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Abstract

The molecular mechanism(s) controlling cell migration during vascular morphogenesis in vivo
remain largely undefined. To address this within a physiological context, we employed
retinaldehyde dehydrogenase-2 (Raldh2) null mouse embryos and demonstrate that retinoic acid
(RA) deficiency results in abnormal yolk sac vascular remodeling due to decreased Racl
activation, increased RhoA activation, and increased focal adhesions. Vinculin was increased in
Raldh2—/— yolk sacs, and molecular events important for focal adhesion turnover, FAK
phosphorylation (Tyr397) and FAK-paxillin association, were decreased. RA-rescue of vascular
remodeling downregulated vinculin and restored FAK phosphorylation (Tyr397) and FAK-
paxillin association. Further, vascular rescue with VEGF-A, Indian hedgehog, and bFGF restored
FAK phosphorylation (Tyr397) in the endothelium of Raldh2—/— yolk sacs. Our results provide
new insights into the regulation of endothelial cell migration during vascular remodeling in vivo
by adding the Racl and FAK activation pathway as a critical mediator of focal adhesion formation
and turnover during vascular remodeling.
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INTRODUCTION

Patterning and remodeling of newly formed blood vessels involves the orchestrated
movement of endothelial cells (Lamalice et al., 2007). During mammalian development, de
novo blood vessel formation initially occurs extraembryonically within the mesodermal
layer of the yolk sac. Mesodermal progenitors cluster at sites of blood vessel formation and
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undergo differentiation into endothelial and blood cells, forming blood islands (Doetschman
et al., 1987). Endothelial cells then lose cell-cell contacts, migrate and re-align to form tubes
that fuse to create an interconnecting network of vessels referred to as the primitive capillary
plexus. Remodeling of the capillary plexus into a functional hierarchical network of large,
medium, and small diameter vessels occurs in a precise and controlled fashion that ensures
the orderly movements of endothelial cells (Lamalice et al., 2007). Gene deletion studies in
mice have identified multiple growth factors and their receptors that are critical for yolk sac
vascular remodeling, including VEGF-A (Carmeliet et al., 1996; Ferrara et al., 1996),
ephrinB2 (Adams et al., 1999; Gerety and Anderson, 2002) and angiopoetin-1 (Suri et al.,
1996), as well as members of the hedgehog (Byrd et al., 2002), Notch (Krebs et al., 2000;
Limbourg et al., 2005) and TGF-3 families (Li et al., 1999; Yang et al., 1999). Diffusable
vascular growth factors are released from adjacent cells or the ECM and interact with their
receptors expressed on endothelial cells to regulate both proliferation and migration
necessary for vessel remodeling, however the precise molecular signaling cascades and
cellular events that promote endothelial cell migration in vivo are poorly understood.

RhoGTPases, low molecular weight intracellular GTP-binding proteins, are known to
transduce extracellular signals from growth factors to the actin cytoskeleton to promote cell
migration (Ridley and Hall, 1992; Ridley et al., 1992). RhoA, Racl, and Cdc42 are among
the well-studied Rho-GTPases. Rho proteins are active when GTP-bound and inactive when
GDP-bound (Etienne-Manneville and Hall, 2002). Rac1l mediates lamellipodia formation
and extension, and hence mediates forward cell migration (Nobes and Hall, 1995). Focal
adhesion disassembly, which must occur for cell migration to proceed, requires activation of
Racl and its effectors such as p21-activated kinase (PAK) (Zhao et al., 2000). Racl is
ubiquitously expressed in many cell types, however, endothelial-specific deletion of Racl
results in vascular remodeling defects and early embryonic lethality at 9.5 dpc (days post
coitum) (Tan et al., 2008).

These results indicate a central role for Racl in coordinating endothelial cell migration
during early embryonic vascular development. In contrast to the functional roles of Racl
during cell migration, Rho inactivation seems to be required for focal adhesion disassembly,
and RhoA activation by integrins induces formation of stress fibers and focal adhesions and
mediates contraction of the cell rear (Ridley and Hall, 1992; Barry et al., 1997; Clark et al.,
1998; Ren et al., 1999; Gallant et al., 2005). With elevated Rho activity, focal adhesions
enlarge in size and exhibit increased stability (Ren et al., 2000), thus impeding cell
migration.

In addition to Rho-mediated signals, regulation of cell migration involves the formation of
focal adhesions and signaling from within these sites. Focal adhesions are points of contact
between the cell and the ECM that are enriched in integrins as well as cytoskeletal, adaptor,
and signaling proteins including talin, tensin, a-actinin, paxillin, vinculin, zyxin, p130cas,
and FAK. For forward cell movement to occur, adhesion sites must form at the front of the
cell and dissolve at the rear of the cell (Nobes and Hall, 1999). Targeted gene deletion of the
focal adhesion proteins vinculin, paxillin and FAK in mice (Xu et al., 1998a; Hagel et al.,
2002; llic et al., 2003) results in early embryonic lethality due to mesodermal, vascular, and
cardiac defects, thus demonstrating the critical roles these proteins have during early
embryonic vascular development.

Vinculin is a major component of focal adhesions and cell-cell junctions, and others have
demonstrated that modulation of vinculin levels can directly alter cell motility.
Overexpression of vinculin by transfection into 3T3 cells inhibited migration (Rodriguez
Fernandez et al., 1992), while reduction of vinculin expression in 3T3 cells transfected with
an antisense vinculin cDNA construct promoted cell motility (Rodriguez Fernandez et al.,

Dev Dyn. Author manuscript; available in PMC 2011 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Enciso et al.

Page 3

1993). Consistent with this finding is the observation that cancer cells that lack vinculin are
invasive and have high metastatic potential (Lifschitz-Mercer et al., 1997). A role for
vinculin signaling in the inhibition of parietal endoderm migration, the initial migratory cell
type in the mouse embryo, has been demonstrated using vinculin-deficient F9
teratocarcinoma stem cells induced to form parietal endoderm (Mills et al., 2005). Parietal
endoderm derived from vinculin-deficient F9 stem cells migrated approximately two-fold
further than parietal endoderm derived from wild type cells. Vinculin—/— F9 stems cells also
displayed decreased adhesion. Recruitment of vinculin to focal adhesion sites has been
shown to have a role in strengthening the adhesion between cells and the ECM, while
reduction of adhesion and increased migration occur with downregulation of vinculin (Coll
et al., 1995). Vinculin itself is not essential for focal adhesion formation in that the number
of focal adhesions in vinculin-null cells were similar to WT cells (Coll et al., 1995; Mills et
al., 2005), however, a role for vinculin in suppressing focal adhesion turnover, and hence
motility (Saunders et al., 2006) has been demonstrated in vinculin null mouse embryo
fibroblasts wherein expression of vinculin in these cells resulted in larger focal adhesions
with increased stability and slow turnover.

The focal adhesion protein FAK is also required for the turnover of focal adhesions.
Fibroblasts from FAK—/— mice have decreased spreading, migrate slower than FAK+/+
fibroblasts, and have increased number of focal adhesions (llic et al., 1995). These data
indicate that FAK is not required for focal adhesion assembly, but plays an essential role in
focal adhesion turnover and subsequently is important for cell migration. Regulation of focal
adhesion turnover and signal transduction from within these sites involves tyrosine-
phosphorylation signaling pathways. Specifically, activation of FAK at its
autophosphorylation site on tyrosine residue 397 is associated with focal adhesion
disassembly and is required to promote cell migration (Sieg et al., 1999; Webb et al., 2004;
Hamadi et al., 2005).

Thus from preexisting and predominantly in vitro data, there is evidence that coordinated
regulation of cell migration involves the transduction of signals from extracellular growth
factors to intracellular mediators of cell shape and adhesion including RhoGTPases and
focal adhesion proteins, however, the integration of all these molecular events during the
initiation of embryonic vascular remodeling in vivo has not been examined. To further
understand and identify the molecular and cellular events required for proper endothelial cell
migration during early embryonic vascular remodeling in an in vivo context, we employed
retinaldehyde dehydrogenase-2 (Raldh2) null embryos as a murine model of defective yolk
sac vascular plexus remodeling. Raldh2, an enzyme in the second step of the Vitamin A
metabolic pathway that oxidizes all-trans-retinal into retinoic acid (RA), is the predominant
enzyme responsible for the production of RA during early embryogenesis and is essential for
embryonic survival (Niederreither et al., 1999). Raldh2—/— mutants lack primary capillary
plexus remodeling at 9.5 dpc and undergo embryonic lethality at 10.5 dpc (Lai et al., 2003).
In this study, we demonstrate that RhoGTPase signaling during the yolk sac vascular
remodeling stage at 9.5 dpc was dysregulated in the absence of RA signaling, with Rac
activation decreased and Rho activation increased. Loss of RA signaling resulted in a
downstream effect of increased focal adhesion protein expression which correlated with
increased vinculin-containing focal adhesions within the yolk sac mesodermal layer of
Raldh2—/— mutants, suggesting a defect in focal adhesion formation and turnover.
Activation of FAK by phosphorylation on tyrosine residue 397 was decreased in mutant
yolk sacs compared to WT. During normal vascular remodeling, the focal adhesion proteins
FAK and paxillin were physically associated, and this protein-protein interaction was
impaired in Raldh2—/— mutants. In vivo rescue of yolk sac vascular remodeling in Raldh2—/
— embryos from pregnant mice that were fed RA reduced vinculin expression down to levels
similar to WT littermates. Although total FAK expression was not restored back to WT
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levels in RA-rescued Raldh2—/— yolk sacs, levels of FAK phosphorylation (Tyr397) and
FAK-paxillin association were induced back to WT levels. Furthermore, in this study, the
endoderm-derived growth factors VEGF-A, IHH, and bFGF, which were previously shown
to rescue Raldh2—/— remodeling defects independently from proliferation defects (Bohnsack
et al., 2004), also increased FAK phosphorylation (Tyr397) back to WT levels in the yolk
sac vascular endothelium of Raldh2—/— mutants. Thus, these studies provide novel and
needed insights into the signaling cascades that regulate endothelial cell migration during
vascular remodeling in vivo.

RhoGTPase Signaling is Dysregulated in Raldh2—/— Mutants During the Vascular
Remodeling Stage (9.5 dpc) of Yolk Sac Blood Vessel Development

Post-translational signal transduction pathways involving RhoGTPases are known to
regulate cell migration. Racl activation is required for lamellipodia extension at the leading
edge of cells and focal adhesion turnover to promote cell migration (Nobes and Hall, 1999;
Zhao et al., 2000), while RhoA activation increases focal adhesion formation and
stabilization (Ridley and Hall, 1992) and can impede migration. We sought to determine the
activation states of Rac1 and RhoA, two major regulators of the actin cytoskeleton and focal
adhesion dynamics, during the vascular remodeling stage of blood vessel development (9.5
dpc). In pooled lysates of 9.5 dpc yolk sacs, Racl activation was significantly decreased by
1.6-fold in Raldh2—/— yolk sacs relative to WT (Relative mean fold activation + SEM: 0.62
+ 0.14; *p=0.025; n = 6) (Figure 1A, B). Conversely, a 2-fold increase in RhoA activation
was observed in Raldh2—/— mutants (Relative mean fold activation £ SEM: 2.24 + 0.43;
*p=0.016; n = 6) relative to WT (Figure 1C, D). Increased RhoA activation and decreased
activation of Rac1 at the vascular remodeling stage (9.5 dpc) supports an abnormality in cell
migration in Raldh2—/— mutants and demonstates a requirement for Racl activation during
yolk sac vascular remodeling. To further verify Racl activation during vascular remodeling
and its role in endothelial cell migration at 9.5 dpc, immunostaining for WAVEZ2, a
downstream effector of Racl that is predominantly expressed by vascular endothelial cells
during early embryonic development, was performed. WAVE-2, a member of the Wiskott-
Aldrich syndrome protein (WASP) family of proteins, mediates Racl-induced membrane
ruffling and has been shown to have an important role in directed endothelial cell migration.
WAVE2—/— embryos are embryonic lethal at 10 dpc and have defects in both embryonic and
yolk sac vessel formation, thus further demonstrating the crucial role of WAVE2 in
controlling endothelial cell migration specifically during embryonic vascular remodeling
(Yamazaki et al., 2003). Here we demonstrate that in WT yolk sacs wherein increased Racl
activation occurs, WAVE?2 protein expression overlaps with PECAM-1 expression in the
endothelial layer of yolk sac blood vessels (Figure 1E-G). In the yolk sac blood vessels of
Raldh2—/— mutants wherein there is decreased activation of Racl, WAVE2 endothelial
expression is diminished and relocalizes to the cell-cell borders of the endoderm (Figure 11).
Our results demonstrating the loss of Racl activation and endothelial WAVE2 expression in
the yolk sac vasculature of Raldh2—/— mutants provide in vivo evidence of a defect in
endothelial cell migration manifesting as a morphologic failure in blood vessel formation,
and thus reveal an important role for Racl activation during yolk sac vascular remodeling.

Rac1 Specific Inhibition Abrogates Yolk Sac Blood Vessel Formation

To further verify the role of Racl activation in controlling endothelial cell migration during
yolk sac vascular remodeling, Racl activation was blocked in WT whole embryos cultured
from 7.5-9.5 dpc in the presence of the Racl GTPase-specific small molecule inhibitor
NSC23766. NSC23766 fits into a surface groove of Racl and inhibits the binding of Rac1l to
its Rac-specific guanine nucleotide exchange factors (GEFs) Trio or Tiam1, subsequently
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blocking Rac1 activation (Gao et al., 2004). Rac1-specific inhibition can therefore be
achieved by treatment with NSC23766 without interfering with the activation of the other
closely related RhoGTPases, RhoA and cdc42. Inhibition of Racl activation in our studies
resulted in lack of vascular remodeling which was observed in NSC23766-treated embryos
(Figure 2B) compared to WT control untreated embryos (Figure 2A). Whole-mount staining
of yolk sacs with PECAM-1 delineated an arborizing vascular network of small, medium,
and large vitelline blood vessels in an untreated embryo (Figure 2C) while loss of PECAM-1
expression and lack of emerging blood vessels was seen in a NSC23766-treated embryo
(Figure 2D). Further, WAVEZ2 expression observed in the yolk sac vascular endothelium of
WT control untreated embryos (Figure 2E) was absent with Rac1-specific inhibition in
NSC23766-treated embryos that lacked organized blood vessel formation (Figure 2F).
Inhibition of large, medium, and small vessel formation in WT embryos upon Rac1-specific
inhibition recapitulates the vascular remodeling phenotype seen in Raldh2—/— yolk sacs,
thus further demonstrating the importance of Racl activation during the process of yolk sac
vascular remodeling.

Increased Focal Adhesions are Associated with Defective Yolk Sac Capillary Plexus
Remodeling in Raldh2—/— mutants

To determine the consequence of decreased Racl activation and increased RhoA activation
in Raldh2—/— mutants on other intracellular molecular processes that regulate cell migration
during vascular remodeling in vivo, we measured the protein expression of major
components of focal adhesions that are known to regulate cell migration in vitro. The stage
of development again utilized for these experiments was 9.5 dpc at which time the primary
capillary plexus is undergoing remodeling into a hierarchy of large, medium, and small
vessels. Levels of the focal adhesion proteins vinculin, paxillin, and FAK were measured by
Western blot in lysates from 9.5 dpc WT and Raldh2—/— yolk sacs and were all found to be
increased in Raldh2—/— yolk sacs compared to WT (Figure 3A). Raldh2—/— yolk sacs had
approximately a 1.5-fold increase in the protein levels of vinculin, paxillin, and FAK over
that of WT yolk sacs (Relative mean fold increase = SEM: 1.4 + 0.13, p=0.0027 for
vinculin, n = 10; 1.6 + 0.24, p=0.032 for paxillin,n =5; 1.64 + 0.17, p=0.0036 for FAK, n =
6) (Figure 3B).

To assess localization and extent of focal adhesion formation, 9.5 dpc WT and Raldh2—/—
yolk sacs were sectioned and fluorescently immunolabeled with a monoclonal antibody
against the focal adhesion marker vinculin. In both WT and Raldh2—/— yolk sacs, vinculin
was found to be localized in the cytoplasm of mesodermal cells and the cell-cell junctions of
visceral endoderm cells (Figure 3C, D). However, consistent with our Western blot data, we
found that vinculin-containing focal adhesions were increased in the mesodermal layer of
Raldh2—/— yolk sacs compared to WT by immunofluorescent staining (Figure 3D). The
mesodermal layer of Raldh2—/— yolk sacs was noted to be thickened with increased
expression of vinculin seen throughout the cytoplasm of mesodermal cells (Figure 3D). The
findings of increased focal adhesion protein expression by Western blotting and the presence
of increased vinculin-containing focal adhesions observed by fluorescence
immunohistochemistry suggest a key modulatory role for vinculin in promoting focal
adhesion formation/stabilization and decreased focal adhesion turnover during the process of
yolk sac vascular remodeling.

Increased Focal Adhesion Expression in Raldh2—/— Yolk Sacs Occurs Specifically at the
Vascular Remodeling Stage (9.5 dpc) and Not Prior

There is existing evidence that blood flow and mechanical forces such as shear stress are
important regulators of signaling pathways necessary for remodeling of the capillary plexus
(Lucitti et al., 2007), particularly cell signals that promote migration. To precisely define the
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temporal window of dysregulation of focal adhesion expression during extraembryonic
blood vessel formation in Raldh2—/— mutants after the establishment of blood flow,
transcript levels of focal adhesion proteins were determined by qRT-PCR in WT and
Raldh2—/- yolk sacs at 9.0 (15-20 somite stage) and 9.5 dpc (25-30 somite stage). By 9.0
dpc, blood flow has been established and the initiation of primary capillary plexus
remodeling occurs. At 9.5 dpc, a hierarchical network of blood vessels is present that has
begun to differentiate into arteries and veins. Relative to corresponding WT controls at 9.5
dpc, transcript levels of the focal adhesion proteins vinculin, paxillin, FAK, and Tensinl
were significantly increased (Relative mean fold increase £ SEM: 5.4 £ 0.084 for vinculin;
2.6 £ 0.081 for paxillin; 2.2 £ 0.064 for FAK; and 1.6 + 0.098 for tensin) (Figure 4A).
Although not increased, focal adhesion protein expression at 9.0 dpc in Raldh2—/— yolk sacs
was abnormal as there was an approximately 2-fold decrease in expression of all focal
adhesion proteins examined compared to WT. Overall, these results demonstrate lack of
appropriate regulation of focal adhesion formation in Raldh2—/— mutant yolk sacs. The
increased transcription of focal adhesion proteins specifically at 9.5 dpc in Raldh2—/— yolk
sacs is consistent with the increase in protein levels of vinculin, paxillin, and FAK at 9.5 dpc
observed in our Western blot experiments and marks 9.5 dpc, and not 9.0 dpc, as the specific
temporal stage at which abnormal cell migration is occurring due to increased focal adhesion
formation and lack of focal adhesion turnover.

To further assess the role of blood flow establishment on the modulation of focal adhesion
protein expression, Western blot analysis was performed for vinculin, paxillin, and FAK on
WT and Raldh2—/— yolk sacs at 8.0 dpc (3-6 somite stage), the primary capillary plexus
stage of vascular development prior to cardiac function and onset of blood flow. Differential
expression of focal adhesion proteins did not occur in Raldh2—/— yolk sacs compared to WT
at 8.0 dpc (Figure 4B). Overall, these results delineate 9.5 dpc (25-30 somites) as the stage
at which precise temporal molecular regulation of migration pathways controlling focal
adhesion formation and turnover must occur in order for yolk sac vascular remodeling to
normally progress.

Retinoic Acid Rescues Abnormal Upregulation of Vinculin and Reduces the Number of
Focal Adhesions in the Mesoderm of Raldh2—/— Mutants to WT Levels

To confirm the role of RA in the downstream regulation of focal adhesion protein
expression during vascular remodeling and determine the distinct migration signaling
pathways mediated by RA, in vivo yolk sac vascular rescue studies were conducted. The RA
rescue studies were performed by feeding pregnant female Raldh2 heterozygote mice all-
trans RA (100 pg of RA/gram of chow) on 7.5 and 8.5 dpc. Dietary supplementation of
pregnant female mice during this gestational period promotes remodeling of the yolk sac
vasculature in Raldh2—/— mutants that is comparable to that seen in WT embryos at 9.5 dpc
without inducing teratogenic effects in WT or heterozygous embryos (Figure 5A-C).
Previous data has demonstrated that although remodeling of vitelline blood vessels occurs,
the defect in endothelial cell proliferation in Raldh2—/— mutants is not corrected (Lai et al.,
2003). After RA treatment, yolk sacs were harvested at 9.5 dpc, genotyped, pooled
according to genotype, and lysed for protein extraction. Western blot analysis of RA-rescued
yolk sacs at 9.5 dpc revealed that protein levels of vinculin in RA-rescued Raldh2—/— yolk
sacs were decreased to levels similar to that of WT yolk sacs, however, paxillin and FAK
were not modulated by RA-rescue and remained increased in Raldh2—/— yolk sacs
compared to WT (Figure 5D). In contrast to the increased focal adhesions seen in unrescued
Raldh2—/- yolk sacs (Figure 3D), fluorescence immunolabeling for vinculin in RA-rescued
Raldh2—/- yolk sacs (Figure 5F) showed minimal expression of vinculin in the mesodermal
layer similar to WT yolk sacs (Figure 5E). Our finding of decreased protein levels of
vinculin, and not FAK or paxillin, in the remodeling vasculature of Raldh2—/— yolk sacs
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after RA-rescue demonstrates that downregulation of vinculin specifically promotes cell
migration and further reveals an important role for vinculin as a modulator of cell migration
during vascular remodeling in vivo.

FAK-Paxillin Association and FAK Phosphorylation (Tyr397) are Required During Yolk Sac
Vascular Remodeling

Previous studies have shown that activation of FAK requires phosphorylation of several
tyrosine residues but that phosphorylation of tyrosine residue 397, the major tyrosine
autophosphorylation site of FAK, is required for efficient disassembly of focal adhesions
and subsequently, for cell migration (Hamadi et al., 2005). To further assess the potential
mechanism(s) for the defect in focal adhesion turnover, levels of phosphorylated FAK
(Tyr397) were determined from protein lysates of yolk sacs from WT and Raldh2—/—
embryos. By Western blot, we observed that although levels of total FAK were increased in
Raldh2—/— yolk sacs compared to WT (Figure 3A), phosphorylation of FAK (Tyr397) was
decreased (Figure 6A). In vivo rescue of yolk sac vascular remodeling in Raldh2—/—
embryos from RA-fed pregnant females increased FAK phosphorylation (Tyr397) to WT
levels (Figure 6A), thus revealing that FAK phosphorylation (Tyr397) is required during
early extraembryonic vascular remodeling in vivo at 9.5 dpc.

The association of FAK and paxillin has been shown to be important for the initiation of
downstream molecular signaling that regulates focal adhesion turnover during renal tubule
morphogenesis (Ishibe et al., 2004). With our observation that FAK activation via
phosphorylation on Tyr397 was decreased in Raldh2—/— mutant yolk sacs compared to WT,
we sought to determine if this finding resulted from an interruption in the association of
FAK with paxillin, and therefore, whether or not this protein-protein interaction was
important during normal yolk sac vascular remodeling. Paxillin was immunoprecipitated
from protein lysates prepared from WT and Raldh2—/— yolk sacs at 9.5 dpc. Western
blotting for both FAK and paxillin revealed that these focal adhesion proteins were
associated during the vascular remodeling stage of blood vessel development at 9.5 dpc
(Figure 6B, left panel). Conversely, we found that complex formation between FAK and
paxillin was diminished in Raldh2—/— yolk sacs with unremodeled vasculature (Figure 6B,
left panel). However, with in vivo RA-rescue of yolk sac vascular remodeling in Raldh2—/—
mutants, the association between FAK and paxillin was observed at a level similar to WT
yolk sacs (Figure 6B, right panel). Our results confirm that the protein-protein interaction of
FAK and paxillin is important during yolk sac vascular remodeling and may be required for
further activation of FAK via phosphorylation on Tyr397.

Ex Vivo Rescue With Endodermal Factors VEGF-A, IHH, and bFGF Induces FAK
Phosphorylation (Tyr397) in the Yolk Sac Vascular Endothelium of Raldh2—/— Mutants

In previous studies from our lab, the endoderm-derived factors VEGF-A, IHH, and bFGF
were shown to be indirect targets of RA and were decreased due to loss of visceral
endoderm survival in the absence of RA (Bohnsack et al., 2004). When exogenously
supplemented in whole mouse embryo culture, these three factors collectively, but not
singularly, initiate vascular remodeling (Figure 7B), however loss of endothelial cell
proliferative control in Raldh2—/— yolk sacs persists (Bohnsack et al., 2004) suggesting a
role for these ligands in regulating endothelial cell migration and not proliferation. Western
blot analysis of yolk sac lysates from VEGF-A1g5-IHH-bFGF-rescued Raldh2—/— yolk sacs
demonstrated an increase in FAK phosphorylation on Tyr397 similar to WT levels (Figure
7C). These results were further confirmed by fluorescence immunolabeling of phospho-FAK
(Tyr397) in WT, Raldh2—/— yolk sacs, and rescued Raldh2—/— yolk sacs (Figure 7D-F).
Phospho-FAK (Tyr397) was localized to the vascular endothelium of WT yolk sacs (Figure
6D) and decreased in the vascular endothelium of Raldh2—/— yolk sacs (Figure 7E).
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Endothelial expression of phospho-FAK (Tyr397) was present at levels similar to WT in the
yolk sac vasculature of Raldh2—/— mutants rescued by exogenous VEGF-A4g5, IHH, and
bFGF (Figure 7F). The finding of phosphorylated FAK (Tyr397) in the vascular
endothelium of Raldh2—/— yolk sacs rescued by VEGF-A+IHH+bFGF reveals an in vivo
role for phosphorylated FAK (Tyr397) in the process of early yolk sac vascular remodeling
at 9.5 dpc and delineates a signaling pathway by which the endoderm factors VEGF-A, IHH,
bFGF independently regulate endothelial cell migration.

DISCUSSION

In this study, a molecular signaling pathway that regulates endothelial cell migration
independently from proliferation involving activation of Racl, FAK autophosphorylation at
tyrosine residue 397, and complex formation between FAK and paxillin was found to be
important in the process of early extra-embryonic vascular remodeling. Our finding of
increased focal adhesion proteins in unremodeled Raldh2—/— yolk sac blood vessels was
correlated with modulation of this specific cell migration pathway in vivo.

RhoGTPases are emerging as critical transducers of growth factor signals to the actin
cytoskeleton during early embryonic vascular development (Tan et al., 2008). In our study,
we provide further evidence that Racl activation is required for normal yolk sac vascular
remodeling specifically during early embryonic development at 9.5 dpc. We demonstrate
that a decrease or block in Racl activation, both seen in Raldh2—/— mutants (Figure 1A) and
with the Rac1-specific inhibitor NSC23766 (Figure 2), abrogates yolk sac blood vessel
development. We additionally provide evidence that failure of yolk sac vessel remodeling is
associated with endothelial loss of the Racl effector WAVE2 (Figures 11 and 2F), an
important mediator of endothelial cell migration. RA has previously been shown to induce
activation of Racl to promote neuronal differentiation (Pan et al., 2005; Guleria et al.,
2006). Thus, RA has been studied in regards to its role in signaling pathways associated with
cell differentiation, however, its role in regulating migration signaling pathways and the
contribution of these pathways to vascular remodeling has not been defined. The decrease in
Rac1 activation in RA-deficient yolk sacs with unremodeled vasculature at 9.5 dpc
compared to WT (Figure 1A, B) was associated with the observation of increased focal
adhesions in Raldh2—/— mutant yolk sacs. These results extend the known activities of Racl
activation to include the regulation of focal adhesion disassembly and turnover during yolk
sac vascular remodeling. In addition, we found increased levels of activated RhoA in
Raldh2—/— mutants at 9.5 dpc (Figure 1C, D) that is consistent with a defect in migration
due to increased stabilization of focal adhesions and enhanced cell-ECM adhesion.

Our findings in the Raldh2—/— mutants of increased expression of vinculin, FAK, and
paxillin (Figure 3A, B), key components of focal adhesions that are known to be important
regulators of cell migration, and increased number of vinculin-containing focal adhesions in
the yolk sac mesoderm layer of these mutants compared to WT (Figure 3C, D) is consistent
with a defect in cell migration resulting from lack of focal adhesion turnover. In this study,
we found an increase in vinculin-containing focal adhesions at the cell-cell junctions of
endodermal cells and in the cytoplasm of cells within the yolk sac mesoderm layer of
Raldh2—/— mutants (Figure 3D) associated with lack of remodeling of the primitive
capillary plexus. Vinculin is a major component of focal adhesions and cell-cell junctions.
The role of vinculin at cell-cell junctions is yet undefined, however our finding that
downregulation of vinculin in the underlying mesoderm is necessary for cell migration and
blood vessel remodeling in vivo supports previous evidence that vinculin suppresses cell
migration by stabilizing focal adhesions (Xu et al., 1998b; Saunders et al., 2006). However,
the direct mechanism as to how increased expression of vinculin in the underlying
mesodermal layer inhibits the migration of endothelial cells and how this contributes to the
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overall remodeling of blood vessels is not known. Our data further reveals the importance of
regulation of focal adhesion formation and turnover during the vascular remodeling stage of
blood vessel development (9.5 dpc) and not prior (Figure 4). The dysregulation of focal
adhesion formation and turnover in Raldh2 mutants specifically at 9.5 dpc indicates that
molecular regulation of focal adhesion dynamics is critical during the stage of vascular
development during which the vitelline blood vessels are actively forming a hierarchical
network of branches that are undergoing differentiation into arteries and veins. In contrast,
the initiation of vascular remodeling after establishment of blood flow at 9.0 dpc does not
appear to be dependent on RA for the regulation of focal adhesion turnover. The decrease in
focal adhesion proteins at 9.0 dpc in Raldh2—/— mutants, however suggests that these
mutants have an overall defect in focal adhesion formation, thus indicating that regulation of
focal adhesion formation is also required at this stage. In addition, the lack of differential
expression of focal adhesion proteins in Raldh2—/— mutants compared to WT at 8.0 dpc
prior to the establishment of blood flow provides further evidence that signaling pathways
that control endothelial cell migration are influenced by blood flow and mechanical forces
such as shear stress.

An important cell migratory pathway has previously been described during renal tubule
morphogenesis in which the association between FAK and paxillin promotes the
phosphorylation of both proteins and mediates both Rac1 activation and focal adhesion
turnover downstream (Ishibe et al., 2003; Ishibe et al., 2004). In the context of normal
vascular remodeling, we demonstrate that FAK and paxillin associate together and that FAK
phosphorylation on Tyr397 is required to promote migration of endothelial cells during
extraembryonic blood vessel remodeling at 9.5 dpc (Figure 6B). Conversely, we found that
decreased FAK-paxillin association and loss of FAK phosphorylation (Tyr397) occur in
Raldh2—/— yolk sacs that lack normal blood vessel remodeling (Figure 6B). We further
determined that the interaction of FAK and paxillin is indeed required during vascular
remodeling in vivo as RA-rescue of vessel remaodeling in the yolk sacs of Raldh2—/—
mutants promoted the association of FAK and paxillin. Disruption of FAK-paxillin
interaction and an increase in the association of paxillin with vinculin has previously been
described in the context of defective cell migration and focal adhesion turnover in vitro
(Subauste et al., 2004) indicating a direct role for vinculin in mediating paxillin’s interaction
with FAK. The finding that FAK activity is increased in vinculin null embryos is further
evidence that increased expression of vinculin may interrupt the interaction of paxillin and
FAK by binding to paxillin and preventing FAK phosphorylation. In our studies, however,
paxillin and vinculin were not found to be associated in WT or Raldh2—/— yolk sacs (data
not shown); therefore the direct, mechanistic role of vinculin in modulating molecular
signaling that affects cell migration during vascular remodeling remains to be elucidated.

Previously, we demonstrated that the visceral endoderm-derived factors VEGF-A, IHH, and
bFGF added exogenously to Raldh2—/— embryos in culture collectively promote vascular
remodeling in the absence of cell proliferative control (Bohnsack et al., 2004). The use of
Raldh2—/— mice have provided a unique opportunity to specifically study molecular
pathways that affect migration separate from the defect in endothelial cell proliferation.
Mounting evidence supports that signals from the endoderm are necessary for proper
vascular formation in the underlying mesoderm layer (Risau et al., 1988; Nath et al., 2004).
In regards to growth factor-stimulated cell migration, VEGF-A is known to influence
endothelial cell migration by modulating cell-cell and cell-ECM adhesion via assembly and
disassembly of focal adhesions. VEGF-mediated tyrosine phosphorylation of focal adhesion
proteins such as FAK and paxillin occurs in human umbilical vein endothelial cells and is
required for the recruitment of these proteins to focal adhesion sites (Abedi and Zachary,
1997). In this study we corroborate our previous findings and further demonstrate that like
RA alone, VEGF-A + IHH + bFGF collectively can restore FAK activation in the yolk sac
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vascular endothelium of Raldh2—/— embryos (Figure 7C, F). These results specify a role for
VEGF-A, IHH and bFGF in promoting vascular remodeling via a migration signaling
pathway involving Racl and FAK activation that is distinct from the TGFp-fibronectin
pathway controlling endothelial cell proliferation (Bohnsack et al., 2004).

In all, our study identifies a developmentally stage-specific cell migration signaling pathway
controlling focal adhesion formation and turnover that is unique from the molecular
signaling pathway that regulates endothelial cell proliferation during yolk sac vascular
remodeling in vivo at 9.5 dpc. During normal yolk sac vascular remodeling (Figure 8A), RA
maintains the integrity of the yolk sac endoderm and its ability to produce the endoderm-
derived factors VEGF-A, IHH and bFGF. Our studies demonstrate that these factors act on
the underlying mesoderm to promote endothelial cell migration via a specific molecular
signaling pathway that involves the association of FAK with paxillin. Upon interaction of
FAK and paxillin, FAK is phosphorylated on Tyr397, Racl is activated, and WAVE?2 is
expressed. In the absence of RA signaling (Figure 8B), decreased production of VEGF-A,
IHH, and bFGF results. As a consequence, the association of FAK and paxillin is disrupted
and there is diminished activation of FAK and Racl, loss of WAVE2 expression, and
increased activation of RhoA. The altered activation states of these signaling proteins results
in increased vinculin-containing focal adhesion sites throughout the yolk sac mesoderm that
ultimately results in a defect in endothelial cell migration and lack of vascular remodeling.

EXPERIMENTAL PROCEDURES

Mice

Genotyping

The expression of the Raldh2 gene was disrupted in CD1 mice via targeted insertion of the
neomycin gene into the coding region as described (Niederreither et al., 1999). Timed
matings were performed by checking female mice daily for vaginal plugs; the morning a
plug was observed was designated 0.5 dpc. All animal experiments were performed
according to animal research protocols approved by the Baylor College of Medicine
Institutional Animal Care and Use Committee (IACUC).

Heterozygous mice for breeding were genotyped by PCR. Tail clippings were used as the
source of DNA and were digested with proteinase K. Tail DNA was extracted with
phenol:chloroform:isoamyl alcohol. For genotyping of yolk sacs, the corresponding embryos
were digested by incubating in 50 mM NaOH at 95°F for 15 minutes followed by
neutralization with 0.5 M Tris-HCL (pH 8.0). For the PCR reaction, primers were used that
closely flank the Raldh2 locus as previously described (Niederreither et al., 1999).

Immunofluorescence

9.5 dpc WT and Raldh2—/— conceptuses were isolated and fixed in 4% PFA. For frozen
sections, embryos were processed through a sucrose gradient (10% sucrose followed by 20%
sucrose overnight) then embedded in M-1 embedding matrix (Shandon Inc., Pittsburgh, PA),
flash frozen in 2-methylbutane cooled in liquid nitrogen, and cryosectioned at 10 pm onto
Ultrastick® glass slides (Fisher Scientific, Pittsburgh, PA). Tissue sections were blocked
with 3% BSA and 0.5% Tween20 in PBS, then incubated with primary antibody overnight.
Slides were then washed with 0.2% BSA and 0.5% Tween 20 ten times, then incubated with
secondary antibody overnight. For whole mount immunostaining of yolk sacs, embryos were
initially dehydrated through a methanol gradient and stored in 100% methanol. Prior to
immunostaining, embryos were rehydrated through a methanol gradient and permeabilized
with 0.1% Tween in PBS. The primary antibodies used were a monoclonal mouse anti-
vinculin (Sigma-Aldrich, St. Louis, MO; dilution 1:50), monoclonal mouse anti-phospho-
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FAK (Tyr397) (Upstate, Millipore, Billerica, MA; dilution 1:200), monoclonal mouse anti-
PECAM-1 (BD Transduction Laboratories, BD Biosciences, San Jose, CA; dilution 1:50),
and polyclonal rabbit anti-WAVE2 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA;
dilution 1:50). Alexa Fluor 488 and Alexa Fluor 594 (Molecular Probes-Invitrogen,
Carlsbad, CA) were used as the secondary antibodies at a dilution of 1:250-1:400. Nuclei
were stained with DAPI (Sigma-Aldrich, St. Louis, MO). Images were obtained using a
Zeiss LSM 510 META confocal system or a DeltaVision Spectris Restoration Microscopy
System.

Western Blotting and Immunoprecipitation

The expression of focal adhesion proteins vinculin (Upstate, Millipore, Billerica, MA,
dilution 1:10,000), paxillin (BD Transduction Laboratories, BD Biosciences, San Jose, CA;
dilution 1:500), and FAK (BD Transduction Laboratories, BD Biosciences, San Jose, CA;
dilution 1:500) was determined by Western blot analysis. Levels of phosphorylated FAK
(Tyr397) were also determined by Western blotting (BD Transduction Laboratories, BD
Biosciences, San Jose, CA,; dulition 1:1000). Actin (Santa Cruz Biotechnology, Santa Cruz,
CA,; dilution 1:5000) was used as the loading control for all Western Blots. Yolk sacs from
wild type or Raldh2—/— yolks sacs were pooled and lysed in RIPA buffer (Upstate, Beverly,
MA) containing Complete Protease Inhibitor Cocktail (Roche, Indianapolis, IN) and
Phosphatase Inhibitor Cocktails | and Il (Calbiochem, San Diego, CA). Protein
concentration for each sample was determined by BCA assay (Pierce, Rockford, IL) and
quantified by a HTS 7000 Plus Bio Assay Reader (Perkin Elmer, Waltham, MA). For
Western blotting experiments, 20 ug of protein per sample were loaded on SDS-PAGE gels
(Bio-Rad, Hercules, CA) and transferred onto nitrocellulose membranes (Millipore,
Billerica, MA). Chemoluminescent detection was performed using the ECL Plus Detection
Kit (GE Healthcare Limited, Buckinghamshire, UK). 100-200 ug of protein were used for
the coimmunoprecipitation experiments. Paxillin was precipitated with an anti-paxillin
monoclonal antibody (BD Transduction Laboratories, BD Biosciences, San Jose, CA) and
Trueblot anti-lg mouse beads (eBioscience, San Diego, CA). Immunoprecipitated paxillin
was then detected by Western blot using the same paxillin monoclonal antibody (BD
Transduction Laboratories, BD Biosciences, San Jose, CA). Coprecipitation of FAK and
vinculin was detected by Western blotting using an anti-FAK monoclonal antibody (BD
Transduction Laboratories, BD Biosciences, San Jose, CA) and an anti-vinculin monoclonal
antibody (Upstate, Millipore, Billerica, MA). Band densitometry was performed using
Quantity One software (Bio-Rad, Hercules, CA).

Reverse Transcription and Real-Time Quantitative PCR

Yolk sacs were dissected and individually placed in RNA Later (Qiagen, Valencia, CA).
After genotyping corresponding embryos, WT and Raldh2—/— yolk sacs were pooled
separately and total RNA was extracted using the Qiagen RNeasy Mini Kit. RNA was then
quantified using a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies,
Wilmington, DE). cDNA was synthesized from 1 ng of RNA per sample using Superscript
First-Strand Synthesis System (Invitrogen, Carlsbad, CA) following the manufacturer’s
instructions. gPCR was then performed using primers from Applied Biosystems (vinculin,
paxillin, FAK, and tensinl) using the ABI Prism® 7900HT Sequence Detection System
(Applied Biosystems, Foster City, CA). Each reaction was done in triplicate. Fold induction
of each gene in the Raldh2—/— yolk sacs relative to WT was calculated. Mouse —actin was
used as the endogenous control.

RhoGTPase Activation Assay

Isolated WT or Raldh2—/— yolk sacs were pooled and rinsed with PBS then lysed with 500
ml of magnesium lysis buffer containing 25 mM HEPES (pH 7.5), 150 mM NacCl, 1%
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Igepal CA-630, 10 mM MgCly, 1 mM EDTA, 2% glycerol, 10 mg/ml leupeptin, 10 mg/ml
aprotinin, Complete Protease Inhibitor Cocktail (Roche, Indianapolis, IN) and Phosphatase
Inhibitor Cocktails I and Il (Calbiochem, San Diego, CA). The tissue was lysed by passage
through a 23 gauge syringe needle, then a smaller bore 26-gauge syringe needle.
RhoGTPase pull-downs were performed according to manufacturer’s specifications
(Upstate, Lake Placid, NY). Western blotting was then performed to detect activated and
total RhoGTPase levels. 20 pg of protein were used for determination of total Rac1 and
RhoA levels. Band densitometry was performed using Quantity One software (Bio-Rad,
Hercules, CA).

In Vivo Retinoic Acid Rescue

On the morning of embryonic day 7.5 and 8.5, maternal diet was supplemented with all-
trans retinoic acid (Sigma-Aldrich, St. Louis, MO). 100 pg of RA were added per gram of
feed and protected from light exposure. Embryos were dissected at 9.5 dpc and assessed
morphologically for the presence of yolk sac vascular remodeling.

Whole Mouse Embryo Culture

Statistics

At 7.5 dpc, embryos were dissected free from uterine and trophoblastic tissue and Reichart’s
membrane was removed. Embryos were cultured in pooled male rat serum for 48 hours in a
rolling bottle culture incubator at a speed of 30 rpm (BTC Precision Engineering, Milton
Cambridge, England). Embryos were gassed for 3 minutes upon initiation of culture with
5% CO» and subsequently gassed once daily for 3 minutes with increasing concentrations of
CO, (20% and 40% CO5,). The Racl specific inhibitor NSC23766 (Calbiochem-EMD4
Biosciences, Gibbstown, NJ) was used at a concentration of 50 pM. For rescue experiments,
the following reagents were added to embryos in culture: recombinant human VEGF-Aqgs
(R&D) 50ng/ml diluted in 0.1% BSAo in PBS, recombinant human FGF basic (R&D)
100ng/ml diluted in 0.1% BSA in PBS and 1mM DTTg, and recombinant human/mouse
IHH (R&D) 1 pg/ml diluted in 0.1% BSA in PBS.

For Western blots and RhoGTP pulldowns, bands were quantified by densitometry using
Quantity One software (Bio-Rad, Hercules, CA) and data were analyzed by Student’s two-
tailed t-test. P values less than or equal to 0.05 were considered significant.
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Figure 1. Increased Racl activation and decreased RhoA activation occur during normal
vascular remodeling
(A) Activated and total Rac1 and (C) activated and total RhoA from pulldowns performed

on lysates derived from WT vs. Raldh2—/— yolk sacs were determined at 9.5 dpc. RacGTP
from WT and Raldh2—/— whole yolk sacs isolated at 9.5 dpc was pulled down utilizing the
PAK-1 binding domain bound to glutathione-agarose beads. Similarly, RhoGTP was pulled
down with the Rhotekin Rho binding domain bound to glutathione-agarose beads. Levels of
activated Racl were found to be decreased in Raldh2—/— mutants relative to WT (A).
Conversely, RhoA activation was increased in Raldh2—/— mutants relative to WT (C). (B,
D) Quantitation of RacGTP (B) and RhoGTP (D) by band densitometry represented by bar
graphs denoting fold differences in Racl and RhoA activation in 9.5 dpc Raldh2—/— yolk
sacs (represented as the mean + SEM) relative to WT. Data representing the activation for
each RhoGTPase were averaged from 6 independent experiments (n = 6) and analyzed by
Student’s two-tailed t-test; *p values < 0.05 were considered significant and are denoted by
an asterisk (Rac GTP: p = 0.025; RhoGTP: p = 0.016). (E-J) Representative yolk sac
sections from WT and Raldh2—/— embryos double-labeled with PECAM-1 (red) and
WAVE?2 (green) are shown. PECAM-1 (red) marks the endothelial cell layer of yolk sac
blood vessels from both WT (E) and Raldh2—/— (H) embryos. (F) WAVEZ2 (green) is
present in the endothelium of the WT yolk sac blood vessel and (G) colocalizes with
PECAM-1 (yellow). (1) In contrast, endothelial WAVEZ2 expression is lost in the Raldh2—/—
yolk sac blood vessel and relocalizes to the cell-cell borders of the endoderm layer. Nuclei
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are stained with DAPI (blue). VE = visceral endoderm; Mes = mesoderm; L = blood vessel
lumen; scale bars = 20 um.
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Figure 2. Racl specific chemical inhibition recapitulates the yolk sac vascular remodeling defect
seen in Raldh2—/— mutants

(A) A WT control embryo cultured for 48 hrs. from 7.5-9.5 dpc in rat serum exhibits yolk
sac vascular remodeling in contrast to (B) a WT embryo cultured in the presence of the
Rac1-specific inhibitor NSC23766 (50 uM). (C—F) Whole-mounts of yolk sacs from WT
untreated and NSC23766-treated embryos are shown. (C) PECAM-1 (red) delineates a large
arborizing vitelline blood vessel and smaller blood vessels in an untreated WT embryo. (D)
Diminished PECAM-1 expression correlates with the absence of large, medium, and small
vessel formation in the yolk sac of a NSC23766-treated embryo. To verify Racl inhibition,
WAVE?2 (green) expression was compared in untreated and NSC23766-treated embryos. (G)
WAVE?2 (green) is expressed in the developing yolk sac blood vessels of untreated WT
embryos. (H) In contrast, loss of WAVE2 expression was observed in the yolk sac from
NSC23766-treated embryos. Nuclei are stained with DAPI (blue). Scale bars = 1000 pm (A,
B); 90 um (C, D, E); 30 um (F).
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Figure 3. Focal adhesions are increased in Raldh2—/— mutants that fail to undergo vascular
remodeling

(A) Representative Western blots are shown that demonstrate increased protein levels of the
focal adhesion proteins vinculin, paxillin, and FAK in Raldh2—/— yolk sacs versus WT yolk
sacs at 9.5 dpc. Actin was used as the loading control. (B) Quantitation of Western blots for
vinculin, paxillin, and FAK is represented by bar graphs indicating the mean band density +/
— SEM measured for Raldh2—/— mutants relative to WT for each focal adhesion protein.
Vinculin (p = 0.0027), paxillin (p = 0.032), and FAK (p = 0.0036) were significantly
increased in Raldh2—/— yolk sacs as determined by a two-tailed student t-test (*p < 0.05 as
denoted by an asterisk; n = number of independent Western blot experiments repeated for
each focal adhesion protein). Representative fluorescence confocal images are shown which
demostrate the localization of vinculin (green) in WT (C) and Raldh2—/— yolk sacs (D).
Vinculin expression is increased in the cytoplasm of yolk sac mesodermal cells and
endoderm cell-cell borders at 9.5 dpc in Raldh2—/— mutants compared to WT. Nuclei are
stained with DAPI (blue). VE = visceral endoderm; Mes = mesoderm; L = blood vessel
lumen; scale bars = 10 um.
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Figure 4. Regulation of focal adhesion formation and turnover is critical during the vascular
remodeling stage of blood vessel development (9.5 dpc)

(A) mRNA expression of vinculin, paxillin, FAK, and Tensinl was assessed by qRT-PCR in
yolk sacs harvested at 9.0 dpc (15-20 somite stage) versus 9.5 dpc (25-30 somite stage).
Relative to corresponding WT yolk sacs isolated from littermates at either 9.0 dpc or 9.5
dpc, mRNA expression of these genes is increased in Raldh2—/— yolk sacs specifically at
9.5 dpc and not prior at 9.0 dpc. Transcript levels were normalized by using -actin as the
internal control. (B) Protein levels of FAK, paxillin, and vinculin were determined by
Western blot in 8.0 dpc WT, Raldh2 heterozygote (+/-), and Raldh2 null (—/-) yolk sacs
isolated at the 3-6 somite stage prior to cardiac function and establishment of blood flow. At
this stage, protein levels in Raldh2 —/— yolk sacs were not found to be different from WT or
Raldh2 +/— yolk sacs. Actin was used as the loading control.

Dev Dyn. Author manuscript; available in PMC 2011 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 21

Raldh2 /"% Raldh2 -

D +Retinoic Acid

WT Raldh2 -I- —
<
vinculin| s —116kD |Q
=
—
actin | s o [—43k0 (D
r 4
>

paxillin . |—68kD

Raldh2 -/-
actin | e s |43 kD

FAK S —125 kD

actin | w— . (—43 KD

Figure 5. In vivo rescue of Raldh2—/— yolk sac vasculature with RA decreases vinculin
expression and the number of focal adhesion sites back to WT levels

(A-C) Representative images are shown of 9.5 dpc yolk sacs from WT (A) and Raldh2 —/—
(B) embryos illustrating morphologic rescue (C) of the yolk sac vascular remodeling defect
observed in Raldh2—/— yolk sacs. (D) Representative Western blots demonstrate that
increased protein expression of vinculin in untreated Raldh2—/— yolk sacs is reduced to
levels similar to WT yolk sacs after in vivo RA-rescue, however increased protein levels of
paxillin and FAK are not reverted to WT levels after RA-rescue. (E-F) After RA-rescue,
Raldh2—/- yolk sacs (F) at 9.5 dpc express minimal levels of vinculin (green) in the
underlying mesodermal layer that is similar to that seen in the mesodermal layer of WT yolk
sacs (E). Nuclei are stained with DAPI (blue). VE = visceral endoderm; Mes = mesoderm; L
= blood vessel lumen; RA = retinoic acid; scale bars = 1000 um (A, B, C); 10 um (E, F).
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Figure 6. FAK activation and association with paxillin are diminished in Raldh2—/— mutants
(A) Representative Western blots of phosphorylated FAK (Tyr397) in untreated WT and
Raldh2—/— yolk sacs and in RA-treated (in vivo) WT and Raldh2—/— yolk sacs at 9.5 dpc
demonstrate lower levels of FAK phosphorylation (Tyr397) in Raldh2—/— mutants
compared to WT which is increased back to WT levels after in vivo rescue with RA. Actin
was used as the loading control. (B) Paxillin was immunoprecipitated from protein lysates
from 9.5 dpc WT and Raldh2—/— yolk sacs and representative Western blots show levels of
FAK and paxillin. Complex formation between FAK and paxillin occurs in WT yolk sacs
during normal vascular remodeling (B, left panel). In contrast, the association between FAK
and paxillin was diminished in Raldh2—/— yolk sacs that fail to undergo vascular remodeling
(B, left panel). However, after in vivo RA-rescue of yolk sac vascular remodeling in
Raldh2—/— mutants, complex formation between FAK and paxillin was observed at a level
similar to that detected in WT yolk sacs (B, right panel).
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Figure 7. Endodermal factors VEGF-A, IHH, and bFGF rescue vascular remodeling and FAK
activation in the vascular endothelium of Raldh2—/— yolk sacs

(A-B) Representative images of WT (A) and Raldh2—/— (B) yolk sacs harvested from
embryos cultured in the presence of exogenous rh-VEGF-A, human/mouse recombinant
IHH, and rh-bFGF demonstate restoration of yolk sac vascular remodeling in Raldh2—/—
mutants (B). (C) Levels of phosphorylated FAK (Tyr397) in WT vs Raldh2—/— yolk sacs
from embryos cultured in the presence of exogenous VEGF-A, IHH, and bFGF were
determined by Western blot. Increased levels of phosphorylated FAK (Tyr397) similar to
WT levels were observed in Raldh2—/— mutants after VEGF-A, IHH, and bFGF mediated
rescue. Actin was used as the loading control. (D-F) Immunofluorescence for phospho-FAK
(Tyr397) (green) was performed on yolk sac sections from WT (D), Raldh2—/— (E), and
VEGF-A+IHH+bFGF-rescued Raldh2—/— (F) yolk sacs. Phospho-FAK (Tyr397) (green)
was expressed in endothelial cells within the mesodermal layer of WT yolk sacs (inset, D)
and was diminished in Raldh2—/— mutants (inset, E). Endothelial expression of phospho-
FAK (Tyr397) increased to WT levels in VEGF-A + IHH + bFGF-rescued Raldh2—/—
mutants (inset, F). Nuclei are stained with DAPI (blue). VE = visceral endoderm; Mes =
mesoderm; L = blood vessel lumen; scale bars = 1000 um (A, B); 20 um (D, E, F).
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Figure 8. Working model of the molecular regulation of endothelial cell migration during murine
yolk sac vascular remodeling

(A) For normal vascular remodeling to proceed, RA is required for maintenance of the yolk
sac endoderm, the site of production of multiple growth factors such as VEGF-A, IHH and
bFGF. These factors act on the underlying mesoderm to promote endothelial cell migration
via association of FAK with paxillin, FAK phosphorylation (Tyr397), and activation of
Rac1 and its downsteam effector WAVE?2. In the absence of RA signaling (B), decreased
production of VEGF-A, IHH, and bFGF results due to loss of endoderm integrity. As a
consequence, the association of FAK and paxillin is disrupted, activation of FAK and Racl
is diminished, there is loss of WAVE2 expression, and increased activation of RhoA. The
altered activation states of these signaling proteins result in increased vinculin-containing
focal adhesion sites throughout the yolk sac mesoderm and ultimately lead to a defect in
endothelial cell migration and lack of vascular remodeling.
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