoi-
etic cells in basal conditions (without exogenous (-catenin
activation); thus, the inhibition of the pathway by PKF-115
did not have any effect as expected (Fig. 4 H).

As an additional control, we found that sorted CD31~
population (after exclusion of CD45%c-kit* cells) cultured in
the same conditions failed to generate CD45% hematopoietic
cells, even when 30-fold more cells were seeded (unpublished
data). Together these results indicate that the 31K~ cells con-
tain the hemogenic precursors that depend on Wnt/3-catenin
activation to generate hematopoietic cells.

3-Catenin activity in the embryonic endothelium is required
to produce adult hematopoietic cells in vivo

Because Wnt/-catenin—responding cells are contained within
the endothelial 31K~ population, we further investigated
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whether deletion of B-catenin in the embryonic endothelium
prevented the generation of hematopoietic cells in vivo. We
tested this by using a mouse model expressing Cre recom-
binase under the control of the VEC promoter (IV/EC-Cre;
Zovein et al., 2008) crossed with the R26R fl-stop-fl-YFP
mouse to trace Cre activity. Flow cytometry analysis con-
firmed that VEC-derived YFP-expressing cells are present in
the E11.5 AGM (2 £ 0.7% of CD31* cells) and contribute
to the hematopoiesis of E12.5 FL (15.45 £ 2.25% of CD45"
cells; not depicted) and all adult hematopoietic lineages (20.5 +
3.5% BM; 16.8 £ 1.8 spleen; 20.4 £ 3.4 thymus; see Fig. 6 D
and Fig. S2 C). Next, we crossed these mice with the [B-catenin
floxed line (flanking Exon3 to Exon6; Fig. 5 A) and ana-
lyzed the contribution of YFP™ cells to the embryonic and
adult hematopoiesis. We detected YFP expression in the en-
dothelium of both heterozygous and homozygous mutant
embryos (Fig. 5 B). Determination of functional hematopoi-
etic progenitors by CFC assays in the AGM from the different
genotypes demonstrated a strong and significant reduction in
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the number of progenitors in the B-catenin fl/fl VEC-CRE"*
E10.5 and E11.5 AGMs (Fig. 5 C), but not in E11.5 FL (not
depicted), compared with the wild-type or heterozygous lit-
termates. Analysis of individual colonies by PCR (Fig. 5 D)
showed that the few colonies obtained from the B-catenin fl/fl
VEC-CRE"™ AGM were generated from cells that failed
to efficiently delete the floxed alleles (only 10% of colonies
showed a total deletion), suggesting a strong requirement for
[B-catenin in the developing hematopoietic lineage. In agree-
ment with this, analysis of E14.5 FL showed the presence of
some mutant lineage “scal*c-kit* (LSK™) YFP™ cells (Fig. 5 E)

A loxP-B-catenin

R26R-YFP

VEC r"CRE>(

vy)
B-catenin fl/+

VEC-CRE+ ; R26R-YFPfl/+ (AGM)

B-catenin fl/fl

B-catenin fl/+

VEC-CRE+ ; R26R-YFPfl/+ (cardinal vein)

3-catenin fl/fl

Figure 5.

that displayed increased apoptosis as determined by AnnexinV
binding (Fig. 5 F). Moreover, analysis of E17.5-18.5 fe-
tuses revealed that most B-catenin fl/fl VEC-CRE" mutants
(seven out of eight) were pale and showed obvious hemor-
rhages, indicative of both vascular and hematopoietic defects
(Fig. 6 B). Importantly, -catenin—deficient fetuses (E17.5—
18.5) have a fivefold reduction in the total FL cellularity,
with a threefold reduction in the LSK population and the
complete absence of YFP™ cells, as determined by flow cytom-
etry (Fig. 6 C). Accordingly, deletion of both B-catenin al-
leles resulted in perinatal lethality, and only 12% of mutant
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animals were found at weaning (Fig. 6 A and Fig. S2 A).
Moreover, these mutant animals showed no contribution
of B-catenin—deleted (YFP") cells to the adult hematopoiesis
(Fig. 6 D and Fig. S2 B), whereas deletion of one B-catenin
allele (B-cat fl/+; Fig. 6 D) reduced the percentage of YFP*
cells in the BM and spleen without affecting viability. Simi-
larly, we did not detect any [3-catenin—deleted hematopoietic
cells in irradiated mice reconstituted with E14.5 FL B-catenin
i/l VEC-CREY" cells (unpublished data), which precluded

further analysis of B-catenin deletion in HSC. However,

YFP* cells of all genotypes similarly contributed to the adult
endothelium of the liver (Fig. 6 F) and kidney (not depicted),
suggesting that B-catenin was specifically required for HSC
generation after endothelial determination. To study whether
B-catenin deletion had any effect in already generated embry-
onic HSCs, we next induced [-catenin deletion by Vavi-
CRE (combined with the YFP floxed allele), which targets
hematopoietic cells after the acquisition of CD45 and VEC
loss (Chen et al., 2009). We found that deletion of either
one or two [B-catenin alleles in this mouse model did not
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the genomic DNA from YFP+ BM sorted cells of VEC-Cre;8-catenin fi/+;R26R-YFP mouse (D, right) and whole BM cells of Vav1-Cre;3-catenin fl/+ or
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affect the contribution of YFP* cells to the adult hematopoiesis
(Fig. 6 E; and Fig. S2, D and E), similar to previously pub-
lished data (Zhao et al., 2007). Together, our genetic data
and the results obtained with pharmacologic modulators of
Wnt indicate that B-catenin activity is required in the VEC-
expressing cells before the stage of Vav1 expression (around
E10-11) to generate HSCs and their progeny in a dose-
dependent fashion (Fig. 6 G, model).

DISCUSSION

To better understand the development of HSCs, we have in-
vestigated the role of Wnt/B-catenin signaling in the mouse
embryonic aorta in the AGM region at midgestation. The AGM
region exhibits activated [3-catenin (as well as 3-catenin activity)
in a small subpopulation of endothelial-like cells. We have
demonstrated that embryonic endothelial cells lacking 3-catenin
activity (by pharmacological inhibition or genetic deletion)
preclude their contribution to generate HSCs and contribute
to the hematopoiesis of the adult organism.

Wnt canonical pathway is important in the maintenance
of several types of stem cells such as intestinal, epidermal, or
mammary (Reya and Clevers, 2005); however, some questions
still remain about the role of B-catenin for the generation
and maintenance of HSC:s. It has been shown that activation of
[3-catenin in BM hematopoietic precursors increases the pool
of cells with long-term repopulating capacity (Reya et al.,
2003; Willert et al., 2003; Goessling et al., 2009) or induces
B cells to express HSC markers (Malhotra et al., 2008). Never-
theless, work from different groups has demonstrated that
forced B-catenin activity results in the exhaustion of the
stem cell compartment by affecting its self~-renewal capacity
(Kirstetter et al., 2006; Scheller et al., 2006). In addition, im-
paired B-catenin activation in HSCs (by DKK1 expression
[Fleming et al., 2008] or deletion of B-catenin [Zhao et al.,
2007] or Wht3a [Luis et al., 2009]) also has a negative effect
on self-renewal. Together these results support a requirement
of the just-right dose of B-catenin activity in the HSC com-
partment (Malhotra and Kincade, 2009; Luis et al., 2011).
Instead, our results show that the activity of B-catenin in the
embryonic aorta is required in a dose-dependent manner
during the generation of HSCs (around E10.5) but not there-
after. Our results are in agreement with previous observations
in zebrafish, showing a positive effect of B-catenin activa-
tion on HSC formation in the zebrafish AGM through a
PKA-dependent mechanism downstream of prostaglandin
E2 (Goessling et al., 2009). Although we have not addressed
the participation of prostaglandin E2/protein kinase A or
other pathways for the activation of B-catenin and require-
ment for HSC commitment, these observations support the
idea that the process is evolutionarily conserved. Deletion of
B-catenin by VEC-Cre led to high mortality around birth that
is partially a result of the hematopoietic defects but also of
the endothelial defects as indicated by the presence of hem-
orrhages. This phenotype is compatible with that observed
for specific endothelial Tie2-Cre—driven B-catenin deletion,
although these mutants showed 100% lethality at early E13.5
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(Cattelino et al., 2003), which may reflect a higher level of
Cre expression.

It was demonstrated that HSCs originate from endothelial
precursors expressing VEC during embryonic development
(Zovein et al., 2008; Chen et al., 2009). However, many
questions concerning the biology of this process remain un-
answered, such as whether embryonic endothelial-like pre-
cursors divide asymmetrically to produce both hematopoietic
and endothelial progenitors, or it is a specific population of
VEC-positive cells that is already committed to generate the
hematopoietic lineage (Rybtsov et al., 2011). We have now
demonstrated that a specific CD31 subpopulation lacking
c-kit and CD45 expression (called 31K™) generate hematopoi-
etic cells dependent on Wnt/B-catenin signaling. Although
VEC*CD41" cells are shown to be the precursors of HSC in
the mouse embryos (Rybtsov et al., 2011), we found that
total CD317CD41"CD45~ sorted cell population was not
affected by Wnt/B-catenin activation when cultured on stro-
mal cells (unpublished data). However, it still remains possi-
ble that the CD41" population inside the 31K~ is the one
that responds to Wnt/[3-catenin.

Understanding the peculiarities that distinguish AGM and
BM HSC formation is of crucial importance for future clinical
applications, such as generation of hematopoietic cells from
ESCs. Several protocols have been successfully developed to
produce different cell types and tissues from ESCs but gen-
eration of long-term repopulating HSCs have not yet been
achieved. Some efforts have been made to elucidate the puta-
tive role of Wnt/B-catenin in blood formation from ESCs,
and it has been shown that it potentiates flk1" hemogenic
cell formation in both human (Woll et al., 2008) and mouse
(Nostro et al., 2008) systems. However, what the effect will
be of inducing (B-catenin on HSC generation is not totally
predictable. In this sense, it was shown that constitutive acti-
vation of B-catenin results in deleterious effects on HSC self-
renewal (Kirstetter et al., 2006; Scheller et al., 2006; Renstrom
et al., 2009; Lane et al., 2010). Our results demonstrate that
transient activation of 3-catenin in AGM explants, in contrast
to APC mutations, does not impair HSC self-renewal, similar
to in vivo inoculation of a GSK3f inhibitor in adult mice
(Trowbridge et al., 2006). In summary, B-catenin activity is
required in a dose- and time-dependent manner to preserve the
functionality of AGM-derived HSCs, which is relevant infor-
mation for future generation of functional HSCs from ESCs.

MATERIALS AND METHODS

Animals. CD1 or C57Bl6/] (CD45.2) embryos were staged by somite
counting: E10.5, 31—40 sp; and E11.5, 42-50 sp. The detection of vaginal plug
was designated as 0.5. TOPGAL mice (strain name: STOCK Tg(Fos-LacZ)
34Efu/]; DasGupta and Fuchs, 1999), B-actin- GFP mice (strain name: C57BL/
6-Tg(CAG-EGFP)10sb/]), R26R-YFP mice (strain name: B6.129X1-GT
(ROSA)26Sor™1EYENCos /1)y " /EC-Cre mice (strain name: B6.Cg-Tg (Cdh5-cre)
7Mlia/J; Alva et al., 2006), and B-catenin fl/fl mice (strain name: Ctnnb1™?Ken;
Brault et al., 2001) were purchased from The Jackson Laboratory. All mice
were obtained in the C57B/6] background, except for TOPGAL mice which
were bred in the CD1 background. The ratio of inheritance of the B-catenin
fI/fl alleles in the VEC-Cre* background was different from the Mendelian
frequency expected. A two-tailed x> analysis showed that the observed ratios
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of +/+ to fl/+ to fI/fl were significantly different from that expected in
the adult mice (P < 0.0001). Var1-CRE mice (CD57B/6] background) have
been previously described (Stadtfeld and Graf, 2005). C57B6/] (CD45.2 or
CD45.1) mice were used for transplantation experiments. Mice and embryos
were all genotyped by PCR or under the UV microscope (GFP lines). Ani-
mals were kept under pathogen-free conditions and experimental procedures
approved by the Parc de Recerca Biomedica de Barcelona (PRBB) Animal
Care Committee and Government of Catalonia (Decree 214/1997).

Quantitative RT-PCR. Total RNA was extracted using RNeasy Midi
C-kit (QIAGEN). RNA quality was assessed on agarose gels and quantified
by Nano-Drop1000 (Thermo Fisher Scientific). cDNA was obtained with RT
First Strand cDNA Synthesis (GE Healthcare) according to the manufacturer’s
instructions. Real-time PCR was performed in triplicate on the Light
Cycler 480 (Roche) and with SYBR. Green (Applied Biosystems). The primers
used for SYBR Green detection are: Axin2 (5'-CCAAGTGTCTCTACCT-
CATTTTCCG-3" and 5-GGTTTGTGGGTCCTCTTCATAGC-3'), c-myc
(5'-TATCACCAGCAACAGCAGAGCGAG-3" and 5'-AACATAGGATG-
GAGAGCAGAGCCC-3"), LEF1 (5'-CTCATCACCTACAGCGACGA-3'
and 5'-TGAGGCTTCACGTGCATTAG-3"), TCF4 (5'-TTTCGCCTCC-
TGTAAGCAGT-3" and 5'-GATTGCCCATATCCATGTCC-3"), GSK3-B
(5'-TTCCTTTGGAATCTGCCATC-3" and 5'-CCAACTGATCCACA-
CCACTG-3"), Cend1 (5'-TGACACCAATCTCCTCAACGACC-3" and
5'-GGATGGCACAATCTCCTTCTGC-3"),EphB2(5'-TTCTCACCTC-
AGTTCGCCTCTG-3" and 5'-CAAACCCCCGTCTGTTACATACG-3"),
and B-actin (5'-GTGGGCCGCCCTAGGCACCAG-3' and 5'-CTCTTT-
GATGTCACGCACGATTTC-3'). Expression of individual genes was nor-
malized to B-actin expression.

AGM explant culture. The AGM region was dissected and cultured as
explants for 1-3 d as previously described (Medvinsky and Dzierzak 1996).
In brief, AGMs were deposited on nylon filters (Millipore) placed on metallic
supports and cultured in myeloid long-term culture medium (Stem Cell
Technologies), supplemented with 10 pM hydrocortisone (Sigma-Aldrich),
in an air-liquid interphase culture in the presence of DMSO (as a control),
20 uM SB216763 (Sigma-Aldrich), or 0.66 uM PKF-115-584 (Novartis).
The explanted AGMs were digested in 0.1% collagenase (Sigma-Aldrich) in
PBS supplemented with 10% FBS for 20 min at 37°C and used for hematopoi-
etic colony assay, qRT-PCR, flow cytometry analysis, or cell transplantation.

Hematopoietic colony assay. 2 X 10* cells from fresh AGMs, 2.5 X 10°
cells from FL, 3.5 x 10* cells from AGM explants, or 1.5 X 103 cells from
liquid cultures were plated in M-3434 MethoCult medium (STEMCELL
Technologies). After 7 d, the presence of hematopoietic colonies was scored
under a microscope (CK2; Olympus).

Flow cytometry analysis and cell sorting. Cells were stained for 30 min
with different antibodies. Antibodies used were CD31, CD45, and CD117
(c-kit; BD). Ter119 (BD) was used to exclude erythroid cells. DAPI staining
(Molecular Probes) or 7-aminoactinomicin-D (7-AAD) staining (Molecular
Probes) was used to exclude dead cells. Annexin V (BD) binding was used
to determine apoptosis. For cell cycle profile determination, pools of two
disrupted AGMs were incubated in 8 uM Hoechst 33342 for 1 h in 10%
FBS in PBS at 37°C. Flow cytometry analysis was performed on a FACS-
Calibur or LSRII (BD). Cell sorting was performed on a FACSVantage or
Aria (BD). Purity of sorted populations was analyzed when enough cells were
collected (Fig. S4). All data were analyzed with Flow]Jo software (Tree Star).

Immunofluorescence. Embryos or tissues were fixed overnight in 4%
paraformaldehyde (Sigma-Aldrich) at 4°C, frozen in Tissue-Tek (Sakura),
and sectioned (7 pm). Slides were fixed with methanol at —20°C for 15 min
and block-permeabilized in 10% FBS, 0.3% Surfact-AmpsX100 (Thermo
Fisher Scientific), and 5% nonfat milk in PBS for 90 min at 4°C. Primary
antibodies were used at the following concentrations: anti-nonphosphory-
lated B-catenin at 1:1,500 (Millipore), anti-CD31 at 1:50 (BD), anti-ckit at
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1:50 (BD), anti—B-galactosidase at 1:3,000 (Molecular Probes), and anti-
GFP at 1:500 (Takara Bio Inc.) in 10% FBS and 5% nonfat milk in PBS
overnight at 4°C. Sections were stained with HRP-conjugated goat anti—
rabbit (Dako), HRP-conjugated rabbit anti-rat (Dako), or HRP-conjugated
rabbit anti-mouse (Dako) at 1:100 for 90 min and developed using the
tyramide amplification system TSA-Plus Cyanine3/Fluorescein System
(PerkinElmer). TOPRO-3 or DAPI were used for nuclear staining and
mounted in Vectashield medium (Vector Laboratories). Cells were counted
in five different randomly selected sections.

CFU spleen (CFU-S;;). 24-h AGM explants were digested in 0.1% collagenase
(Sigma-Aldrich) in PBS supplemented with 10% FBS for 20 min at 37°C. Cells
were injected intravenously into adult lethally irradiated recipients (8.5 Gy). After
11 d, the animals were sacrificed and the presence of macroscopic hematopoietic
colonies in the spleen was scored under a stereoscope (KL200 LED; Leica).

AGM liquid culture. Sorted cells were plated in a MyeloCult (M-5300;
STEMCELL Technologies) supplemented with 10% SCF- and IL-3—
conditioned media, 1% penicillin/streptomycin, 0.1 ng/ul VEGF, 10 ng/ml
IL-6, 10 ng/ml IGF-I, 10 ng/ml FGF-b, 2 U/ml heparin, 50 ng/ml bovine
pituitary extract, 4.5 107* M monothioglycerol in the presence of DMSO
(control), 20 pM SB216763 (Sigma-Aldrich), 0.66 uM PKF-115-584
(Novartis), 0.1 pg/ml Wnt3a (R&D Systems), or 0.1 pg/ml DKK1 (R&D
Systems). After 6-8 d in culture, the cells were recovered and analyzed by
flow cytometry and colony formation.

Primary and secondary transplantation assays. Cells were transplanted
into adult recipients as previously described (Medvinsky and Dzierzak, 1996).
In brief, recipient mice were irradiated at 8.5 Gy vy irradiation (IBL437-C
irradiator) and cells were co-injected intravenously with the support of 2 X
103 spleen cells. Unless indicated, all AGM transplantations were performed
with cells from one AGM explant and designated as 1 ee. Chimerism was
tested at 4 and 16 wk after transplantation as percentage of donor cells (GFP*
or CD45.1/CD45.2). Mice demonstrating >5% donor-derived multilineage
chimerism after 16 wk were considered reconstituted. For limiting dilution
experiments, 0.5 ee (50% of an AGM explant) or 0.25 ee (25% of an AGM
explant) was used. In the latter experiments, cells were co-injected with 2 X
103 spleen cells as a support and 2 X 10* BM cells. When animals were sacri-
ficed (after 16 wk), reconstitution was measured in PB and BM. For sec-
ondary transplantations, 7 X 10° cells from each primary recipient were
intravenously injected. The contribution to the different lineages of the trans-
planted cells was measured by flow cytometry with specific antibodies: CD3,
B220, Ter119, Macl, and Grl (mouse lineage panel; BD).

Microarrays. CD31%ckit™CD45™ and CD31*ckit"CD45~ cells were directly
sorted on LRT medium from E11.5 AGM from three independent experi-
ments. RNA was obtained and assessed using Bioanalyzer 2100 (Agilent Tech-
nologies). Microarray expression profiles were obtained using the GeneChip
Mouse Gene 1.0 ST array (Affymetrix) and the GCS3000 platform (Affyme-
trix). After hybridization, the array was washed, stained, and finally scanned to
generate CEL files for each array. Data analysis was performed in R (version
2.11.1) with packages aroma.affymetrix, Biobase, Afty, limma, and genefilter.
Ingenuity Pathway Analysis (version 8.5; Ingenuity Systems) was used to per-
form functional analysis of the results. A heat map was built using matrix2png
(Pavlidis and Noble, 2003). Data is available at GEO (GSE35395).

Statistical analysis. Student’s ¢ test or parametric analysis of variance was used
by applying a rank transformation on the dependent variable. The analysis was
performed using SAS software (version 9.2; SAS Institute Inc., Cary, NC), and
the level of significance was established at 0.05 (two-sided). P < 0.05 (¥), P <
0.01 (**) and P < 0.001 (***) has been indicated in the figures or left unlabeled
when did not reach significance P > 0.05.

Detection of deleted band from individual colonies by PCR. Colonies
were picked, washed with PBS, and resuspended in 20 pl lysis buffer (0.01 M Tris,
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pH 7.4, 0.01 M EDTA, pH 8, 0.15 M NaCl, and 0.05% SDS). Different
dilutions of this mixture were used to assess the deletion. Different combina-
tions of wild-type, floxed, and/or deleted B-catenin alleles were identified by
PCR using primers RM41 (5'-AAGGTAGAGTGATGAAAGTTGTT-3'),
RM42 (5'-CACCATGTCCTCTGTCTATTC-3"), and RM43 (5'-TAC-
ACTATTGAATCACAGGGACTT-3"), resulting in products of 221 bp for
the wild-type allele, 324 bp for the floxed allele, and 500 bp for the deleted
allele. To confirm the presence of the deleted B-catenin allele, PCR was per-
formed with RM42 and RM43 primers, generating the 500-bp product.

Online supplemental material. Fig. S1 shows the purity determination in
different fractions of the AGM after cell sorting and Fig. S2 contains a table with
Mendelian ratios of expected B-catenin mutant embryos and mice and multilin-
eage contribution of B-catenin W'T and mutant cells. Online supplemental mate-
rial is available at http://www.jem.org/cgi/content/full/jem.20120225/DC1.
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