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Abstract

Heart valve malformations are one of the most common types of birth defects, illustrating the
complex nature of valve development. Vascular endothelial growth factor (VEGF) signaling is one
pathway implicated in valve formation, however its specific spatial and temporal roles remain
poorly defined. To decipher these contributions, we use two inducible dominant negative
approaches in mice to disrupt VEGF signaling at different stages of embryogenesis. At an early
step in valve development, VEGF signals are required for the full transformation of endocardial
cells to mesenchymal cells (EMT) at the outflow tract (OFT) but not atrioventricular canal (AVC)
endocardial cushions. This role likely involves signaling mediated by VEGF receptor 1
(VEGFR1), which is highly expressed in early cushion endocardium before becoming
downregulated after EMT. In contrast, VEGFR2 does not exhibit robust cushion endocardium
expression until after EMT is complete. At this point, VEGF signaling acts through VEGFR?2 to
direct the morphogenesis of the AVC cushions into mature, elongated valve leaflets. This latter
role of VEGF requires the VEGF-modulating microRNA, miR-126. Thus, VEGF roles in the
developing valves are dynamic, transitioning from a differentiation role directed by VEGFR1 in
the OFT to a morphogenetic role through VEGFR2 primarily in the AVC-derived valves.
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Introduction

Congenital heart valve defects occur in a remarkable 2-3% of the human population
(Brickner et al., 2000; Pierpont et al., 2007). While many abnormalities do not become
apparent until adulthood, their origins lie in aberrant molecular and cellular events during
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embryogenesis. Heart valve development is a multi-step process initiated when endocardial
cells within the endocardial cushions delaminate from the endocardium and
transdifferentiate into mesenchymal cells. This endocardial-to-mesenchymal (EMT) process
occurs in both the outflow tract (OFT) and atrioventricular canal (AVC) cushions at
embryonic day 9.5 (E9.5) during mouse development. EMT initiates with the exchange of
signals between the myocardium and endocardium (Runyan and Markwald, 1983) across a
specialized expanse of extracellular matrix (the cardiac jelly) (Manasek et al., 1973)
produced by myocardial cells (Krug et al., 1985). Once induced to undergo EMT,
endocardial cells delaminate from the epithelium and transform into mesenchymal cells that
invade and migrate through the cardiac jelly (Markwald et al., 1977). EMT must be
subsequently terminated and proliferation of cushion mesenchymal cells attenuated to
prevent valve hyperplasia. After EMT, a second process occurs in which the endocardial
cushion area elongates and undergoes continuous remodeling that eventually refines the
primitive cushions into thin, elongated valve leaflets. Each of these steps of valve
development requires coordinated but poorly understood signaling between myocardial,
endocardial, and cushion mesenchymal cells.

Vascular endothelial growth factor (VEGF) signaling, while best known for its pro-
angiogenic role as mediated by VEGFA, is one pathway implicated in mammalian valve
formation (Chang et al., 2004; Dor et al., 2001). VEGF signaling is activated by a
combination of five ligands (VEGFA, VEGFB, placental growth factor (PIGF), VEGFC,
and VEGFD) that bind to two primary receptors (VEGFR1 (FIt) and VEGFR2 (KDR, FIk))
with different specificities (reviewed in (Ferrara et al., 2003)). Further, Neuropilin (Nrp)
proteins act as VEGF co-receptors (Soker et al., 1998) and an array of molecules, including
the microRNA miR-126 (Fish et al., 2008; Kuhnert et al., 2008; Liu et al., 2009), modulate
the VEGF pathway both extra- and intracellularly. The various VEGF ligands can produce
different responses or have overlapping functions while the receptors can produce opposing
effects or act in concert depending on the cellular context. Therefore, there can be a
tremendous diversity of cellular responses to VEGF signaling.

Genetic disruption of various components of VEGF signaling in mice produce an array of
developmental cardiac abnormalities, consistent with the known expression of multiple
VEGF family members in the developing heart. For example, deletion of VEGFR1 (Fong et
al., 1995), VEGFR2 (Shalaby et al., 1995), or even one allele of VEGFA results in
cardiovascular abnormalities and embryonic lethality (Carmeliet et al., 1996; Ferrara et al.,
1996). Myocardial-specific deletion of VEGFA results in both heart muscle and endocardial
defects (Giordano et al., 2001; Haigh et al., 2000). Transgenic mice with a 2-3 fold increase
in VEGFA levels develop an abnormal myocardium and incompletely septated heart
chambers (Miquerol et al., 2000). VEGF has also been implicated in DiGeorge syndrome, as
removal of the VEGFA-164 isoform in mice causes phenotypes reminiscent of this
congenital disease, including aberrant aortic arch artery patterning and outflow tract
anomalies (Stalmans et al., 2003).

The molecular effectors of VEGF signaling that fulfill its requirements in heart development
may include the calcineurin/nuclear factor of activated T-cells (NFAT) pathway. Lethal
defects in heart valve formation occur in mice lacking the endocardial-expressed NFATc1
gene (de la Pompa et al., 1998; Ranger et al., 1998). At E11.5, NFATCc1, as activated by its
dephosphorylation and nuclear import induced by the Ca2*-sensitive phosphatase,
calcineurin (Crabtree and Olson, 2002), directs remodeling of immature endocardial
cushions into valve leaflets (Chang et al., 2004). Both NFAT and VEGF signaling also serve
an earlier role in valve development, during the EMT process. At E9.5, calcineurin-
NFATc2/c3/c4 signaling in the myocardium represses expression of VEGFA, a potent
inhibitor of EMT (Chang et al., 2004). The normal increase in cushion myocardial VEGFA
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levels following EMT and the suppression of EMT by transgenic overexpression of VEGFA
have led to the notion that it acts to prevent excessive EMT and valve hyperplasia (Chang et
al., 2004; Dor et al., 2001). Because VEGF activates NFATc signaling in human postnatal
endothelial cells (Armesilla et al., 1999; Hernandez et al., 2001; Johnson et al., 2003),
VEGEF is thought to likewise regulate the endocardial NFATc1 activity that is essential for
valve remodeling. These proposed requirements for VEGF signaling in valve development
have not been fully addressed in vivo, partially due to early lethality upon deletion of
VEGFA, VEGFR1, and VEGFR2 and potential genetic redundancy between VEGF ligands.

To examine the in vivo developmental roles of VEGF signaling, we apply two inducible
dominant negative approaches in transgenic mice. These genetic methods are designed to
provide temporally controlled inhibition of different subsets of VEGF family members,
overcoming potential redundancy and allowing the assignment of functions to subsets of
VEGF ligands. We show that VEGF has distinct roles in regulating terminal differentiation
of endocardial cells during EMT at the OFT and, later, the morphogenesis of maturing valve
leaflets. Expression analysis suggests cushion endocardial VEGFR1 contributes to the
differentiation role and VEGFR2 to the morphogenetic one. Unexpectedly, VEGF signaling
requirements do not interface directly with the nuclear translocation of NFATc1. Further, we
demonstrate that a VEGF-modulating microRNA, miR-126, is required for valve elongation,
expanding the developmental processes this class of molecules controls during mammalian
development. Thus, VEGF signaling in valve development involves distinct sets of ligands,
receptors, and intracellular modulators, whose dynamic expression contributes to changing
cellular roles and VEGF responses at different stages of heart valve development.

Materials and Methods

Establishment of TRE-sFIt Transgenic Mice

A sFIt-HA cassette (Jacobi et al., 2004) was subcloned into the pTRE2 vector (Clontech,
Mountain View, CA). Pronuclear injection of the linearized plasmid with prokaryotic
sequence removed was used to generate transgenic mouse lines. Mouse embryonic
fibroblasts (MEFs) were produced for each line using a protocol described in (Stankunas et
al., 2003). An actin-rtTA expressing plasmid, pCAGS-rtTA (Sarin et al., 2005), was
transfected into the MEFs using FUGENE 6 (Roche Applied Science, Indianapolis, IN). One
of the lines that produced a doxycycline (dox)-dependent increase in secreted sFIt-HA upon
co-expression of rtTA was selected for all in vivo experiments.

Doxycycline Treatments

Histology

Dox treatment of pregnant mice were performed by a combination of intraperitoneal (IP)
injections at 40 mg/kg and 100 ug/mL provided in the drinking water. IP injections were
repeated once per day until embryos were harvested. Therefore, embryos were continuously
exposed to dox during indicated periods. Embryo dates were assigned by monitoring vaginal
plugs and ultrasonography (Chang et al., 2003), with corrections made based on the
developmental morphology of non-experimental embryos at the time of harvesting.

Immediately after harvesting, embryos were fixed overnight at 4°C in 4% paraformaldehyde
in phosphate-buffered saline (PBS). Embryos were then dehydrated through a sequential
ethanol series, cleared with xylenes, and immersed overnight in melted paraffin wax.
Paraffinized embryos were embedded in transverse orientation, sectioned to 7 um slices
using a Leica microtome, and transferred to microscope slides. Slides were rehydrated,
stained sequentially with hematoxylin and eosin (H&E) (Polysciences, Warrington, PA),
dehydrated, and mounted using Permount (Fisher, Pittsburgh, PA). Stained slides were
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imaged using a Nikon 90i widefield microscope and cardiac structures were analyzed as
described previously (Stankunas et al., 2008b).

Immunostaining

Paraffin sections were prepared as described above and immunostaining was performed
following published protocols (Chang et al., 2008). After rehydration, different antigen
retrieval methods were used depending on the primary antibody. For anti-VEGFR2 (R&D
Systems, Minneapolis, MN), sections were incubated at room temperature in 20 ug/mL
Proteinase K for 10 minutes. For anti-PECAM (BD Biosciences, San Jose, CA), anti-smooth
muscle actin (Sigma, St. Louis, MO), and anti-phospho-histone H3 (Upstate, Billerica, MA),
sections were exposed to 0.05% trypsin (Invitrogen, Carlsbad, CA) for 45 minutes at 37°C.
For anti-FoxP1 (Cell Signaling, Danvers, MA), sections were boiled for 10 minutes in a 0.5
mM EDTA, 10 mM Tris pH 9.5 solution. For anti-Sox9 (Santa Cruz Biotechnology, Santa
Cruz, CA) and anti-NFATc1 (Santa Cruz Biotechnology), sections were boiled for 10
minutes in 0.3M citrate, pH 6.0 buffer (Vector Laboratories, Burlingame, CA). Following
antigen retrieval, sections were blocked with either 5% normal goat serum in PBS or with
M.O.M. blocking reagents (Vector Laboratories). Primary antibodies were diluted in
blocking solution and left on sections overnight at 4°C. For immunofluorescence, staining
was visualized using Alexa-dye conjugated secondary antibodies (Invitrogen) or reagents
from the M.O.M. kit (Vector Laboratories). Nuclei were counterstained with Hoechst and
slides mounted using Hardset Mounting Medium (Vector Laboratories). For
immunohistochemistry, staining was visualized using biotinylated secondary antibodies
(Jackson Immunoresearch, West Grove, PA), streptavidin-conjugated horse radish
peroxidase (HRP) (DAKO, Carpinteria, CA), and 3,3'-diaminobenzidine (DAB) reagents
(DAKO). Slides were then counterstained with hematoxylin and mounted with Permount.
TUNEL staining was performed using an In Situ Cell Death Detection Kit (Roche Applied
Science). For detection of 5-bromo2’-deoxy-uridine (BrdU) incorporation, pregnant mice
were intraperitoneally injected with 100 mg/kg BrdU 5 hours prior to embryo harvesting and
embryo sections were stained using a BrdU Staining Kit (Zymed, South San Francisco, CA).

In Situ Hybridization

Paraffin sections were prepared as described above and used for in situ hybridizations
following a protocol we have described (Stankunas et al., 2008a). Briefly, slides were
treated with 0.3% H,05,, washed with tris-buffered saline (TBS), treated with 10 png/mL
Proteinase K, washed with TBS containing 0.1% Tween-20 (TBST), and then incubated
overnight with digoxigenin-labeled RNA probe matching the indicated transcript. The slides
were then rinsed, treated with an RNase cocktail (Invitrogen), washed, and blocked. The
digoxigenin-labeled RNA/DNA was detected using an HRP-conjugated anti-digoxigenin
antibody (Roche Applied Science), a signal amplification kit (DAKO) and DAB-based
staining. The slides were counterstained with hematoxylin, washed with dH,0O, dehydrated,
and mounted with Permount prior to imaging.

Valve Elongation Quantification

Matching sections of experimental and littermate control embryos were H&E stained and
photographed. Valve leaflet length and three width measurements for each leaflet were
recorded in a genotype-blind fashion using Advanced Elements software (Nikon).
Length:width ratios were determined by dividing length of each valve by the average of the
three width measurements. Ratios were normalized to wildtype ratio mean. A two-tailed t-
test was conducted to examine the difference in the means of the length:width ratios
between the two groups of interest, and p<0.05 was chosen as the threshold for significance.
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To explore the roles of VEGF signaling in valve development, we examined the expression
of the VEGFR1 and VEGFR2 receptors at different stages of heart development. Antibody
staining against VEGFR2 revealed dynamic changes in its expression in different regions of
the heart. At E9.5, prior to the onset of EMT, VEGFR2 protein was found in the
endocardium of the common atrium and ventricle (Figure 1A) with distinctly lower levels in
the cushion endocardium of both the OFT (Figure S1A) and AVC (Figure 1B). Interestingly,
following EMT, VEGFR2 levels became more uniform throughout the endocardium.
VEGFR?2 expression in cushion endocardium was first apparent in a subset of cells at E10.5
(Figure 1C, 1D) that persisted to at least E12.5 (Figure 1E, 1F, S1B). VEGFR2 transcripts
mirrored the protein expression, indicating the tissue-specificity results from transcriptional
control (Figure S1C, S1D). Since the VEGFR2 ligand, VEGFA, is a robust inhibitor of
EMT, the low levels of VEGFR2 in cushion endocardium at E9.5 may contribute to the
unique ability of this region (compared to, for example, ventricular endocardium) to undergo
EMT. The later onset of VEGFR2 expression in cushion endocardium could reflect VEGF
roles in terminating EMT or modulating the remodeling of these tissues.

VEGFR1 transcripts were expressed in a strikingly complementary pattern to VEGFR2. In
the heart, VEGFR1 was restricted to cushion endocardium at E9.5 (OFT, Figure 1G, 1H;
AVC, S1E) and E10.5 (OFT, Figure 11, 1J; AVC, S1F). By E11.5, VEGFR1 levels became
undetectable in the heart, including the OFT (Figure 1K, 1L). Since VEGFRL1 can act as a
decoy receptor for VEGF proteins and oppose VEGFR2-mediated responses (Park et al.,
1994), the complementary pattern of VEGFR1 and VEGFR2 expression could reinforce the
prevention of VEGF signaling in cushion endocardium until after EMT is complete while
facilitating simultaneous signaling in other endocardial cell populations.

To test these possible spatiotemporal roles of VEGF signaling (Figure 2A) in vivo, we
employed an inducible “dominant-negative” approach using the tetracycline (tet)-on system
(Figure 2B). Transgenic mice (TRE-sFIt) were generated that provide tet-regulated
expression of the sFlt protein, an engineered secreted form of VEGFR1 designed to
sequester the VEGFRL1 ligands, VEGFA, VEGFB, and PIGF (Kuo et al., 2001) (Figure 2C).
A second strain (TRE-VEGFR2T) was used that provides expression of VEGFR2T, a
modified VEGFR2 protein that remains membrane bound but is incapable of signaling
(Carpenter et al., 2005). As such, VEGFR2T blocks signaling mediated by the VEGFR2
ligands, VEGFA, VEGFC, and VEGFD (Figure 2D). The “driver” line employed, Actin-
rtTA, provides expression of the reverse tetracycline transactivator (rtTA) in cells where its
composite CMV enhancer/B-actin promoter is active (Sarin et al., 2005). Pregnant mice were
treated with doxycycline (dox) to drive expression of either sFlt or VEGFR2T during
desired periods of embryogenesis (Figure 2B).

We first examined the spatial activity of the Actin-rtTA driver by staining sections of Actin-
rnTA; TRE-VEGFR2T dox-treated embryos with an antibody that recognizes both VEGFR2
and VEGFR2T. Embryos treated with dox from E8.5 to E9.5 (Figure 2F) and from E11.5 to
E12.5 (Figure 2H) showed very strong expression of VEGFR2T throughout the developing
heart, albeit with variation in VEGFR2T levels from cell-to-cell. VEGFR2T expression
greatly exceeded VEGFR2 levels, as shown by comparing VEGFR2T staining intensity in
experimental embryos with that of endogenous VEGFR2 in littermate controls (Figure 2E
and 2G). VEGFR2T induction driven by Actin-rtTA and dox was evident at all stages of
development examined (data not shown). The TRE-sFIt mice also produced robust dox-
dependent induction. We prepared embryonic fibroblasts from TRE-sFIt mice and
transfected them with an rtTA expressing plasmid. We observed a dox-dependent increase in
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secreted sFIt by western blotting conditioned media using an antibody recognizing the HA-
epitope tag engineered on sFIt (Figure 21). The slight expression of sFlt without added dox
may reflect contaminating tetracycline antibiotics in the serum used in the culture media or
residual rtTA activity on the TRE promoter in the absence of dox. This latter possibility
could contribute to the postnatal lethality of Actin-rtTA;TRE-sFIt mice without dox
exposure. In contrast, non-dox treated Actin-rtTA; TRE-VEGFR2T mice were viable and
fertile. sFlt protein was also present in protein extracts prepared from hearts of Actin-
rtTA; TRE-sFIt embryos exposed to dox from E9.5 to E10.5 (Figure 2J). Further, sFlt
induction in mid-gestational embryos for longer than 2 days produced growth retardation
and embryonic lethality, likely due to disruption of vascular development. This result
demonstrates robust and functional expression of the TRE-sFIt line in utero. Together,
Actin-rtTA; TRE-VEGFR2T and Actin-rtTA; TRE-sFIt transgenic mice allow temporal
inhibition of VEGF signaling in utero, overcome potential genetic redundancies between
VEGF family members, and permit the distinction of roles of VEGF ligand subsets.

VEGFR1 Signaling Contributes to EMT in the OFT

We examined the roles of VEGF signaling in the EMT process by inducing expression of
sFIt or VEGFR2T immediately prior to EMT initiation. Actin-rtTA; TRE-sFIt embryos
treated with dox beginning at E9.5 and harvested at E10.5 exhibited aberrant EMT in the
OFT (Figure 3C, 3D). Instead of producing long, spindle-shaped mesenchymal cells that
migrated throughout the cardiac jelly, the Actin-rtTA; TRE-sFIt embryos exhibited a
“stacking-up” of cells adjacent to the OFT cushion endocardium. Although these cells had
delaminated from the surface epithelium, they appeared histologically intermediate between
epithelial and mesenchymal fates, being more rounded in shape, clustered but dissociated
from each other, and lacking robust spindles. For descriptive purposes, we termed these cells
“endomesenchymal”. We treated Actin-rtTA; TRE-sFIt embryos with dox during different
stages of valve development to determine the time window when sFIt expression would
produce this phenotype. Endomesenchymal cells within the OFT cushions were not evident
upon either an earlier induction of sFlt beginning at E8.75 through E9.75 (Figure 3A, 3B) or
a later induction initiated at E10.5 with embryos harvested at E11.5 (Figure 3E, 3F).
Additional experiments refined the execution period for sFIt induction to produce
endomesenchymal cell accumulation to between E9.0 and E9.75 (Figure 3G). In contrast to
the OFT, sFIt induction between neither E8.75 and E9.75 nor E9.5 and E10.5 caused
endomesenchymal cells to form in the AVC (data not shown, Figure S2A, S2B). The
absence of EMT defects in the AVC upon sFlt induction suggests that peripheral vascular
defects caused by sFIt do not indirectly disrupt EMT in the developing heart. Further, these
results indicate that sFlt specifically acts in the OFT to disturb cushion mesenchyme
formation. Therefore, VEGF signaling is required for proper EMT in the OFT but not AVC
during a discrete period when EMT is actively occurring. The signaling may be mediated by
VEGFR1, as VEGFR2 was poorly expressed in OFT endocardium at E9.5 and VEGFR2T
induction from E8.5-E10.5 (Figure S2E, S2F) did not produce the same phenotype.

The presence of endomesenchymal cells upon sFIt induction was distinct from most other
gene-targeted mice exhibiting EMT defects where the endocardium remains as a simple
single cell epithelium. Examples include embryos lacking CnB1 or NFATc2/c3/4 (Chang et
al., 2004) and those with endothelial-specific deletion of S-catenin (Liebner et al., 2004),
SMAD4 (Lan et al., 2007), BMPR1a (Ma et al., 2005; Song et al., 2007), or Alk2 (Wang et
al., 2005). We examined whether this phenomena reflected excessive proliferation of
endocardial cells, or a failure of differentiated mesenchymal cells to proliferate. We stained
sections with a phospho-histone H3 antibody to determine the number of mitotic cells. There
was no difference in proliferation of endocardial cells or the intermediate endomesenchymal
cells in the E9.5-10.5 dox-treated Actin-rtTA; TRE-sFIt OFT (Figure S3B) when compared to
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the control OFT (Figure S3A). We also exposed embryos to BrdU in utero and examined its
incorporation by antibody staining to monitor the number of cycling cells during the BrdU
treatment period. Again, there was no change qualitatively (Figure S3C, S3D) or
quantitatively when comparing the percentage of BrdU-positive mesenchymal cells in the
OFTs of dox-treated Actin-rtTA; TRE-sFIt embryos and those of their littermate controls
(Figure S3E). Therefore, cell proliferation in the OFT was not affected by VEGF inhibition
via sFIt induction during this period. Likewise, rates of cell death were unchanged as shown
by TUNEL staining (Figure S3F, S3G).

We considered whether the endomesenchymal cells in the OFT cushions of dox-treated
Actin-rtTA; TRE-sFIt embryos reflected a population arrested in an intermediate stage of the
EMT process. Under this hypothesis, the endocardial cells undergoing EMT would have
completed a first differentiation stage and delaminated from the surface epithelium but
failed to fully transdifferentiate and migrate through the cardiac jelly. An alternative
possibility, which could reflect the specificity of the phenotype to the OFT over the AVC, is
that the endomesenchymal cells upon sFIt induction represented abnormal development of
neural crest cells (NCCs) migrating into the OFT cushions. To resolve these hypotheses, we
stained OFT sections from E9.5-E10.5 dox-treated Actin-rtTA; TRE-sFIt embryos for the
endocardial proteins PECAM1 and NFATc1, which are normally rapidly down-regulated in
differentiated mesenchymal cells (de la Pompa et al., 1998; Nakajima et al., 1997) and are
not expressed in NCCs. In contrast to the mesenchymal cells of littermate control embryos,
the endomesenchymal cells of Actin-rtTA; TRE-sFIt dox-treated embryos retained expression
of both PECAM1 and NFATc1 (Figure 4A, 4B, 4C, 4D). This result was unique to the OFT
and not seen in AVC mesenchyme (data not shown). Interestingly, the OFT
endomesenchymal cells also expressed the cushion mesenchymal protein Sox9 (Akiyama et
al., 2004; Montero et al., 2002; Rahkonen et al., 2003) (Figure 4E, 4F). Therefore, the
endomesenchymal cells displayed molecular features of both endocardial and mesenchymal
cells and represent an arrest of the EMT process upon VEGF inhibition rather than a defect
in OFT NCCs. The subsequent failure of the endomesenchymal cells to migrate through the
cardiac jelly could be caused by their partial epithelial and incomplete mesenchymal
properties.

VEGFR2 and miR-126 Regulate Valve Elongation

A second phase of heart valve development follows EMT, when the endocardial cushions
undergo morphological changes and elongate to form the valve leaflets. We examined
whether VEGF signaling is involved in this aspect of valve development using Actin-
rtTA;TRE-VEGFR2T to dox-induce VEGFR2T expression during various periods after
E10.5. Expression of VEGFR2T from E10.5 to E13.5 produced mitral valve leaflets that
were distinctly shorter and wider than those of wildtype littermates (Figure 5A, 5B). The
pulmonic valve leaflets appeared grossly normal (Figure 5E, 5F). To quantitate valve
elongation, we carefully matched sections containing the mitral and pulmonic valves from
sets of dox-treated Actin-rtTA;TRE-VEGFR2T and littermate control embryos from four
independent experiments. We measured the length to width ratio of the leaflets and
confirmed the presence of shortened mitral leaflets (Figure 5C, S4) in dox-treated Actin-
rtTA;TRE-VEGFR2T embryos. Although not grossly apparent, the pulmonic valve leaflets
were also significantly shortened, but with only a minor difference from those of wildtype
littermates (Figure 5G, S5). No change was found in the number of cells per area in either
valve (Figure 5D, 5H), suggesting that the valve phenotypes reflected morphological
defects. We next mapped the time window when VEGFR2T induction produces blunted
mitral valves by exposing Actin-rtTA; TRE-VEGFR2T embryos to dox during different
periods of embryogenesis. Mitral valve leaflets appeared normal at E12.5 following an
E10.5 to E12.5 dox treatment (Figure 51, 5J), but were blunted when exposed to dox from
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E11.5to E13.5 (Figure 5K, 5L). No defects were observed with a dox treatment from E12.5
to E14.5 (data not shown). Therefore, VEGF signaling, as blocked by VEGFR2T
expression, is required for valve elongation during a narrow time window centered at E11.5,
although the valve blunting phenotype upon VEGFR?2 inhibition does not become apparent
until the valves have matured to E13.5.

In postnatal pulmonic valve endothelial cells, VEGF signaling induces cell proliferation
(Johnson et al., 2003). VEGF could likewise regulate localized cell proliferation to drive
elongation of embryonic valve leaflets. To examine whether proliferation was defective in
Actin-rtTA; TRE-VEGFR2T dox-treated embryos, we stained sections with an anti-phospho-
histone H3 antibody to identify mitotic cells. After a dox treatment initiated at E10.5, E12.5
embryos showed only a small number of cells undergoing mitosis (Figure 6A). There was no
difference between the experimental and control embryos (Figure 6B, S6A). We also
evaluated BrdU incorporation in embryos exposed to BrdU for 5 hours in utero prior to
harvesting to examine the number of cells that had undergone DNA replication. There was
no difference in BrdU incorporation in either cushion endocardial or mesenchymal cells
(Figure 6C, 6D, S6B). Likewise, TUNEL staining revealed no change in the number of
apoptotic cells in the mitral valves of Actin-rtTA;TRE-VEGFR2T dox-treated embryos
(Figure 6E, 6F, S6C). Therefore, the requirement of VEGF for valve elongation is likely
through directing cushion morphogenesis.

NFATc1 is required at E11.5 in endocardial cells for valve elongation (Chang et al., 2004).
Previous studies show that VEGF can activate NFATc1 by triggering its nuclear
translocation in cultured endothelial cells (Armesilla et al., 1999; Hernandez et al., 2001;
Johnson et al., 2003). To test if VEGF regulates the nuclear translocation of NFATc1 in
vivo, we examined the subcellular localization of NFATcL in sections of dox-treated Actin-
rtTA; TRE-VEGFR2T mitral valves. We observed no change in the nuclear localization of
NFATc1 with either E10.5-E13.5 or E10.5-E12.5 dox treatments despite clear valve
elongation defects (Figure 6G, 6H, 61, 6J). Likewise, there was no difference in the ratio of
nuclear versus cytoplasmic NFATcL staining intensity in mitral valve endocardial cells
between wildtype and Actin-rtTA; TRE-VEGFR2T E10.5-E12.5 dox-treated embryos (Figure
S6D). Similar results were found in the OFT as well as with either VEGFR2T or sFlt
induction during earlier time windows (data not shown). These results suggest that VEGF
signaling is not required for NFATc1 nuclear localization in cushion endocardium in vivo.
FoxP1, another endocardial transcription factor required for valve elongation (Wang et al.,
2004), was also expressed normally in VEGFR2T expressing embryos (Figure 6K, 6L).
These observations indicate that VEGF controls heart valve morphogenesis upstream of an
undescribed regulatory network.

miR-126, a microRNA expressed specifically in endothelial and endocardial cells (Fish et
al., 2008; Kuhnert et al., 2008; Wang et al., 2008), is a known modifier of VEGF signaling.
It positively regulates VEGF signaling and other pathways by suppressing the RNA
expression of two negative regulators of the VEGF pathway, Pik3r2-encoded p85p subunit
of P13 kinase and Spred1 (Fish et al., 2008; Kuhnert et al., 2008; Liu et al., 2009). miR-126
null embryos show embryonic lethality and severe edema late in embryogenesis with
incomplete penetrance (Fish et al., 2008; Kuhnert et al., 2008). We examined whether valve
defects resulting from decreased VEGF output could contribute to the embryonic lethality of
miR-126 null mice. We analyzed matched sections of the mitral valve leaflets from E13.5
miR-1264/4 and control embryos. A subset of the miR-1264/4 embryos exhibited leaflets that
were notably shorter and wider than those of littermate controls (Figure 7A, 7B). We
quantitated this valve defect and found a significant decrease in the mean length/width ratio
of the medial leaflet. Graphing the distribution showed that the phenotype was incompletely
penetrant (Figure 7C) as are other defects and embryonic lethality in miR-1264/4 mice. As
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with VEGFR2T induction, NFATc1 retained nuclear localization in miR-12644 embryos
(Figure S7). miR-1264/4 embryos also frequently showed membranous ventricular septal
defects and occasionally double outlet of the right ventricle, both phenotypes that likely
originate from cushion abnormalities (data not shown). These results show that miR-126 is a
component of the endocardial VEGF pathway regulating heart valve morphogenesis. In
contrast, the role of VEGF signaling in OFT cushion development during an earlier time
window does not require miR-126, underlining how the VEGF pathway dramatically
changes in both its components and roles during valve development.

Discussion
VEGF and Outflow Tract Cushion EMT

Our results demonstrate that VEGF signaling is required during two distinct periods of valve
development to first regulate EMT and later valve leaflet elongation. In the OFT but not
AVC cushions, inhibition of VEGF signaling results in incomplete cellular differentiation
during EMT. In utero induction of sFlt produces delaminated cells in the OFT cushions that
lack the mature spindle shape of normal cushion mesenchyme and fail to fully invade the
endocardial cushions. Further, these cells express both the endocardial markers NFATc1 and
PECAML1 and the mesenchymal protein, Sox9. Our studies therefore define an intermediate
population of “endomesenchymal” cells that transiently exists during the transition of
endocardial to mesenchymal cells. These results support the proposal that EMT is a multi-
step process with distinct and sequential roles for a series of signaling molecules (Armstrong
and Bischoff, 2004; Boyer et al., 1999). In the first step, specifically competent endocardial
cells are activated, in part, by TGF-p (reviewed in (Yamagishi et al., 2009)) and Notch
(Timmerman et al., 2004) signals. TGF- signaling induces expression of the mesenchymal
transcription factors Slug and Snail that subsequently direct changes in surface protein
expression to support delamination of the transforming cells. Additional signals, including
additional TGF-p proteins and BMP ligands (reviewed in (Armstrong and Bischoff, 2004))
then complete the transdifferentiation process. This final step is characterized by the further
loss of endocardial marker expression, including NFATc1, in nascent mesenchymal cells
while they acquire a mature, spindle-shaped form and migrate through the cushions. Our
results suggest that VEGF signals contribute to these terminal steps of EMT in the OFT
cushions.

In contrast to the OFT, the AVC does not require VEGF to complete cushion mesenchymal
cell differentiation and instead uses a different set of signals to accomplish this step.
Supporting differences between the molecular control of EMT in the OFT and AVC
cushions, hypomorphic BMPRII mice show cushion defects only in the OFT (Delot et al.,
2003) while endothelial deletion of BMPR1A (Alk3) or activin A receptor, type 1 (Alk2) only
disrupts AVC cushion formation (Song et al., 2007; Wang et al., 2005). The sensitivity to
VEGF inhibition during OFT but not AVC EMT could be explained by variable cellular
origins of the tissues. These differences include the contribution of NCC to the OFT but not
AVC cushions (although likely not a direct effect as discussed in the Results section), origin
of the cushions from different heart fields, and differential contributions by circulating
progenitor cells and/or epicardially derived cells. Regardless, the OFT and AVC cushions
have evolved variant strategies, including the use of VEGF signaling, to generate heart
valves with distinct morphology and function. These regulatory differences may explain
why most patients with congenital valve defects display abnormalities in only one of the two
sets of valves, although non-viable pregnancies when fetuses have severe disruptions in both
sets of valves also underlies this observation.

Surprisingly, the VEGF-mediated EMT differentiation in the OFT is sensitive to sFlt but not
VEGFR2T-mediated inhibition of VEGF signaling. sFlt sequesters VEGF ligands that can
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bind VEGFR1, thereby blocking a combination of VEGFA, VEGFB, and PIGF-mediated
signals. However, VEGFB and PIGF are not essential for EMT in the OFT as null mutations
of VEGFB, PIGF or both genes in mice do not cause overt endocardial cushion
abnormalities (Bellomo et al., 2000; Carmeliet et al., 2001). Therefore, VEGFA is likely the
dominant VEGF ligand that controls EMT in the OFT. However, VEGFA may act
redundantly with VEGFB and/or PIGF given that VEGFR2T expression, which sequesters
VEGFA but not VEGFB or PIGF, does not reproduce the EMT differentiation defect. This
result also points to VEGFR1 rather than VEGFR2 as mediating the VEGF signals during
OFT EMT, a model further supported by heightened VEGFR1 levels and reduced VEGFR2
expression in OFT endocardium when EMT is occurring. Additionally, the ventricles of
VEGFR1-null embryos display “stacked” or clustered endocardial cells (Fong et al., 1995), a
phenotype that resembles the accumulation or stacking of endomesenchymal cells in the
OFT caused by sFlt. An active signaling role for VEGFR1 in the developing OFT
endocardium is surprising given that deletion of the signaling domain of VEGFR1 in mice
does not produce developmental abnormalities (Hiratsuka et al., 1998). Possibly, VEGFR1
partners with low levels of VEGFR2 or other co-receptors, including the Neuropilins (Soker
et al., 1998), which directly transmit the VEGF signal intracellularly. Unfortunately, neither
VEGFR1 nor VEGFA-null embryos survive long enough to observe EMT phenotypes
(Carmeliet et al., 1996; Fong et al., 1995) and the lethal haploinsufficiency of VEGFA
(Carmeliet et al., 1996; Ferrara et al., 1996) makes genetic testing of redundant roles with
other VEGF family members difficult.

VEGF and Heart Valve Elongation

VEGFA inhibits endocardial cushion EMT and loss of its transcriptional repression blocks
EMT, leading to the suggestion that increased VEGFA levels in the endocardial cushion
region following EMT may help terminate EMT (Chang et al., 2004; Dor et al., 2001).
Further, VEGFA expression may restrict EMT to E9.5 cushion endocardium (Dor et al.,
2003). However, our VEGF inhibition studies using VEGFR2T induction did not show an
increase in the number of cushion mesenchymal cells or ectopic EMT. This negative result
could also be explained by the VEGFR2T not fully inhibiting the appropriate combination of
VEGF ligands or that other pathways act redundantly with VEGF signals to terminate EMT.
We do demonstrate a new role for VEGF signaling in valve leaflet morphogenesis.
Consistent with this, VEGFR2 is expressed in cushion endocardium during the elongation
phase of valve morphogenesis, and blocking VEGFR2 signaling by VEGFR2T inhibits
valve elongation. It remains to be determined which VEGF family member(s) participate in
valve elongation and whether VEGF signals originate from myocardial, mesenchymal, and/
or other cells. Ligands that bind VEGFR2 include VEGFA, VEGFC, and VEGFD, all of
which are present in the developing heart (Chang et al., 2004; Dor et al., 2001; Lagercrantz
etal., 1998; Lavine et al., 2006; Miquerol et al., 1999). Due to VEGFA's early and
widespread developmental roles, its temporospatial-controlled deletion is required to test its
contributions to valve elongation. On the other hand, VEGFC™- mice, which exhibit
abnormal lymphatic vasculature formation and die late in embryogenesis (Karkkainen et al.,
2004), could have un-described valve abnormalities. Similarly, VEGFD™" mice, which are
viable (Baldwin et al., 2005) and do not significantly enhance the VEGFC null lymphatic
vasculature phenotype (Haiko et al., 2008), have not been analyzed for valve defects.

Severe disruptions in blood flow can affect heart valve development (Butcher and
Markwald, 2007; Hove et al., 2003), suggesting that the valve elongation defects observed in
dox-treated Actin-rtTA; TRE-VEGFR2T embryos may be a secondary result of vascular
abnormalities. However, our results are most consistent with VEGF signaling acting directly
at the AVC cushion endocardium. First, valve defects occurred with a two day dox exposure
from E11.5 to E13.5, when the embryos were otherwise indistinguishable from wildtype
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littermates (data not shown). These observations suggest the absence of a severe vascular or
circulatory defect during this window of VEGFR2T induction. Second, cushion
mesenchymal cell number, heart size, and heart morphology (with the exception of the heart
valves) in E10.5-E13.5 dox-exposed Actin-rtTA; TRE-VEGFR2T embryos were grossly
normal (data not shown). In contrast, blood flow disruption caused developmental arrest and
multiple cardiac defects in addition to valve abnormalities in zebrafish (Hove et al., 2003).
Therefore, our studies indicate that VEGFR2 activity at the AVC cushions directly controls
valve leaflet maturation.

The transcription factor NFATcL is dynamically expressed in developing endocardium and
required for elongation of both OFT- and AV C-derived valve leaflets (Chang et al., 2004; de
la Pompa et al., 1998; Ranger et al., 1998; Wu et al., 2007). Previous studies show that
VEGEF is sufficient to activate NFATc1 nuclear translocation in cultured avian embryonic
endocardial cells (Combs and Yutzey, 2009) and human pulmonic valve endothelial cells
(Johnson et al., 2003). However, our results indicate that VEGF may not be required for
NFATc1 nuclear occupancy in vivo or that it cooperates with additional factors. RANKL
(Combs and Yutzey, 2009) represents a promising signal to regulate NFATc1 nuclear
localization in valve endocardium. We also found no change in FoxP1 expression, another
transcription factor required for leaflet extension, or activation of TGF- signaling, as
monitored by anti phospho-SMAD?2,3 antibody staining (data not shown). The molecular
effectors of VEGF during valve leaflet elongation remain to be defined.

microRNA Control of Valve Maturation

microRNAs (miRNA) represent an emerging and large class of regulatory small RNAs that
post-transcriptionally modulate target gene expression. While genetic deletion of microRNA
processing enzymes including Dicer (Bernstein et al., 2003; Kanellopoulou et al., 2005) are
early embryonic lethal in mice, only a few individual microRNASs have been shown to
regulate mammalian organogenesis. In cardiovascular development, miR-1-2 and miR-17-92
null mice exhibit septal defects (Ventura et al., 2008; Zhao et al., 2007) and mice lacking
miR-126 have both vascular abnormalities (Kuhnert et al., 2008; Wang et al., 2008) and, as
shown here, valve elongation defects. In many cases, miRNAs do not act as on/off switches,
but instead modulate signaling output to maintain a tight range of ultimate effector activity
(Mourelatos, 2008). miR-126 may have a similar role in controlling VEGF output (and/or
additional pathways) in developing endocardial cells. As such, miR-126 null mice could
show both variable penetrance and expressivity of valve elongation defects due to stochastic
events during development.

Implications for human disease

While VEGEF is best known for its roles in regulating vascular formation, our studies and
others demonstrate that VEGF controls many different types of biological processes during
development. During valve formation, VEGF roles are dynamic, switching from regulating
cell differentiation early in the OFT cushions to tissue morphogenesis later in the AVC
cushion-derived mitral valve. In other developmental situations, VEGF regulates cell
survival and proliferation. The effects of VEGF signaling in a given context depend on the
particular ligand-receptor pair utilized and by the combination of participating proteins and
regulatory RNAs that modulate signaling output. The apparent complexity and sensitivity of
the networks regulated by VEGF during multiple stages of valve development suggest
disturbances in VEGF signaling could lead to different degrees of heart valve malformations
in humans. Further studies on the pathways interfacing with VEGF during valve formation
will produce new candidate molecules whose disruption could contribute to congenital valve
defects.
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Figure 1.

Cushion endocardial cells switch from VEGFR1 to VEGFR2 expression following

Page 17

epithelial-to-mesenchymal transformation (EMT). (A-F) Immunofluorescent staining for
VEGFR?2 in paraffin sections of atrioventricular canal (AVC) cushions of E9.5 (A, B), E10.5
(C, D), and E12.5 (E, F) wildtype embryos. VEGFR2 expression is shown in green and
nuclei (stained with Hoechst) are in purple. (B, D, F) Higher magnification views of panels

A, C, and E, respectively. (G-L) In situ hybridization for VEGFR1 transcripts (stained

brown with DAB) of E9.5 (G, H), E10.5 (1, J), and E11.5 (K, L) wildtype embryo sections
containing the outflow tract (OFT). (H, J, L) Higher magnification views of panels G, I, and
K. Counterstain is hematoxylin (blue). AVC: atrioventricular canal cushion. MV: mitral

valve leaflet.
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Figure 2.

Transgenic mouse approaches used to inducibly inhibit different subsets of VEGF ligands
during development. (A) Diagram depicting the specificity of VEGF signaling mediated by
different VEGF ligands acting through VEGFR1 or VEGFR2 receptors. (B) Diagram
demonstrating the transgenic mouse approach employed for doxycycline (dox)-inducible
expression of the VEGF inhibitors sFIt and VEGFR2T (2) using reverse tetracycline-
controlled transactivator (rtTA) driven by the gallus gallus (gg) S-actin promoter (1). (C, D)
Schematics demonstrating the expected effects on VEGF signaling by the VEGF inhibitors
sFlt (C) and VEGFR2T (D). The arrowhead points to cushion endocardial cells. (E-H)
Exposure-matched immunofluorescent staining for VEGFR2 and VEGFR2T on heart
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sections of wildtype (E, G) and Actin-rtTA; TRE-VEGFR2T (F, H) embryos treated with dox
from E8.5-9.5 (E, F) or E11.5-12.5 (G, H). VEGFR2 and VEGFR2T are in green, and nuclei
are in purple (stained with Hoechst). (I, J) Western blots using an anti-HA antibody to
recognize sFIt-HA produced from the TRE-sFIt transgene. (I) sFlt-HA present in conditional
media from wildtype (wt) and two TRE-sFIt mouse embryonic fibroblast lines transfected
with an Actin-rtTA plasmid and treated with or without dox. ND: no drug. *: background
band used as a loading control. (J) sFIt-HA and Brgl (as a loading control) expression in
E11.5 heart protein extracts prepared from wildtype and Actin-rtTA; TRE-sFIt littermate
embryos. V: ventricle. AVC: atrioventricular canal cushion. MV: mitral valve leaflet.
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Figure 3.

Blocking VEGF signaling using sFlt induction prevents mesenchymal cells from properly
invading the cardiac jelly of the outflow tract (OFT) cushions. (A-F) H&E stained sections
of the OFT of wildtype (A, C, E) and Actin-rtTA; TRE-sFIt (B, D, F) embryos treated with
doxycycline (dox) from E8.75-9.75 (A, B), E9.5-10.5 (C, D), and E10.5-11.5 (E, F). (G)
Timeline depicting severity of endocardial-to-mesenchymal transformation (EMT) defects
when blocking VEGF signaling using sFIt induction. Shaded red area indicates the time
window during which sFIt must be expressed to disrupt EMT. Arrowheads indicate red
blood cells. OFT: outflow tract. V: ventricle (right).
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Figure 4.

VEGF signaling is required for complete differentiation of outflow tract (OFT) endocardial
cells during endocardial-to-mesenchymal transformation (EMT). (A, B) Double
immunofluorescent staining for smooth muscle actin (SMA,; red) and PECAM (green) in
OFT cushions of wildtype (A) and Actin-rtTA; TRE-sFIt (B) E10.5 embryos treated with dox
from E9.5-10.5. Nuclei are stained with Hoechst (blue). (C, D) Immunofluorescent staining
for NFATc1 (green) in OFT cushions of wildtype (C) and Actin-rtTA; TRE-sFIt (D) E10.5
embryos treated with dox from E9.5-10.5. Nuclei are stained with Hoechst (purple). (E, F)
Immunostaining for Sox9 (brown) in OFT cushions of wildtype (E) and Actin-rtTA; TRE-
sFIt (F) E10.5 embryos treated with dox from E9.5-10.5. Nuclei are counterstained with
hematoxylin (blue). Arrowheads point to cushion mesenchymal cells.
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Figure 5.

VEGF signaling is required for mitral valve (MV) and, to a lesser extent, pulmonic valve
(PV) elongation between embryonic days E10.5 and E13.5. (A, B) H&E stained MV
sections from wildtype (A) and Actin-rtTA; TRE-VEGFR2T (B) E13.5 embryos treated with
doxycycline (dox) from E10.5-13.5. (C) A quantitative comparison of the length:width ratio
of the MV leaflets of wildtype and Actin-rtTA; TRE-VEGFR2T dox-treated E13.5 embryos.
n=9 embryos. (D) Measurements of the number of cells per area of MV leaflets of wildtype
and Actin-rtTA; TRE-VEGFR2T embryos. n=9 embryos. (E, F) H&E stained sections of PVs
from wildtype (E) and Actin-rtTA; TRE-VEGFR2T (F) E13.5 embryos treated with dox from
E10.5-13.5. The leaflets are outlined in grey. (G) Morphometric analysis comparing the
length: width ratio of PV leaflets of wildtype and Actin-rtTA; TRE-VEGFR2T embryos.
n=12 leaflets. (H) Measurements of the number of cells per area of PV leaflets of wildtype
and Actin-rtTA; TRE-VEGFR2T embryos. n=12 leaflets. (I-L) H&E stained sections of MVs
from wildtype (I, K) and Actin-rtTA; TRE-VEGFR2T (J, L) embryos treated with dox from
E10.5-12.5 (1, J) or E11.5-13.5 (K, L). Grey lines are drawn on the H&E staining panels to
outline the PV and MV leaflets. LA: left atrium. LV: left ventricle. PT: pulmonary trunk.
RV: right ventricle.
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Figure 6.

VEGF signaling mediated by VEGFR?2 is not required for cell proliferation, cell survival,
expression of FoxP1, or nuclear translocation of NFATc1 in endocardial cells of elongating
mitral valves (MVs). (A, B) Immunofluorescent staining for phospho-histone H3 (green) in
MYV sections of wildtype (A) and Actin-rtTA; TRE-VEGFR2T (B) E12.5 embryos treated
with doxycycline (dox) from E10.5-12.5. Nuclei are stained with Hoechst (purple). (C, D)
Immunostaining for incorporation of BrdU (5 hour exposure in utero; brown) in sections of
wildtype (C) and Actin-rtTA; TRE-VEGFR2T (D) E12.5 embryos exposed to dox beginning
at E10.5. The nuclear counterstain is hematoxylin (blue). (E, F) TUNEL staining (green) of
MVs of wildtype (E) and Actin-rtTA; TRE-VEGFR2T (F) E12.5 dox-treated (E10.5-12.5).
Nuclei are stained with Hoechst (purple). (G-J) Immunofluorescent staining for NFATcl
(green) in MVs of wildtype (G, 1) and Actin-rtTA; TRE-VEGFR2T (H, J) dox-exposed
embryos from E10.5-13.5 (G, H) or E10.5-12.5 (1, J). Nuclei are stained with Hoechst
(purple). (K, L) Immunostaining for FoxP1 (brown) in MVs of wildtype (G) and Actin-rtTA;
TRE-VEGFR2T (H) E12.5 embryos treated with dox from E10.5-12.5. Nuclei are
counterstained using hematoxylin (blue). Arrows point to endocardial cells. Arrowheads
point to mesenchymal cells.
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Figure 7.

The VEGF-modulating microRNA miR-126 is required for mitral valve (MV) elongation.
(A,B) H&E stained MV-containing sections of a wildtype (A) and miR-1264/4 (B) E13.5
embryo. Yellow lines are drawn to show how length and width (averaged) measurements
were taken for quantitative analysis. (C) Individual value plot demonstrating the normalized
length:width ratios of MVs of wildtype and miR-1264/4 E13.5 embryos. n=9 wildtype MVs;
n=12 miR-1264/4 MVs. x = mean length:width ratio. SD = standard deviation. Lines, red for
wildtype and blue for miR-1264/4, indicate the mean values of each group. LA: left atrium.
LV: left ventricle.
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Model of how VEGF signaling roles in valve development switch from a differentiation role
during the EMT process involving VEGFR1 and its ligands to a morphogenetic role during
valve elongation mediated by VEGFR2 and the microRNA miR-126.
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