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We previously demonstrated that during vascular morphogenesis, retinoic acid (RA) is required for the control
of endothelial cell proliferation and capillary plexus remodeling. Herein, we investigate the mechanisms by
which RA regulates these processes in the yolk sac. We found that although the enzyme required for RA
production during early embryogenesis, retinaldehyde dehydrogenase-2 (Raldh2), was expressed in the visceral
endoderm, RA receptors a1 and o2 were expressed in endothelial cells in the mesoderm, indicating that they
are direct targets of RA. In Raldh2~/- embryos, there was down-regulation of TGF-B1, fibronectin (Fn) and
integrin o5, which was associated with decreased visceral endoderm survival and production of VEGF-A,
Indian hedgehog (THH), and bFGF. Exogenous provision of RA or Fn to Raldh2~/~ explants in whole mouse
embryo culture restored vascular remodeling, visceral endoderm survival, as well as integrin «5 expression
and its downstream signaling that controls endothelial growth. Exogenous provision of visceral
endoderm-derived factors (VEGF-A, IHH, and bFGF) failed to rescue endothelial cell proliferative control but
collectively promoted vascular remodeling, suggesting that these processes are independently regulated via a

signaling hierarchy downstream of RA.
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Blood vessel formation in the yolk sac is essential for
embryogenesis. Signals such as VEGF-A (Shalaby et al.
1995; Ferrara et al. 1996) and Indian hedgehog (IHH;
Belaoussoff et al. 1998; Baron 2001; Dyer et al. 2001),
produced by extraembryonic visceral endoderm, induce
the mesoderm to form blood islands composed of angio-
blasts and hematopoietic progenitors. Endothelial cells
within the blood islands proliferate, migrate, and coa-
lesce to form an initial capillary network. Cell-cell and
cell-matrix interactions as well as onset of blood flow
result in endothelial cell maturation, vascular network
remodeling, and recruitment of mural cells to form a
mature circulatory system.

In murine models, targeted mutations in multiple sig-
naling pathways in both visceral endoderm (VEGF-A
[Carmeliet et al. 1996; Ferrara et al. 1996; Damert et al.
2002], IHH [Byrd et al. 2002], bFGF [Lee et al. 2000],
quaking [gk; Noveroske et al. 2002]) and mesoderm
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(TGF-B1 [Dickson et al. 1995; Chang et al. 1999; Gou-
mans et al. 1999; Larsson et al. 2001], fibronectin [Fn;
George et al. 1993, 1997], oy integrin [Yang et al. 1993])
have illustrated a common phenotype, the inability to
remodel the initial capillary plexus, resulting in yolk sac
vascular inadequacy and embryonic lethality. Thus, vas-
cular remodeling is a complex process involving interac-
tions between visceral endodermal, endothelial and mes-
enchymal cells, and extracellular matrix (ECM); how-
ever, specific roles of each pathway in the remodeling
process, as well as the hierarchy among these signals,
remain undetermined.

Another mutant that shares this phenotype is one that
is retinoic acid (RA) deficient due to targeted mutation of
the retinaldehyde dehydrogenase (Raldh) 2 gene. RA is
derived from vitamin A (retinol), which circulates com-
plexed to retinol-binding protein (RBP) and transthyretin
(Ttr; Soprano and Blaner 1994). RBP receptors mediate
retinol uptake into cells (Bavik et al. 1995), where it is
then bound to cellular RBPs (CRBP [, II; Ong et al. 1994).
Conversion of retinol into active RA is a multistep pro-
cess requiring retinol dehydrogenases (RoDH) and
Raldhs (Clagett-Dame and DeLuca 2002). Before embry-
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onic cardiac function and blood flow, yolk sac visceral
endoderm expresses RBP and CRBPI and takes up and
stores maternally derived retinol (Bavik et al. 1997; Sapin
et al. 1997). Furthermore, in the rat yolk sac, the visceral
endoderm expresses both RoDH and Raldh enzymes,
suggesting that RA is locally produced by the visceral
endoderm (Bavik et al. 1997).

During early mouse development, the last step in RA
synthesis is dependent on Raldh2 enzyme (Niederreither
et al. 1997; Ulven et al. 2000). Lack of Raldh? gene ex-
pression generates a RA-deficient mutant that dies by
embryonic day 10.5 (E10.5) with multiple defects, in-
cluding shortened anteroposterior axis, absent limb
buds, dilated heart, and lack of organized extraembry-
onic vessels in the yolk sac (Niederreither et al. 1999).

Our previous studies demonstrated that yolk sac vas-
cular development is disrupted in Raldh2~/~ mutants
prior to cardiac function and systemic circulation. Fur-
thermore, our studies revealed that RA is required to
suppress endothelial cell cycle progression via up-regu-
lation of p21 and p27. Abnormal proliferation, associated
with suppressed endothelial cell maturation, is partially
responsible for lack of capillary plexus remodeling; how-
ever, circulating RA, provided via maternal diet for pro-
gressively longer time periods (E7.5-E8.5, E7.5-E9.5, or
E7.5-E12.5) first restores remodeling and secondarily re-
stores endothelial cell cycle control (Lai et al. 2003).
These results suggest that endothelial cell proliferation
and plexus remodeling are independently regulated by
RA.

The current studies are aimed to define the cellular
and molecular mechanisms by which RA regulates en-
dothelial cell growth and vascular remodeling. We found
that RA produced in visceral endoderm directly targeted
endothelial cells through RA receptors (RAR) al and a2.
RA signaling induced TGF-B-dependent Fn deposition
between the visceral endoderm and mesoderm, which
appears to play two independent roles. Fn was required
for suppression of endothelial cell proliferation via inter-
actions with integrin 5. Decreased levels of integrin a5
led to enhanced signaling through endothelial cell ex-
pressed integrin av, which increased proliferation by ac-
tivating the MAPKs, ERK1/2. Furthermore Fn was re-
quired for the maintenance of extraembryonic visceral
endoderm survival and production of signaling mol-
ecules VEGF-A, IHH, and bFGF, which did not effect
endothelial cell growth but collectively promoted vascu-
lar remodeling. Thus, our studies delineate a hierarchy
among distinct signaling pathways downstream of RA
that independently control endothelial cell growth and
remodeling, as well as define reciprocal interactions be-
tween visceral endoderm and mesoderm required for vas-
cular morphogenesis.

Results

RA synthesis and signaling in the yolk sac

Localization of the Raldh2 gene transcripts in the extra-
embryonic region during vasculogenesis has not been
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well defined. Semiquantitative (sq) RT-PCR analysis of
RNA isolated from E5.5 embryos and extraembryonic
region of early streak embryos (E6.5) indicated that
Raldh?2 was not expressed at these stages (Fig. 1A).
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Figure 1. RA synthesis and signaling in the yolk sac. (A)
Raldh2 gene expression was not detected by sqRT-PCR in RNA
isolated from total E5.5 embryos (lanes 71-4) and the extraem-
bryonic region of E6.5 embryos (lanes 5-8). RNA was also inde-
pendently isolated from E7.5 visceral endoderm (lanes 9-12) and
mesoderm (lanes 13-16). Raldh2 transcript was most prevalent
in visceral endoderm at E7.5. HNF1B and T-brachyury (T)
served as markers for visceral endoderm and mesoderm, respec-
tively, and HPRT was used as an internal control. (B) In situ
hybridization demonstrated that in E8.5 embryos, Raldh2 was
most highly expressed in visceral endoderm, but is also in some
endothelial cells. Bar, 25 um. (C) In situ hybridization localized
RARal and a2 transcripts within the mesoderm (arrows) of E8.5
yolk sac. Bar, 25 pm. (D) Immunofluorescence was used to co-
localize RARa proteins with ICAM-2, a marker for endothelial
cells (arrows) in E8.5 yolk sac. Bar, 25 pm. (M) Mesoderm; (V)
visceral endoderm.



In the extraembryonic region of early-to-late allantoic
bud stage embryos (E7.5), the exocoelomic cavity is sur-
rounded by an inner mesoderm layer and an outer vis-
ceral endoderm layer. To further localize Raldh2 expres-
sion, visceral endoderm and mesoderm of E7.5 extraem-
bryonic regions were separated, and RNA was isolated
from each germ layer. sqRT-PCR analysis using HPRT
as an internal control demonstrated that Raldh2 was pre-
dominantly expressed in visceral endoderm (Fig. 1A).
HNF1B and T, markers of extraembryonic visceral endo-
derm and mesoderm, respectively, were included to con-
firm clean dissection of the layers. At the five- to seven-
somite stage (E8.5), in situ hybridization confirmed that
Raldh2 was mainly expressed in visceral endoderm (Fig.
1B). These results are consistent with those found in the
developing rat (Bavik et al. 1997) and indicate that RA is
locally produced in the yolk sac starting at E7.5.

We previously demonstrated by using specific receptor
agonists that the effects of RA on endothelial cell growth
are mediated by RAR and not Retinoid X receptors (Lai et
al. 2003). Thus, to analyze the targets of RA in the yolk
sac, we determined the expression patterns of distinct
RAR isoforms. Previous studies have established that
transcripts for RARq, but not RARB and RARY, are ex-
pressed in E8.5 yolk sac (Sapin et al. 1997). These studies
did not discriminate between specific isoforms of RAR«
or determine their localization. We demonstrated via
RT-PCR that RARal and RARa2—but not RARa3,
RARa4, RARa5, RARa6, or RARa7—were expressed in
E8.5 yolk sac (data not shown). In situ hybridization
demonstrated that RARal and RAR«a2 transcripts were
localized to the mesoderm of E8.5 yolk sac (Fig. 1C, ar-
rows). Furthermore, RAR«a protein was colocalized with
a marker for endothelial cells, ICAM-2, by immunofluo-
rescence (Fig. 1D). These results indicate that RA pro-
duced in visceral endoderm targets endothelial cells
within the mesoderm.

Downstream targets of RA in the endothelium

To determine downstream targets of RA in endothelial
cells, Raldh2~/~ yolk sacs were analyzed for known regu-
lators of vascular development. TGF-B1 is expressed in
blood islands starting at E7.5 (Akhurst et al. 1990), and
mutant mice lacking components of the TGF-1 signal-
ing pathway have a similar vascular phenotype to the
Raldh2~/~ mice (Dickson et al. 1995; Chang et al. 1999;
Oh et al. 2000; Larsson et al. 2001). sRT-PCR and West-
ern blot analyses indicated that in E8.5 Raldh2~/~ yolk
sacs, TGF-Bl transcript and protein levels were de-
creased to 50% of wild-type levels (Figs. 2A,C, 3G, black
bars). Immunohistochemistry revealed that TGF-B1 pro-
tein, expressed in endothelial cells of E8.5 wild-type yolk
sacs (Fig. 2D, top row, white arrows), was decreased in
Raldh27/~ yolk sacs. A primary role of TGF-B1 in yolk
sac vascular development is proposed to be the regula-
tion of Fn synthesis by the mesoderm (Goumans et al.
1999). In E8.5 Raldh2~/~ yolk sacs, Fn production was
decreased compared with that in wild type, as indicated
by sqRT-PCR (Figs. 2A, 3G, black bars), in situ hybrid-

Hierarchical control of vasculogenesis

ization (Fig. 2B, top row, arrows), and Western blot analy-
ses (Fig. 2C). Furthermore, Fn protein deposition be-
tween the mesoderm and visceral endoderm layers was
decreased in E8.5 Raldh2~/~ mutants (Fig. 2D, middle
row, black arrows). In contrast, Collagen I (Col I) tran-
script levels (Fig. 2A,B, bottom row, arrows) and protein
deposition (Fig. 2D, bottom row) in Raldh2~/~ mutants
were similar to that of wild type, indicating no global
effects of RA on ECM production but rather a selective
effect on Fn production.

RA regulation of Fn is mediated by TGF-B1

TGEF-B1 regulation of Fn production has been described
in vitro in numerous cell types, including bovine pulmo-
nary artery endothelial cells (Ignotz and Massague 1986;
Ignotz et al. 1987; Shanker et al. 1999). To investigate
whether TGF-B1 mediates RA regulation of Fn, we cul-
tured bovine aortic endothelial cells in the presence of
1 uM RA or 1 ng/mL TGF-B1 for up to 72 h; Fn protein
levels were determined by Western blot analysis. At
48 h, untreated cells showed a slight increase in Fn pro-
duction; however, RA increased Fn protein expression
over control levels (Fig. 2E,G). TGF-B1 dramatically up-
regulated Fn in a time-dependent manner beginning at
12 h (Fig. 2F). To determine whether TGF-B1 mediated
RA-induced Fn production, we treated endothelial cells
for 48 h with RA or TGF-B1 in the presence or absence of
10 pg/mL neutralizing antisera against TGF-g1, TGF-2,
and TGF-B3. As expected, both RA and TGF-Bl in-
creased Fn protein levels (Fig. 2G); however, treatment
with RA in the presence of neutralizing anti-TGF-§ sup-
pressed Fn up-regulation. These results indicate that in
endothelial cells, RA regulation of Fn is mediated via
TGEF-B1 signaling.

RA regulation of visceral endoderm survival
and function

ECM deposition between the mesoderm and visceral en-
doderm is proposed to promote visceral endoderm sur-
vival (Goumans et al. 1999); however, this has not been
demonstrated in vivo. Thus, we measured the effects of
RA-deficiency-induced down-regulation of Fn on vis-
ceral endoderm survival and function. TUNEL analysis
on E8.5 Raldh2~/~ yolk sacs revealed a 15-fold increase in
apoptotic cells, which were clustered together in the ex-
traembryonic visceral endoderm (Fig. 3A, top row, ar-
rows). There was no difference in levels of apoptosis in
the mesoderm of Raldh2~/~ mutant and wild-type yolk
sacs, as previously reported (Lai et al. 2003). The in-
creased apoptosis in extraembryonic visceral endoderm
occurred between E7.5 and E8.5, as TUNEL analysis of
E7.5 Raldh2/~ and wild-type yolk sacs revealed no dif-
ference in apoptosis in the visceral endoderm or meso-
derm (data not shown).

Increased cell death of extraembryonic visceral endo-
derm suggests that production of proteins such as VEGF-
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trol. (B) In situ hybridization of E8.5 yolk sac
sections revealed that Fn (top) and Col I (bot-
tom) transcripts were expressed in the meso-
derm (arrows); however, Fn transcript levels
were down-regulated in Raldh2/~ (right)
compared with wild type (WT; left). Bar, 25
pm. (C) Western blot analyses of E8.5
Raldh27/~ mutant and wild-type (WT) yolk
sacs demonstrated decreased levels of TGF-B1
and Fn protein. Actin was used as a loading
control. (D) Immunohistochemistry of E8.5
yolk sac sections revealed that levels of TGE-
B1 protein (top row), specifically expressed in
endothelial cells (arrows), and Fn protein
(middle row), deposited between the visceral
endoderm and mesoderm (black arrows), were
decreased in Raldh2/~ yolk sac (right) com-
pared with wild type (WT; left). Protein levels =
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A, THH, bFGF, and gk, known to be necessary for vascu-
lar development, could be altered in RA-deficient mu-
tants. sqRT-PCR of E8.5 Raldh2~/~ yolk sacs compared
with wild type indicated that VEGF-A, IHH, bFGF, and
gk transcripts were down-regulated (Fig. 3B,G, black
bars). In situ hybridization for gk (Fig. 3C, top row) and
immunohistochemistry and Western blot analyses for
VEGE-A protein (Fig. 3D,E) confirmed the down-regula-
tion of these factors in extraembryonic visceral endo-
derm in E8.5 Raldh2~/~ mutants. In addition to its role in
vascular development, the visceral endoderm forms an
epithelial barrier between maternal trophoblast sinuses
and the embryo. Claudin 7 (Cldn7), a RA-regulated tight-
junction protein (Kubota et al. 2001) that may facilitate
barrier function, was also down-regulated in extraembry-
onic visceral endoderm of E8.5 Raldh2~/~ yolk sacs (Fig.
3B,C, middle row). These results indicate an overall im-
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pairment of extraembryonic visceral endoderm in pro-
tein production and barrier function in response to dis-
rupted Fn production in yolk sac mesoderm.

In addition to increased apoptosis of the visceral endo-
derm, decreased production of these signals could be due
to defective visceral endoderm differentiation from
primitive endoderm. sqRT-PCR of visceral endoderm
markers, Gata-4, Gata-6, and Ttr, however, demon-
strated no differences between E8.5 Raldh2~/~ and wild-
type yolk sacs (data not shown). Furthermore, sqRT-
PCR (Fig. 3B and in situ hybridization (Fig. 3C, bottom
row) analysis of the embryonic visceral endoderm
marker, AFP, revealed no differences between E8.5
Raldh2~/~ and wild type, indicating that the visceral en-
doderm defects in E8.5 Raldh2~/~ mutants result from
loss of integrity and survival not impaired differentia-
tion.
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RA rescues Raldh2~/"~ vascular defects in vivo

Previous studies have shown feeding pregnant mothers
subteratogenic doses of RA from E7.5-E8.5 restores vas-
cular remodeling and enables Raldh2~/~ mutants to sur-
vive until E12.5 (Lai et al. 2003). We performed further
RA feeding studies and demonstrated that E7.5-E8.5 was
the critical time period, as feeding pregnant females RA
from EG6.5-E7.5 or E8.5-E9.5 failed to rescue the
Raldh2/~ mutants (data not shown). This time frame
correlates with the expression of Raldh2 enzyme and RA
production.

Feeding RA to pregnant mothers from E7.5-E8.5 par-
tially restored extraembryonic visceral endoderm sur-
vival, as apoptotic levels in Raldh2~/~ mice were de-
creased 11-fold compared with Raldh2~/~ yolk sacs from
control-fed litters (Fig. 3A, bottom row). In addition,
feeding RA from E7.5-E8.5 restored transcript levels of
TGF-B1, Fn, gk, VEGF-A, and IHH in individual
Raldh27'~ yolk sacs (Fig. 3F,G, striped bars). Thus, it is
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Figure 3. RA maintains visceral endo-
derm integrity and differentiated function.
(A) TUNEL assay revealed a 15-fold in-
crease of apoptotic cells localized to extra-
embryonic visceral endoderm in control
(top) E8.5 Raldh2~/~ yolk sacs (right) com-
pared with wild type (WT; Ieft). Feeding
RA to pregnant mothers from E7.5-E8.5
decreased visceral endoderm apoptosis by
11-fold in E8.5 Raldh2~/~ yolk sacs (bot-
tom). Bar, 25 pm. (B) sqRT-PCR demon-
strated that in E8.5 yolk sacs, levels of
VEGE-A, ., IHH, bEGEF, gk, and Claudin 7
(Cldn7) were down-regulated in Raldh2/-
versus wild type (WT); AFP was similar in
Raldh27/~ and wild type. HPRT was used
as an internal control. (C) In situ hybrid-
ization of E8.5 yolk sac sections for gk (top
row), and Cldn7 (middle row) localized
these transcripts to extraembryonic vis-
ceral endoderm where they were down-
regulated in Raldh2~/~ (middle). (Bottom
row) AFP transcripts were localized to the
embryonic visceral endoderm and were
similar in Raldh2~/~ and wild type. Bar, 25
pm. (D,E) Immunofluorescence and West-
ern blot analyses for VEGF-A protein re-
vealed decreased levels in E8.5 Raldh2/~
mutant yolk sacs compared with wild type
(WT). Tubulin was used as a loading con-
trol. (F) Feeding pregnant mothers RA
from E7.5-E8.5 restored transcript levels
of TGF-B1, Fn, VEGF-A,4,, [HH, and gk in
three individual E8.5 Raldh2~/~ yolk sacs
to wild-type (WT) levels as determined by
sqRT-PCR. (G) sqRT-PCR of RNA from
control (black bars) and RA fed (striped
bars) E8.5 Raldh2/~ yolk sacs, represented
as percent of similarly fed wild-type litter-
mates, demonstrated that RA restored lev-
els of transcripts down-regulated in con-
trol-treated Raldh2~/~ yolk sacs. n = 4-5.
(M) Mesoderm; (V) visceral endoderm.
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possible that RA rescue of TGF-g1-mediated Fn produc-
tion in the mesoderm restores visceral endoderm integ-
rity and function during vascular development.

RA rescues Raldh2 '~ vascular defects in vitro

To further analyze the roles of downstream targets of RA
and determine their hierarchy in the control of vascular
remodeling and endothelial cell proliferation, we per-
formed in vitro rescues of Raldh2~/~ mutants in whole
mouse embryo culture. Early-to-late allantoic bud
Raldh2~/~ and wild-type embryos (E7.5) were placed in
control conditions for 48 h, after which vascular mor-
phology was assessed. Yolk sacs of wild-type embryos
exhibited expected large branching vessels and remod-
eled capillaries networks, as highlighted by dashed lines
(Fig. 4A, left column). Blood rhythmically pumped by the
embryonic heart was evident throughout the wild-type
yolk sac vasculature. Yolk sac vascular development was
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Figure 4. In vitro Raldh27/~ yolk sac vascular A
phenotype and rescue with RA. (A) Wild-type
(WT; Ieft) and Raldh2~/~ (right) explants after 48
h in control conditions in whole embryo culture
recapitulated our in vivo findings as Raldh2~/~
yolk sac failed to remodel (top row; bar, 100 pm).
Dashed lines highlight vascular patterning in
yolk sac. Whole-mount immunostaining of yolk
sac tissues (second row; bar, 100 um) with anti-
phosphohistone-3 demonstrated a twofold in-
crease in the mitotic index of endothelial cells in
Raldh27/- explants compared with wild type
(WT), also corroborating in vivo findings. Fur-
thermore, immunofluorescence (third row; bar,
25 um) to colocalize phosphohistone-3 (green)
with VE-Cad (red) demonstrated that the prolif-
erating cells were predominantly endothelium
(arrows). TUNEL assay of yolk sac sections
(fourth row; bar, 25 um) revealed a 10-fold in-
crease in apoptosis in extraembryonic visceral
endoderm (VE, white arrows) of Raldh2”/~ ex-
plants. The level of apoptosis in mesoderm (M,
black arrows) of Raldh2~/~ explants was similar
to that of wild type. Detection of Fn protein by
immunofluorescence (bottom row; bar, 25 pm)
demonstrated decreased Fn deposition specifi-
cally between the visceral endoderm and meso-
derm layers (arrows) in Raldh2~/~ explants. (B)
Addition of 3 ng/mL RA to culture media re-
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TUNEL

Fn

Control Conditions
WT Explants

+Retinoic Acid
WT Explants

Raldh2 +/- Explants Raldh2 -i- Explants

Live
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stored vascular remodeling in yolk sacs of Raldh2~/~ explants (top) and had no effect on wild-type development. Whole-mount (middle
row; bar, 100 pm) immunostaining with antiphosphohistone-3 and immunofluorescence (bottom row; bar 25 nm) with antiphospho-
histone-3 (green) and VE-cad (red) revealed that RA restored endothelial cell cycle control in Raldh2~/~ explants to wild-type level.

slightly delayed compared with in vivo development,
and after 48 h, the development of E7.5 explants was
similar to E9.0 embryos in vivo. Yolk sacs of Raldh2~/~
embryos after 48-h culture were similar to E9.0
Raldh27/~ in vivo as they had formed an initial capillary
plexus (Fig. 4A, right column) but exhibited no remod-
eling, as emphasized by dashed lines.

Consistent with our previous in vivo studies, phospho-
histone-3 staining revealed a 1.9-fold increase in the mi-
totic index in yolk sacs of Raldh2~/~ explants (Fig. 4A,
second row). Colocalization of phosphohistone-3 (green)
with VE-Cadherin (VE-Cad, red) on sections (Fig. 4A) re-
vealed that the proliferating cells were predominantly
endothelium (arrows). TUNEL assays of yolk sacs from
wild-type explants demonstrated that 3.4 = 2.0% of vis-
ceral endodermal and 28.7 = 6.5% of mesodermal cells
were apoptotic (Fig. 4A, fourth row, black arrows). In
Raldh27'~ yolk sacs, the mesodermal apoptotic level was
similar to that of wild type (28.9 + 8.1%); however, apo-
ptosis in the visceral endoderm was increased to
62.5 + 16.1% (Fig. 4A, fourth row, white arrows), indi-
cating that RA is required for visceral endoderm sur-
vival. Furthermore, in untreated wild-type yolk sacs, Fn
deposition was evident between the visceral endoderm
and mesoderm (Fig. 4A, bottom row, arrows). As seen in
vivo (Fig. 2D), Fn deposition between the mesoderm and
visceral endoderm was decreased in untreated Raldh2/~
yolk sac explants.
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Treatment of Raldh2 /- explants with increasing con-
centrations of RA (3, 30, 300 ng/mL) progressively res-
cued vascular remodeling. Higher concentrations of RA
had teratological effects, decreasing overall viability of
wild-type and Raldh2~/- explants (data not shown). In
response to 3 ng/mL RA, the vasculature in Raldh2~/~
yolk sacs (Fig. 4B, right column) was remodeled to wild-
type levels. Furthermore, treatment of Raldh2/~ ex-
plants with RA restored cell cycle control as demon-
strated by immunostaining on whole-mount and sec-
tions for phosphohistone-3 (Fig. 4B, middle and bottom
rows). Treatment with EtOH (vehicle) did not restore
vascular patterning in Raldh2~/~ explants and, at higher
concentrations, decreased survival of wild-type and
Raldh2/~ explants (data not shown). These findings in-
dicate that the embryo culture system recapitulates in
vivo development. Thus, this system was used to eluci-
date the biological importance of regulatory factors
downstream of RA signaling during vascular develop-
ment.

TGF-B 1 and Fn rescue Raldh2~/~ vascular defects
in vitro

TGEF-B1 and Fn were identified as downstream targets of
RA; thus, we sought to determine whether either could
rescue the Raldh2~/~ yolk sac vascular defects. We found
that exposure to 10 ng/mL TGF-B1 induced vascular re-



modeling in yolk sacs of Raldh2~/- explants (Fig. 5A,
right column), as evidenced by large vessel formation
and capillary remodeling. Whole-mount and section im-
munostaining for phosphohistone-3 indicated that TGF-
B1 decreased endothelial cell proliferation in Raldh2~/
yolk sac, but not to wild-type levels (Fig. 5A, second and
third rows). Furthermore, treatment with TGE-B1 re-
stored Fn deposition between the visceral endoderm and
mesoderm (Fig. 5A, bottom row), indicating that Fn pro-
duction is downstream of TGF-B1 signaling. Treatment
with vehicle alone in this and all culture experiments
had no effect on vessel formation or cell proliferation in
wild-type or Raldh2~/~ explants (data not shown).
Treatment of Raldh2/~ explants with 100 pg/mL
soluble Fn enabled the initiation of vascular remodeling
and the formation of large vessels in Raldh2~/~ explants
(Fig. 5B, right column). Fn also decreased endothelial cell
proliferation in Raldh2~/~ explants (Fig. 5B, second and
third rows) and decreased apoptosis in the visceral endo-
derm (6.3 + 2.4%) to levels similar to that in Fn-treated
wild-type explants (6.6 + 0.5%; Fig. 5B, fourth row). Fur-
thermore, Fn deposition was restored in Raldh2~/~ ex-
plants by culture with exogenous Fn (Fig. 5B, bottom
row, arrows). Histological sections confirmed formation
of large remodeled vessels in Fn-treated Raldh2/~ yolk
sacs, compared with untreated Raldh2~/~, in which all
vessels were the same size and smaller in diameter (data
not shown). These results indicate that Fn is a key down-
stream target of RA signaling, which mediates endothe-
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lial cell cycle control, visceral endoderm survival and func-
tion, vascular remodeling, and mural cell recruitment.

Regulation of endothelial cell proliferation involves
balanced signaling via integrins ab and av

The regulation of endothelial cell proliferation by ECM
proteins is mediated by integrin receptors a581, which is
the predominant receptor for Fn, and avp3, which is the
principal receptor for vitronectin (Vn). Fn-mediated sig-
naling via a5B81 suppresses endothelial cell proliferation,
which is necessary for lumen formation and the estab-
lishment of functional networks (Baldwin 1996). Alter-
natively, endothelial-expressed integrin avB3 interacts
with the VEGF-A pathway, increasing the phosphoryla-
tion of Flk-1 and inducing proliferation through ERK1
and ERK2 (Soldi et al. 1999). We hypothesized that bal-
anced interactions between endothelial cells through in-
tegrins a5 and av with these ECM components either
promote or suppress endothelial cell proliferation and
maturation. To test this hypothesis, we first investigated
the expression pattern of these integrin receptors in
wild-type and Raldh2~/~ mutants. Integrin «5 transcript
(Fig. 6A) and protein (Fig. 6B, top row) levels were de-
creased in E8.5 Raldh2~/~ yolk sacs compared with wild
type. Feeding RA to pregnant females from E7.5-E8.5
restored both transcript (Fig. 6A) and protein (Fig. 6B,
bottom row) expression of a5. Similarly, in embryo cul-
ture explants, a5 protein expression was decreased in

Figure 5. TGF-B1 and Fn rescue Raldh2~/~ vas-
cular defects in vitro. (A) Treatment of Raldh2~/~
and wild-type (WT) embryo explants with 10 ng/
mL TGF-B1 for 48 h initiated vascular remodel-
ing in Raldh27/~ explants (top row). Detection of
proliferating cells by whole-mount (middle row;
bar 100 pm) immunostaining of yolk sacs with
antiphosphohistone-3 and immunofluorescence
(bottom row; bar 25 pm) with antiphosphohis-
tone-3 (green) and VE-Cad (red) revealed that
TGEF-B1 decreased endothelial cell proliferation
in Raldh27/~ explants but not to wild-type levels.
Treatment with TGF-B1 also restored Fn deposi-
tion between the visceral endoderm (VE) and me-
soderm (M) as demonstrated by immunofluores-
cence. (B) Treatment with 100 pg/mL soluble Fn
rescued vascular remodeling in yolk sac of
Raldh27/~ explants (top row; bar, 100 um).
Whole-mount immunostaining of yolk sac tis-
sues (second row; bar, 100 pm) with antiphos-
phohistone-3 and immunofluorescence of yolk
sac sections (third row; bar, 25 pm) with anti-
phosphohistone-3 (green) and VE-Cad (red) re-
vealed that Fn rescued endothelial cell cycle con-
trol in Raldh2/- explants to that of wild-type
levels. TUNEL assay (fourth row; bar, 25 pm)
demonstrated that Fn reduced the level of apo-
ptosis in visceral endoderm of Raldh2~/~ explant

yolk sacs to wild-type levels and the remaining apoptotic cells in Raldh2~/~ yolk sacs were in the mesoderm (arrows) similar to wild
type. (Bottom row) Detection of Fn protein by immunofluorescence of yolk sac sections demonstrated that treatment of Raldh2~/~
with soluble Fn restored Fn deposition between the visceral endoderm and mesoderm layers of the yolk sac (arrows).
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Figure 6. Endothelial cell proliferative
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control is regulated by extracellular ma-
trix proteins via integrin o5 and integrin
av. (A) sqRT-PCR analysis of E8.5
Raldh27/~ and wild-type (WT) yolk sacs re-
vealed down-regulation of integrin o5
transcript, but no change in g1, av, or B3
levels. Feeding RA to pregnant females
from E7.5-E8.5 restored a5 transcript lev-
els in Raldh27/~ yolk sacs. HPRT was used
as an internal control. (B) Immunofluores-
cence demonstrated that integrin o5 pro-
tein is decreased in control fed ES8.5
Raldh27/~ yolk sacs compared with wild
type (WT; top row), but protein expression
was restored by feeding RA to pregnant fe-
males from E7.5-E8.5 (bottom row). There
were no differences in protein levels of 1
(second row), av (third row), or B3 (fourth
row) in E8.5 Raldh2~/~ yolk sacs compared
with wild type. (C) Western blot analyses
of E8.5 Raldh2~/~ and wild-type (WT) yolk
sac protein demonstrated increased phos-
phorylation of ERK1/2 at Tyr 204 (top row)
in mutant yolk sacs compared with wild
type. Conversely, protein levels of p21
(third row) were decreased in Raldh2/-
yolk sacs. Total ERK (second row), and ac-
tin (bottom row) were used as loading con-
trols. (D) Immunofluorescence of embryo
culture sections revealed that integrin o5
protein, which was decreased in control
treated Raldh27/~ explants (top row), was
restored by treatment with 3 ng/mL RA
(middle row) and 100 png/mL Fn (bottom
row). (E) Western blot analyses of yolk sacs
from embryo culture explants demon-
strated that phosphorylation of ERK1/2
(Tyr 204), which were increased in un-
treated Raldh2~/~ mutants, were restored ; £
to wild-type levels by treatment with 3 ng/
mL RA and 100 pg/mL Fn. Protein levels
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of p21 were decreased in untreated Raldh2/~ explants but restored by treatment with RA. (F) Blocking antibodies to integrin o5
(middle column) or integrin av (right column) inhibited vascular remodeling in 40% of wild-type explants in whole embryo culture
(top row; bar, 100 um). Whole-mount immunostaining (second row; bar, 100 pm) with antiphosphohistone-3 and immunofluorescence
(third row; bar, 25 nm) with antiphosphohistone-3 (green) and VE-Cad (red) revealed that blocking integrin o5 signaling increased
endothelial cell proliferation. Conversely, inhibiting integrin av resulted in decreased proliferation. TUNEL assay (bottom row)
demonstrated no differences in apoptosis in the mesoderm (arrows) and visceral endoderm in control and «5 or av antibody treated

explants.

control treated Raldh2/~ explants, but restored by treat-
ment with 3 ng/mL RA or 100 pg/mL Fn (Fig. 6D). No
changes in transcript or protein levels of integrin g1, av,
or B3 were detected by sqRT-PCR and immunohisto-
chemistry in E8.5 Raldh2~/~ versus wild-type yolk sacs
(Fig. 6A,B). In addition, there was no difference in Vn
expression in Raldh2~/~ and wild-type yolk sacs (data not
shown).

The specific decrease in integrin o5 expression sug-
gests that increased endothelial cell proliferation in
Raldh27/~ yolk sacs is due to an imbalance between in-
tegrin a5B1 and integrin avB3 signaling. To investigate
the downstream intracellular pathways, we determined
the level of phosphorylation of ERK1/2 (Tyr 204) in E8.5
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yolk sacs and in embryo culture explants. ERK1/2 was
hyperphosphorylated in E8.5 Raldh2~/~ yolk sacs (Fig.
6C) as well as in control treated mutant explant yolk
sacs (Fig. 6E). Treatment with RA or Fn decreased
ERK1/2 phosphorylation to wild-type levels (Fig. 6E).
Conversely, the cell cycle inhibitor, p21 was decreased
in E8.5 Raldh2~/~ yolk sacs and control treated Raldh2~/~
explants (Fig. 6C,E), but was restored by exogenous RA.
Expression of p21, however was not restored by exog-
enous Fn (Fig. 6E). These results suggest that in
Raldh2~/~ mutant yolk sacs, increased endothelial cell
proliferation is secondary to avB3-mediated activation of
the MAPKs, ERK1/2.

To confirm the regulation of endothelial cell prolifera-



tion by integrins a5B1 and avp3 in vivo, blocking anti-
bodies against specific a subunits were used in embryo
culture. In control cultures, all wild-type explants (12/
12) showed extensive remodeling after 48 h. Approxi-
mately 40% (9/21) of wild-type explants treated with
anti-integrin o5 antibodies lacked substantial vascular
plexus remodeling in the yolk sac (Fig. 6F, middle col-
umn). Similarly 40% (7/19) of anti-integrin av-treated
wild-type explants had decreased remodeling (Fig. GF,
right column). Blocking o5 increased endothelial cell
proliferation over control levels as evidenced by whole-
mount and immunohistochemical detection of phospho-
histone-3 (Fig. 6F, second and third rows). Conversely,
blocking av decreased proliferation below control levels.
Inhibition of a5 or av did not alter apoptosis levels in the
mesoderm (Fig. 6F, bottom row, arrows) or visceral en-
doderm. These results indicate that control of endothe-
lial cell proliferation is the result of balanced Fn-medi-
ated integrin signaling; «5@1 inhibits proliferation and
avB3 increases proliferation through activation of MAPK
pathway. Decreased expression of o5 in Raldh2~/~ mu-
tants favors enhanced av-mediated endothelial cell
growth.

Endoderm-derived signals do not regulate endothelial
cell proliferation but collectively modulate
vascular remodeling

Our results also indicated that VEGF-A, IHH, and bFGF,
produced by visceral endoderm, are indirect targets of
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RA because they are down-regulated secondary to de-
creased visceral endoderm integrity and function. We in-
vestigated whether any of these factors could rescue the
vascular defects in Raldh2~/~ yolk sacs. Treatment with
50 ng/mL VEGF-A,.; did not restore remodeling in
Raldh27/~ yolk sacs (Fig. 7A, right column), as the ves-
sels were uniform in diameter and intervascular spaces
were evenly distributed. Furthermore, phosphohistone-3
immunostaining of VEGEF-A,s-treated Raldh2”/~ re-
vealed a twofold increase in endothelial cell prolifera-
tion, similar to that in untreated mutant explants (Fig.
7A, second and third rows, arrows). TUNEL analysis
demonstrated that 48.0 + 28.0% of visceral endodermal
cells were apoptotic in VEGF-A, 4s-treated mutant ex-
plant yolk sacs with to 2.8 £ 2.6% in similarly treated
wild-type explants (Fig. 7A, bottom row, white arrows).
Raldh2~/~ explants treated with 1 ug/mL cholesterol-
modified IHH or 100 ng/mL recombinant human bFGF
similarly exhibited no rescue in vascular remodeling
(data not shown). These results indicate that VEGF-A 4,
IHH, or bFGF can not individually restore the vascular
defects or cellular abnormalities in Raldh2~/~ explant
yolk sacs.

Both in vivo and explant studies demonstrated de-
creased visceral endoderm integrity in Raldh2~/~ yolk
sacs, implying that supplementation of only one factor
may be inadequate to restore vascular remodeling. Thus,
we subjected cultured embryos to combined treatment
with VEGF-A, 45 (50 ng/mL), IHH (1 png/mL), and bFGF
(100 ng/mL), which initiated vascular remodeling in

Figure 7. Visceral endoderm factors are re-
quired for vascular remodeling, but not endo-
thelial proliferative control. (A) Treatment
with 50 ng/mL VEGF-A 45 in whole embryo
culture failed to induce vascular remodeling
in Raldh27/~ explant yolk sacs (top row; bar,
100 pum). Whole-mount immunostaining of
yolk sac tissues with antiphosphohistone-3
(second row; bar, 100 pm) and immunofluo-
rescence of yolk sac sections (third row; bar,
25 um) with antiphosphohistone-3 (green) and
VE-Cad (red) demonstrated that Raldh2~/~ ex-
plants treated with VEGF-A, 45, had a twofold
increase in proliferating endothelial cells (ar-
rows) compared with wild type (WT). TUNEL
analyses of yolk sac sections (bottom row;
bar, 25 nm) revealed that VEGF-A, . treated
Raldh27/~ explants had a 10-fold increase in
apoptosis in visceral endoderm (VE, white ar-
rows) but no change in the mesoderm (M,
black arrows). (B) Treatment with 50 ng/mL
VEGE-A,es +1 pg/mL IHH+ 100 ng/mL
bFGF induced vascular remodeling in
Raldh2/~ explant yolk sac (top row; bar, 100

pm). Whole-mount immunostaining of yolk

sac tissues with antiphosphohistone-3 (second row; bar, 100 ym) and immunofluorescence with antiphosphohistone-3 (green) and
VE-Cad (red; third row; bar, 25 nm) revealed Raldh2~/~ explants had a twofold increase in endothelial cell proliferation compared with
wild type. TUNEL assay of yolk sac sections (bottom row; bar, 25 nm) demonstrated that Raldh2~/~ explants treated with 50 ng/mL
rh-VEGF-A 45 + 1 pg/mL THH + 100 ng/mL bFGF had a 10-fold increase in apoptosis in visceral endoderm (white arrows), similar to

untreated Raldh2~/~ explants.
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Raldh27/~ explant yolk sacs (Fig. 6B, right column);,
however, the large vessels were dilated and not wild
type. Immunostaining for phosphohistone-3 revealed
a twofold increase in proliferating endothelial cells
in VEGF-A, s + IHH + bFGF-treated Raldh2/~ explant
yolk sacs (Fig. 7B, second and third rows, arrows),
indicating that control of endothelial cell proliferation
was not restored. TUNEL analysis showed that
60.9 = 0.9% cells in the visceral endoderm in VEGF-
A, s + IHH + bEGF-treated Raldh2/~ explants were ap-
optotic compared with 2.0 + 3.4% in similarly treated
wild type, indicating that visceral endoderm integrity
was not rescued (Fig. 7B, bottom row, arrowheads). Thus,
visceral endoderm derived factors can collectively modu-
late vascular remodeling in Raldh2~/~ yolk sac but do not
restore endothelial cell proliferation or visceral endo-
derm survival.

Discussion

Vascular induction and remodeling are complex pro-
cesses that involve paracrine and autocrine signals, cell-
cell communication, and cellular interactions with the
ECM. The fact that numerous genetically engineered
mutant mice share a common phenotype, lack of capil-
lary plexus remodeling, indicates that this process re-

A

Figure 8. RA regulation of reciprocal interactions be-
tween the visceral endoderm and mesoderm that control
endothelial cell growth and vascular remodeling. (A) In the
wild-type (WT) yolk sac, maternally derived retinol is
taken up by the visceral endoderm from the trophoblast
sinuses, where it is converted into active RA by Raldh2.
RA targets endothelial cells within the mesoderm through
RARal and RARa2 and promotes Fn transcription and pro-
duction via the TGF-g1 pathway. ECM proteins dually
regulate endothelial cell proliferation through different in-
tegrin receptors. Integrin avB3-Vn interactions induce pro-
liferation by enhancing Flk-1 phosphorylation and activa-
tion of ERK1/2. Conversely, integrin «581-Fn interactions
inhibit endothelial cell proliferation. Fn deposition be-
tween the visceral endoderm and mesoderm layers is also
required for visceral endoderm maintenance and continued
production of factors essential for vascular remodeling (qk,
VEGF-A, THH, bFGF) and barrier function (Cldn7). (B) In
the Raldh27/~ yolk sac, RA can not be synthesized from
retinol resulting in down-regulation of TGF-B and Fn. Fur-
thermore, integrin o5 is specifically decreased leading to
increased av-Vn-mediated activation of ERK1/2 and un-
controlled endothelial cell proliferation. Reduced Fn depo-
sition between mesoderm and visceral endoderm also re-
sults in increased apoptosis of extraembryonic visceral en-
doderm, which is concomitant with decreased production
of soluble signals required for vascular remodeling.

B
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quires a convergence of multiple pathways (RA, TGE-8,
Fn, VEGF-A, IHH, and bFGF). Each pathway has been
independently shown to play a role in vascular morpho-
genesis, but interactions between, and a hierarchy
among, these pathways has not been defined and is the
focus of these studies.

It is important to note that defects in vascular remod-
eling can also result from altered systemic circulation
secondary to hematopoietic defects or cardiac malforma-
tion. Therefore, in the current studies, we focused our
molecular analyses of vascular morphogenesis at the
early somitic stage, prior to the onset of cardiac function
and systemic blood flow (approximately eight somites).
Thus, we are confident that the defects in vascular de-
velopment reported are primarily due to disrupted vas-
cular cell signaling and not secondary to cardiac malfor-
mations or hemodynamic alterations, which can be con-
founding problems at later stages of development.

Previously we determined, by using RA-deficient
(Raldh2~/-) mutants, that RA controls endothelial cell
growth via induction of p21, which occurs in a biphasic
manner; an early peak suggesting direct transcriptional
or posttranscriptional regulation, and an increase several
days later suggesting that other pathways downstream of
RA signaling may contribute to endothelial cell growth
control and vascular remodeling (Lai et al. 2003). Thus,
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we investigated whether other signaling pathways impli-
cated in the control of these processes were dysregulated
in Raldh2~/~ mutants.

We found that the absence of RA led to suppression of
TGF-B1 and Fn production in endothelial cells and
down-regulation of VEGF-A, IHH, and bFGF in visceral
endoderm (Fig. 8B). These alterations in gene expression
correlated with enhanced endothelial cell growth, de-
creased visceral endoderm survival, and lack of capillary
plexus remodeling. Importantly, all of these defects in
the Raldh2~/~ mutants were rescued with RA in vivo and
in embryo culture. Therefore, we took advantage of the
in vitro rescue system to elucidate the hierarchy of these
signaling pathways downstream of RA and define the
cellular function of each in the control of endothelial cell
growth and vascular remodeling.

We determined that TGF-B1 and Fn decreased endo-
thelial cell proliferation and restored vascular remodel-
ing and visceral endoderm survival in Raldh2~/~ mu-
tants. Although RA regulation of TGF-B1 expression has
not been previously described, there are multiple RA re-
sponsive elements in the promoter (A. Cooney, B.
Bohnsack, and K. Hirschi, unpubl.), suggesting direct
transcriptional regulation of TGF-B1 by RA. Subsequent
TGF-B1 regulation of Fn has been described in numerous
cell types (Ignotz and Massague 1986; Ignotz et al. 1987),
including endothelial cells. Furthermore, mutants with a
dominant-negative TGF-B1 type Il receptor (TBRII; Gou-
mans et al. 1999) and mice lacking TRRI (Larsson et al.
2001) exhibited decreased Fn deposition between yolk
sac visceral endoderm and mesoderm. Interestingly, we
also found that mice lacking Smad5, which have a vas-
cular phenotype similar to the TBRI and TBRII mutants
(Chang et al. 1999), exhibited decreased Fn expression
(B.L. Bohnsack, unpubl.). The overlapping phenotypes of
TGEF-B1- and RA-deficient mutants corroborate our em-
bryo culture rescue studies and suggest that a major role
of RA in vascular morphogenesis is regulation of TGF-
B-mediated Fn deposition, which is required for normal
endothelial cell growth and vascular remodeling.

Fn has been shown to signal through multiple integrin
receptors, oz, auBy, asPy, agBy, o By, o Bz, a4 Bs, am,Pa
(Yang et al. 1999), and exert diverse downstream effects
depending on receptor and cell type. Angioblasts in the
yolk sac express asB; and o B;, and their critical role in
vascular remodeling is evidenced by the phenotype of
Fn™/~ or a5/~ mice (George et al. 1993, 1997; Yang et al.
1993; Francis et al. 2002).

Numerous studies have investigated the regulation of
endothelial cell proliferation by ECM proteins and their
integrin receptors. Integrin avB3 when bound to Vn en-
hances VEGF-A signaling through phosphorylation of
Flk-1 and activation of the downstream MAPK signaling
pathway, thereby promoting proliferation (Soldi et al.
1999). Integrin 51, on the other hand, does not interact
with VEGF-A or bFGF signaling pathways, and its bind-
ing to Fn is suggested to be important for endothelial cell
maturation and tube formation (Baldwin 1996). Our data
suggest that endothelial cell proliferative control during
vascular morphogenesis is the result of a balancing act

Hierarchical control of vasculogenesis

between ECM proteins and their integrin receptors. In-
tegrin avB3 promotes proliferation and migration
through cross-talk with VEGF-A and activation of
MAPK pathway. Integrin o581 inhibits proliferation to
promote maturation. In Raldh2~/~ mutant yolk sacs, in-
creased endothelial cell proliferation is secondary to a
specific decrease in integrin o5 and Fn in the presence of
unaltered levels of integrin avB3 and Vn, resulting in
hyperphosphorylation and activation of the MAPKs
ERKI and ERK2.

Fn deposition not only rescued endothelial cell prolif-
eration defects in Raldh2~/~ mice but also restored en-
dodermal survival. The expression of Fn-binding inte-
grins in yolk sac visceral endoderm has not been inves-
tigated; therefore, survival pathways activated by Fn in
these cells are undetermined. In other cell types, how-
ever, Fn-activated integrin signaling pathways promote
cell survival. For example, in endothelial cells, Fn in-
duces phosphorylation of EGF receptor, resulting in ac-
tivation of MAPK and cell survival (Moro et al. 1998). In
vitro studies using F9 teratocarcinoma cells have dem-
onstrated that B, and «s are expressed in visceral endo-
derm monolayers (Morini et al. 1999), and we find ex-
pression of these two subunits as well as B3 in the vis-
ceral endoderm. Blocking o5 signaling however, had no
effect on visceral endoderm integrity, suggesting that
survival pathways are downstream of alternate integrin
receptors.

In summary, our data from these and previous studies
collectively indicate that the control of endothelial cell
proliferation and vascular plexus remodeling during vas-
cular morphogenesis are independently regulated. RA is
integral to both processes in that it regulates endothelial
cell growth directly via regulation of p21 as well as in-
directly via TGF-B-induced Fn, which interacts with in-
tegrin a5 to suppress proliferation. RA also indirectly
regulates visceral endoderm survival and production of
soluble signals (VEGF-A, Thh, bFGF) required for vascular
remodeling. Thus, the control of RA production and deg-
radation is critical for the regulation of signaling path-
ways required for normal vascular development.

Materials and methods

Genotyping and tissue processing

Targeted disruption of Raldh2 gene (Niederreither et al. 1999)
and genotyping were performed as described (Lai et al. 2003).
Timed pregnancies were obtained by paired matings; morning of
the vaginal plug was considered E0.5. Tissues were obtained at
specified times, and embryos were staged (Downs and Davies
1993). For frozen sections, tissues were mounted in O.C.T.
Compound (Tissue-Tek), flash-frozen in liquid nitrogen, and
sectioned at 10 um. Tissues used for whole-mount analyses
were fixed in 4% paraformaldehyde (PFA) overnight at 4°C. RA
feeding experiments were carried out as previously described
(Lai et al. 2003).

Endoderm-mesoderm dissections

The extraembryonic region of early-late allantoic bud stage
(E7.5) embryos from CD1 wild-type females was dissected free
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of deciduas, ectoplacental cone, and Reichert’s membrane and
digested in 0.5% porcine pancreatic trypsin (Sigma), 0.25% por-
cine pancreatin (Sigma) in PBS for 25 min on ice. Mesoderm was
removed from visceral endoderm with tungsten and glass
needles by using a dissecting microscope.

sqRT-PCR

Tissues from E5.5 embryos, the extraembryonic regions of early
streak (E6.5) or E7.5 embryos, or yolk sacs from five- to seven-
somite stage (E8.5) embryos were dissected free of ectoplacental
tissues, and RNA was extracted by using TRIzol Reagent (Invit-
rogen). One pg of yolk sac RNA was reverse transcribed with
random primers (Invitrogen) and Superscript Reverse Transcrip-
tase II (Invitrogen) for 50 min at 42°C and 15 min at 72°C.
One-twentieth of the RT reaction was PCR-amplified by using
Taq polymerase (Invitrogen) and specific primers (sequences
available upon request). All primer sets were run at optimized
annealing temperature, within determined linear range and
with no RT controls. HPRT was used as an internal control for
sq comparison. Each RT-PCR experiment was performed with
four to five separate RNA isolations.

In situ hybridization

DIG RNA Labeling kit (SP6/T7; Roche) was used to make di-
goxigenin-UTP-labeled antisense and sense RNA probes.
Briefly, each cDNA was generated by RT-PCR, cloned into the
pGEM-TEasy Vector (Promega), sequence verified, and in vitro
transcribed. Labeling efficiency was measured by chemilumi-
nescent dot blot with DIG Nucleic Acid Chemiluminscent De-
tection kit (Roche). E8.5 wild-type and Raldh2~/~ frozen tissue
sections were fixed in 4% PFA for 20 min at room temperature
(RT), washed in PBS, digested with Proteinase K (5 png/mL; Re-
search Products International) for 5 min at RT, washed in PBS,
and refixed in 4% PFA for 5 min. Sections were washed in
DEPC-treated H,O and acetylated with 0.25% acetic anhydride
in 0.1 M triethanolamine for 10 min at RT. Tissues were pre-
hybridized in hybridization buffer (50% formalin, 2x SSC, 2x
Denhardt’s solution, 10% dextran sulfate, 0.04% yeast tRNA,
0.025% salmon sperm DNA, 20 mM DTT) for 1-3 h at 60°C
followed by hybridization with specific RNA probes in hybrid-
ization buffer (0.5-1 pg/mL) overnight at 55°C. Sections were
washed for 10 min at 60° C in 1x SSC and 1.5x SSC followed by
washes in 2x SSC for 20 min at 37°C and 0.2x SSC for 30 min at
60°C. Tissues were washed for 10 min with 0.1% Tween-20 in
PBS (PBS-Tween) at 60°C then at RT and then washed with
0.1% Triton X-100, 0.2% BSA in PBS (PBT) for 15 min at RT.
Detection of digoxigenin-labeled probes was carried out with
DIG Nucleic Acid Detection Kit (Roche). Slides were incubated
with blocking buffer (1% blocking reagent in Maleic Acid buffer
[MAB; 0.1 M Maleic acid, 0.15 M NaCl at pH 7.5] + 2% normal
sheep serum) for 2-3 h at RT and incubated overnight at 4°C
with antidigoxigenin AP-conjugated secondary antibodies di-
luted 1:1000 in blocker. Sections were washed three times in
PBT for 30 min at RT and equilibrated in detection buffer (Tris-
HCI, NaCl at pH 9.5). Transcripts were detected with NBP/
BCIP in detection buffer (1:50). Prehybridization, secondary
blocking, and developing time were optimized for each probe.

Whole-mount immunostaining and immunohistochemistry

Whole-mount analyses were carried out as previously described
(Lai et al. 2003). For quantification of cell proliferation, the
numbers of phosphohistone-3 positive and DAPI-stained nuclei
in each of four high-power fields was counted in three to four
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yolk sac samples; data represent the mean =+ standard error for
each group.

For immunohistochemistry, tissue sections were fixed at 4°C
in 4% PFA for 30 min or acetone for 10 min and incubated with
primary antibodies for 1 h at RT or 4°C overnight. Primary
antibodies included: rabbit anti-RAR« (1:50, BioMol), rat anti-
ICAM-2 (1:50, Becton Dickinson), mouse anti-TGF-g1 (1:500,
Genzyme), goat anti-Col I (1:10, Chemicon), rabbit anti-fibro-
nectin (Fn; 1:500, Becton Dickinson), rabbit anti-VEGF-A (1:50,
Neomarkers), rabbit antiphosphohistone-3 (1:100, Neomark-
ers), goat anti-VE-Cadherin (1:20, R & D), rabbit anti-integrin o5
(1:100, Chemicon), rat anti-integrin g1 (1:100, Chemicon), rab-
bit anti-integrin av (1:50, Santa Cruz), and rabbit anti-integrin
B3 (1:100, Chemicon). Sections were incubated with appropriate
secondary antibody conjugated to Alexa fluorophore 488 or 594
(1:500, Molecular Probes) for 30 min at RT or biotinylated sec-
ondary antibodies (Vectastain Elite ABC kit; Vector) for 1 h at
RT, which were then detected with DAB or VIP (Vector Labo-
ratories).

TUNEL assay

TUNEL assays were performed on frozen tissue sections by us-
ing a modification of a published protocol (Gavrieli et al. 1992).
Tissue sections were fixed in 4% PFA for 15 min, washed in
PBS, digested with 20 pg/mL proteinase K (Research Products
International) for 7-12 min at RT, washed in PBS, and refixed in
4% PFA for 5 min. Sections were equilibrated in 1x TdT buffer
(0.1 M potassium cacodylate, 2 mM CoCl,, 0.25 mM DTT) for
5 min. Tissues were incubated with TdT (30 U; Invitrogen) and
10 uM biotinylated d-UTP (Roche) in 1x TdT buffer for 1-2 h at
37°C. Reaction was stopped with 2x SSC, and tissues were
washed three times in PBS. Biotinylated DNA was conjugated
to HRP by incubating with ABC reagent (Vectastain Elite ABC
kit, Vector) for 30 min, DAB was used as a colorimetric sub-
strate to detect labeled DNA, and slides were coverslipped with
DAPI. Negative (-TdT) and positive (sections treated with
DNAsel) controls were included in all analyses. For quantifica-
tion of apoptotic cells, the numbers of DAB-stained positive and
total DAPI-stained nuclei were counted in each of four high-
power fields in three to four yolk sacs.

Western blot analysis

Western blot analyses were carried out as previously described
(Lai et al. 2003). Total protein was isolated from pooled geno-
typed yolk sacs or from bovine aortic endothelial cells that were
cultured in the presence of 1.0 uM RA or 1 ng/mL human re-
combinant TGF-g1 (R&D) for 12-72 h. For blocking studies,
neutralizing antibodies against TGF-1, TGF-B2, and TGF-B3
(10 pg/mL; kindly provided by Genzyme) were added in the
presence of 1.0 pM RA or 1 ng/mL TGF-B1 for 48 h. Primary
antibodies were as follows: mouse anti-TGF-g1 (1:250, Gen-
zyme), rabbit anti-Fn (1:500, Becton Dickinson), goat anti-Col I
(1:100, Chemicon), goat anti actin (1:1000, Santa Cruz), rabbit
anti-VEGF-A (1:500, Chemicon), anti-tubulin (1:2000, Neomar-
kers), goat antiphospho Tyr 204 ERK (1:500, Santa Cruz), rabbit
anti-ERK (1:1000, Santa Cruz), or mouse anti-p21 (1:100, Neo-
markers) in 5% nonfat dry milk in PBS-Tween.

Whole mouse embryo culture

E7.5 embryos were dissected in 10% FBS in PBS; yolk sac in-
tegrity with the ectoplacental cone was maintained, and Rei-
chert’s membrane was removed. Embryos were placed in con-
tinuous gas (5% O,, 5% CO,) rolling culture in 75% immedi-



ately centrifuged rat serum (Harlan), Dulbeco’s modified
essential medium (DMEM; GIBCO), and glutamine (2 mM)-
penicillin (100 U/ml)-streptomycin (100 pg/mL; GIBCO). Media
was changed after 24 h, and embryos were analyzed at 48 h.
Only embryos in which the allantois fused to the ectoplacental
cone were assessed for vascular morphology. For rescue experi-
ments, RA (3, 30, 300 ng/mL; Sigma) was suspended in 100%
EtOH with a final vehicle concentration ranging from 0.003 %
to 0.3%, human platelet derived TGF-g1 (10 ng/mL; R&D) was
suspended in 4 mM HCI, 0.1% BSA, bovine soluble plasma Fn
(100 png/mL; Invitrogen) was diluted in 4 mM Na,PO,, recom-
binant human VEGF-A (50 ng/mL; R&D) was suspended in
0.1% BSA, recombinant human bFGF (100 ng/ml; R&D) was
suspended in 0.1% BSA and 1 mM DTT, THH (1 pg/mL, kindly
provided by Dr. Mark Majesky, University of North Carolina,
Chapel Hill, NC) was suspended in 5 mM NaPi (pH 5.5), 50 mM
NaCl, and 0.5mM DTT. For antibody blocking studies, rat anti-
integrin a5 (Pharmingen) or rat anti-integrin av (Pharmingen)
antibodies were added to the media at a concentration of 20
pg/mL.
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