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Abstract

Integrin a5-null embryos die in mid-gestation from severe defects in cardiovascular
morphogenesis, which stem from defective development of the neural crest, heart and vasculature.
To investigate the role of integrin a5p1 in cardiovascular development, we used the Mesp1€re
knock-in strain of mice to ablate integrin a5 in the anterior mesoderm, which gives rise to all of
the cardiac and many of the vascular and muscle lineages in the anterior portion of the embryo.
Surprisingly, we found that mutant embryos displayed numerous defects related to the abnormal
development of the neural crest such as cleft palate, ventricular septal defect, abnormal
development of hypoglossal nerves, and defective remodeling of the aortic arch arteries. We found
that defects in arch artery remodeling stem from the role of mesodermal integrin a581 in neural
crest proliferation and differentiation into vascular smooth muscle cells, while proliferation of
pharyngeal mesoderm and differentiation of mesodermal derivatives into vascular smooth muscle
cells was not defective. Taken together our studies demonstrate a requisite role for mesodermal
integrin a5P1 in signaling between the mesoderm and the neural crest, thereby regulating neural
crest-dependent morphogenesis of essential embryonic structures.
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Introduction

Tissue recombination studies and genetic experiments in chick and mice demonstrated an
intricate dependence of craniofacial and pharyngeal morphogenesis on signaling between
the anterior mesoderm and the neural crest (Itasaki et al., 1996; Noden and Trainor, 2005;
Trainor and Krumlauf, 2000). Neural crest ablation experiments in chick established the
requisite role of the neural crest in patterning of facial muscles, elongation of the cardiac
outflow tract, positioning of the great vessels relative to the cardiac chambers,
morphogenesis of the thymus, and development of the thyroid and parathyroid glands
(Evans et al., 2010; Hutson and Kirby, 2007; Tzahor and Evans, 2011). Similarly, tissue
recombination experiments in chick and gene knockout studies in mice indicated that signals
from cranial and paraxial mesoderm regulate neural crest patterning and cell fate (Chen et
al., 2012; Ferguson and Graham, 2004; Gammill et al., 2007; Gammill et al., 2006; Itasaki et
al., 1996; Trainor and Krumlauf, 2000). However, there is only scarce information on
genetic and molecular regulation of mesoderm-neural crest interactions. In the context of the
developing cardiovascular system and facial muscles, cranial neural crest plays an essential
role in regulating the balance of Fgf and BMP signals sensed by the anterior mesoderm. In
addition, neural crest-mesoderm interactions regulate migration, proliferation and
differentiation of mesodermal cells that give rise to the cardiac outflow tract myocardium,
arch artery vascular smooth muscle cells and facial muscles (Hutson et al., 2010; Hutson et
al., 2006; Michailovici et al., 2014; Rinon et al., 2007; Tirosh-Finkel et al., 2010). At the
genetic level, the expression of transcription factor Twist1 or activation of the canonical Wnt
signaling in the cranial neural crest regulates patterning of the pharyngeal arch mesoderm in
a non cell-autonomous manner (Rinon et al., 2007), while expression of Jagged 1 in the
pharyngeal endothelial cells or VEGFR2, Fgf8 or Thx1 in the anterior mesoderm regulates
neural crest cell survival, migration, differentiation and patterning (Aggarwal et al., 2010;
Chen et al., 2012; High et al., 2008; Milgrom-Hoffman et al., 2014; Zhang et al., 2006).
Together, craniofacial and cardiovascular abnormalities constitute the most common birth
defects in humans (Gorlin et al., 1990; Roger et al., 2011); therefore, a deeper understanding
of the regulatory mechanisms mediating interactions between the anterior mesoderm and the
neural crest is needed.

Communications between the neural crest and anterior mesoderm play obligate roles in
morphogenesis of the aortic arch arteries, a system of blood vessels that routes oxygenated
blood to various destinations within the systemic circulation. Abnormal morphogenesis of
the aortic arch arteries is a common manifestation of human congenital heart disease (Moon,
2008; Moon, 2006). The development of this vascular tree is incredibly complex and
intimately depends on signaling between all germ layers and the neural crest, reviewed by
(Astrof, 2013; Rentschler et al., 2010). Integrins are a major class of cellular receptors that
mediate signaling by extracellular matrix proteins, allowing cells to sense and respond to
chemical and mechanical stimuli in their microenvironment (Schwartz, 2010). Thus,
integrins are ideal candidates to mediate inter-tissue interactions during organ
morphogenesis. There are 18 known integrin alpha chains and 8 known integrin beta chains
in mammals, which combine to form 24 known heterodimers with distinct and overlapping
specificities for ligands (Hynes, 2002). Integrin a5 forms the a5p1 heterodimer and is a
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major receptor for the extracellular matrix protein fibronectin (Hynes, 2002; Hynes and
Naba, 2012). In this paper, we show that integrin a5p1 expressed by the anterior mesoderm
facilitates arch artery morphogenesis by regulating neural crest cell fate.

Integrin a.531 plays pleiotropic roles in vertebrate embryogenesis. Mouse mutants with
global deletion of integrin a5 die by mid-gestation and exhibit multiple defects (Yang et al.,
1993). During gastrulation, integrin a5 is required for development of the definitive
endoderm and for morphogenesis of the node and the notochord, regulating development of
the left-right body axis in mice (Pulina et al., 2014; Pulina et al., 2011; Villegas et al., 2013).
Following gastrulation, integrin a5 plays requisite roles in the development of somites, the
neural crest and the cardiovascular system (Goh et al., 1997; Julich et al., 2005; Julich et al.,
2009; Mittal et al., 2013; Mittal et al., 2010; Yang et al., 1999; Yang et al., 1993). However,
mid-gestation lethality along with severe morphogenetic defects in the global integrin a5-
null embryos makes it difficult to discern causes of various malformations from their
consequences, and thus the mechanisms whereby integrin a5p1 regulates cardiovascular
development in vivo are not understood.

Our recent studies demonstrated that the heart does not form normally in integrin a5-null
embryos. In particular, the outflow tract and the right ventricle, structures that are derived
from the second heart field, were malformed in these mutants (Mittal et al., 2013). Since
integrin a5 is expressed in cardiomyocytes, we used three different lines of mice to
conditionally ablate integrin a5 in: 1) the myocardium, using CTNT-Cre transgenic mice, 2)
in the second heart field, using Mef2C-AHF-Cre transgenic mice or 3) in the earliest known
cardiac progenitors and their descendants, using Mesp1C" knock-in mice (Jiao et al., 2003;
Saga et al., 2000; Saga et al., 1999; Verzi et al., 2005). While ablation of integrin a5 using
CTNT-Cre or Mef2C-AHF-Cre mice did not disrupt cardiac and embryonic development,
the use of the Mesp1C€strain to ablate integrin a5 gave rise to late embryonic and perinatal
lethality. Surprisingly, mutant embryos exhibited numerous morphogenetic abnormalities
related to defective neural crest development. In the studies reported in this paper, we
investigated mechanisms contributing to defective development of the aortic arch arteries in
the Mesp1C'e conditional mutants, and discovered that mesodermal expression of integrin
ab regulates proliferation of neural crest-derived cells in the fourth pharyngeal arch and
their subsequent differentiation into vascular smooth muscle cells (VSMCs).

Materials and Methods

Mouse strains and genotyping

All experiments involving vertebrate animals were approved by the Institutional Animal
Care and Use Committee of Thomas Jefferson University, and were performed in
accordance with federal guidelines for humane care of animals. Integrin a5/~ mice (Yang et
al., 1993) and integrin a5foX/floX mice (van der Flier et al., 2010) were obtained from Dr.
Richard Hynes. Mesp1€'€ knock-in mice (Saga et al., 2000; Saga et al., 1999) were obtained
from Dr. Yumiko Saga. Trangenic cTnt-Cre mice, Tg(Tnnt2-cre)5Blh, were a gift from Dr.
Brigit Hogan (Jiao et al., 2003). Tie2-Cre, Tg(Tek-cre)1Ywa, (Kisanuki et al., 2001), Rosa-
mT/mG mice, Gt(ROSA)26Sorm4(ACTB-tdTomato,-EGFP)LU0 (Muzumdar et al., 2007) were
purchased from Jackson labs and Mef2C-AHF-Cre mice (Verzi et al., 2005) were purchased
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from Mutant Mouse Regional Resource Center. Integrin a5*/~ mice were crossed with Cre-
containing mice to generate integrin a5*/~; Cre* males. For all experimental crosses,
integrin a5foX/flox females were crossed with a5*/~; cTnt-Cre, a5*/~; Mef2C-AHF-Cre,
a5*~; Tie2-Cre or a5*'~;Mesp1€"® males. Genotyping was performed using PCR primers as
described previously (Mittal et al., 2010; van der Flier et al., 2010; Yang et al., 1993).

Optical projection tomography (OPT) and 3D reconstruction

Embryos were isolated at E14.5, fixed in 4% paraformaldehyde (PFA) at 4°C overnight, and
washed thoroughly with phosphate buffered saline (PBS). The heart and the connecting
vasculature were dissected and embedded in 1% agarose. The agarose block was dehydrated
using a methanol series and cleared with BABB (a mixture of benzyl benzoate and benzyl
alcohol at the ratio of 2:1) until transparent. Specimens were scanned using Bioptonics OPT
Scanner 3001M as described (Degenhardt et al., 2013). The 3-dimensional views were
reconstructed using OsiriX software (http://www.osirix-viewer.com/).

India Ink Injection

Embryos were isolated at E10.5, fixed in 4% PFA overnight, and washed with PBS. Water
insoluble India ink was injected into the right ventricle through a pulled glass micropipette
until vessels were filled. Embryos were photographed using Zeiss Stemi 2000-C
steromicroscope and Zeiss AxioCam ERc 5s camera.

Histology and Immunohistochemistry

Embryos were fixed overnight with 4% PFA at 4°C. For paraffin sections, embryos were
dehydrated through graded series of ethanol, transferred to xylene and embedded in paraffin.
For frozen sections, embryos were mounted in optimal cutting temperature (OCT)
compound (Tissue-Tek® Sakura Finetek) and stored at —80 °C before sectioning. Frozen
sections were used for detecting integrin a5 (1:50, cat # 553319, BD) and VEGFR2 (1:100,
cat # AF644, R&D). For immunohistochemistry on paraffin section, the sections were
deparaffinized, rehydrated and pretreated with 10 mM sodium citrate (pH 6.0) for 20
minutes in the microwave for antigen retrieval and then cooled to room temperature. After
incubation in blocking buffer containing PBST (phosphate buffered saline with 0.05%
Tween20) with 10% normal donkey serum (Sigma), for 1 hour at room temperature, sections
were treated with primary antibodies overnight at 4 °C. The following primary antibodies
and their dilutions in blocking buffer were used: rabbit polyclonal anti-FN antibody was a
gift from Richard Hynes, MIT (George et al., 1993), chicken anti-GFP (1:500, Catalog #
GFP-1020, Aves labs), mouse anti-aSMA (1:300, Catalog # A5228, Sigma), rabbit anti-
cleaved caspase-3 (1:100, Catalog # 9661, Cell signaling technology), rabbit anti-phospho
Histone H3 (1:100, Catalog # 9701, Cell signaling technology), and mouse anti-BrdU
(1:500, cat # G3G4, lowa Developmental Studies Hybridoma Bank). Slides were washed in
PBST and treated with secondary antibodies diluted in blocking buffer for two hours at
room temperature. The following secondary antibodies were used: donkey anti-mouse, anti-
goat, or anti-rabbit conjugated to Alexa-488, Alexa-555, or to Alexa-647 (1:300,
Invitrogen). Anti-chicken secondary antibodies were from Jackson Immunoresearch. Nuclei
were either stained with DAPI (1:1000, Sigma) or with DRAQ5 (1:1000, cat # 4084, Cell
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Signaling Technology), and slides were mounted with ProLong® Gold antifade (Invitrogen).
Images were captured with Olympus FVV500 confocal microscope.

Whole mount immunostaining

Detection of integrin a5—Embryos were fixed in 4% PFA and incubated with 3% H,0,
in PBS with 0.1% Triton at room temperature for one hour with rocking, and then blocked
overnight at 4 °C with blocking solution described above. Embryos were incubated with
avidin and biotin blocking solutions (cat # SP-2001, Vector Laboratories) for 1 hour each
with rocking at 4 °C. Embryos were then incubated with anti-integrin a5 primary antibody
(1:100) overnight at 4 °C. After washing with PBS-0.1% Triton X, embryos were incubated
with biotinylated secondary antibody (1:200, Jackson Immunoresearch) overnight at 4 °C.
After washing with PBS-0.1% Triton X for 48 hours, the staining was developed using the
ABC and DAB kits (Vector laboratories). Color was developed under the microscope.
Detection of NF160. After incubating embryos in blocking solution overnight at 4 °C,
embryos were incubated with 1:100 dilution of NF160 antibody (cat # 2H3, lowa
Developmental Studies Hybridoma Bank) overnight at 4 °C. After washing with PBS-0.1%
TritonX, embryos were incubated with secondary antibody (1:300, anti-mouse Alexa-488)
overnight at 4 °C and washed. Embryos were imaged using Olympus fluorescence
stereomicroscope and Leica DFC450 camera.

In situ hybridization

In situ hybridization (ISH) was performed following the procedure described by (Henrique
et al., 1995) obtained from Dr. Janet Rossant’s lab’s website (http://www.sickkids.ca/
research/rossant/custom/protocols.asp). In all experiments, mutant and control embryos were
kept in the same vial during all stages of the ISH and color development to avoid differences
due to handling. The ISH probes were synthesized using previously described plasmids:
Pitx2c (Liu et al., 2001), Fgf8 (Crossley and Martin, 1995), Hoxa3 (Manley et al., 2004),
Hoxd4 (Gaunt et al., 1989) and Mkp3 (Mittal et al., 2013).

Quantification of smooth muscle coverage of aortic arch arteries

These studies were performed using serial coronal sections from control (n=5) and mutant
(n=5) embryos isolated at E11.5. We focused on the left and right 4™ pharyngeal arch
arteries. Following staining and imaging as described above, we measured the perimeter of
the 4™ arch artery in each section; 5 sections spaced about 10 microns from each other were
examined from each embryo. Then we measured the length of smooth muscle staining along
the vessel wall (as drawn in Fig. 8A). Smooth muscle coverage was calculated as the
fraction of vessel perimeter occupied by smooth muscle cells in each section. 25 sections per
genotype were quantified.

Quantification of proliferation of neural crest cells and Mesp1-derived pharyngeal
mesoderm

Embryos for these studies were isolated at E10.5. All embryos carried Rosa-mT/mG reporter
to identify Mespl-derived pharyngeal mesoderm. For BrdU labeling, 2 mg of BrdU (10
mg/ml solution in PBS) per mouse was injected i.p. 20 min prior to sacrifice. Following
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antigen retrieval in citric acid as described above, paraffin embedded coronal sections from
control (n=3) and mutant (n=5) embryos were stained using anti-BrdU andtibody. Anti-GFP
antibody was used to detect Mesp1-derived mesodermal cells. Mesenchymal cells in the
arches that were GFP — negative were presumed to be of neural crest origin. For

#BrdU+ GFP—cells
proliferation of neural crest cells, we calculated 2 GFp—(mesenchymal) cells and for

#BrdU+ GFP+cells
proliferation of pharyngeal mesoderm cells, we calculated 4 GFP+ cells and plotted
as percentages. Overall, 5454 neural crest cells were examined from 25 serial sections from
3 control embryos and 9344 neural crest cells were examined from 46 serial sections from 5
mutant embryos. 690 and 1124 GFP*, Mespl-derived pharyngeal mesodermal cells were
examined in controls and mutants, respectively. This was done in the same sections that
were used for quantification of the neural crest. Proliferation of pharyngeal neural crest cells
was also evaluated using anti-phospho histone H3 (pHH3) antibody with similar results as
shown in Fig. 7A.

Quantitative real time PCR

Results

Control and mutant embryos isolated at 31-32 somite stage were used for these experiments.
The regions containing either the left or the right pharyngeal arches 3-6 were dissected and
stored in liquid N> until use. RNA was isolated using RNeasy plus micro kit (Qiagen) and
cDNA was synthesized using SuperScript VILO cDNA synthesis kit (Life Technologies).
The PCR was performed using PerfeCTa SYBR green supermix with low ROX (cat
#95056-100, Quanta Biosciences) and Stratagene Mx3000P instrument (Agilent
Technologies). The primers for detecting 18S RNA were 5'-
GTAACCCGTTGAACCCCATT-3 and 5-CCATCCAATCGGTAGTAGCG-3, the
primers for detecting integrin a5 were 5-CCTTTTTGGCTTCTCCGTGG-3' and 5'-
ACCACCTTGCAGTACACCTG-3, and the primers for detecting Thx1 were 5’-
TCAAGGCTCCGGTGAAGAAG-3 and 5-TGGAACGTGGGGAACATTC-3.

Expression of integrin a5pB1 in the anterior mesoderm is required for cardiovascular
development and morphogenesis of neural crest-dependent embryonic structures

Integrin a5B1 is required for cardiac development (Mittal et al., 2013). Therefore, in order to
determine whether signaling by integrin a5 in the cardiac mesoderm was required for heart
development, we ablated integrin a5 using the transgenic cTnT-Cre mice (Jiao et al., 2003).
This strategy led to efficient deletion of integrin a5 in the myocardium (but not
endocardium) by embryonic day (E) 8.5 (Sup. Fig. 1A, B), however, mutant integrin
a5foX/=: ¢TnT-Cre+ mice were born in normal proportions and were viable (Table 1). Given
the severe defects in cardiogenesis observed in integrin a5-null embryos, especially in the
development of the outflow tract (Mittal et al., 2013), we tested whether the expression of
integrin a5 in the second heart field was required for cardiac development. To perform this
experiment, we conditionally ablated integrin a5 using Mef2C-AHF-Cre transgenic mice
(Verzi et al., 2005). However, a5f19%/~: Mef2C-AHF-Cre+ mutants were born in normal
proportions and survived at least until 3 weeks of age, even though integrin a5 was depleted
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in the cardiac outflow tract and the right ventricle (Sup. Fig. 1C, D), Table 1. Finally, we
ablated integrin a5 in the anterior mesoderm, including myocardial, endocardial and
endothelial progenitors and their descendants (Milgrom-Hoffman et al., 2014). To
accomplish this, we used a Mesp1©'€ knock-in strain, in which Cre is active in the earliest
known cardiac progenitors, which originate from the anterior primitive streak at E6.5 (Saga
et al., 2000). We found that ablation of integrin a5 using a Mesp1©"€ knock-in strain led to
depletion of integrin a5 expression in the anterior mesoderm including the heart (Fig. 1A,
C) and was embryonic/perinatal lethal (Table 2). Many of a5719¢~: Mesp1€ré¢* mutants
exhibited edema and hemorrhage at E15.5, similar to the recently described Itga5Pdafrb-cre
mutants (Turner et al., 2014) (Fig. 1B, D). Early cardiac development appeared grossly
normal at E9.5 and E10.5 in a5f%~; Mesp1€"® mutants (Sup. Fig. 2). However, the
majority of mutant hearts at E14.5 contained ventricular septal defects (VSD, n=12/14) at
the cranial aspect of the heart (Fig. 2A, E; summarized in Table 3). These types of VSDs are
sometimes referred to as membranous septal defects, e.g. (Gao et al., 2010). Taken together,
our studies indicate that expression of integrin a5 in cardiomyocyte progenitors,
cardiomyocytes, endocardium or in endothelium (van der Flier et al., 2010) is not required
for cardiogenesis and baseline cardiac functions. Furthermore, our results suggest that the
role for integrin a5 in early heart development is due to its requirement in lineages other
than those derived from Mespl-expressing cells. Alternatively, expression of integrin a5 in
a combination of lineages is necessary for early cardiogenesis.

Cardiovascular defects are a major cause of embryonic and perinatal lethality (Chin et al.,
2012; Roger et al., 2011), and since integrin a5f19%/~; Mesp1Cre* mutants exhibit late
embryonic/perinatal lethality, we examined these mutants for signs of congenital heart
disease as well as other phenotypes that could lead to perinatal lethality. To accomplish this,
we used microdissection, histology and optical projection tomography (OPT) to examine the
structures of the heart and the associated vasculature at E14.5 and E15.5. These studies
indicated that close to 40% of integrin a571°¥/~: Mesp1Cre* mutants developed a variety of
aortic arch artery defects (n=9/24, e.g. Fig. 2B-D, F-H; Sup. Fig. 3 and Sup. Movies 1-3).
We found that the majority of mutants had ventricular septal defects (n=12/14) (Fig. 2E,
arrow; summarized in Table 3). In addition, half of the mutants developed a cleft palate
(Figs. 3A, B, E, F and Table 3). Together or individually, these defects account for perinatal
mortality observed in integrin a5f1°%/~; Mesp1Cre* mutants.

Additional abnormalities in the mutants included defects in thymus development, n=14/24
(Fig. 3C, G) and abnormal development of the hypoglossal nerves, the nerves that innervate
the tongue, n=2/5 (Fig. 3D, H) and Table 3. Variability in phenotypes observed with integrin
a5f10X/=: Mesp1€r®* mutants is not unusual, and could be explained by several factors, one
of which is a mixed C57BL6/J and 12954 background. In addition, variability in aortic arch
artery defects is common in mutants with defective function of the neural crest (Bockman et
al., 1987; Conway et al., 2003; Stoller and Epstein, 2005). In such mutants, the stereotypical
remodeling of the symmetrical pharyngeal arch arteries is altered, leading to randomized
regression or persistence of these blood vessels (Hutson and Kirby, 2007). The randomness
with which arch arteries regress gives rise to an assortment of defects in morphogenesis of
the aortic arch artery tree, similar to the phenotypes observed in our mutants (Fig. 2, Sup
Fig. 3, and Sup. Movies 1-3; summarized in Table 3). These defects include double aortic
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arch, right-sided aortic arch and right ductus arteriosus, interrupted or hypoplastic aortic
arch and retroesophageal right subclavian artery (RERSA), a vascular ring surrounding the
esophagus and trachea (Table 3 and Sup. Fig. 3G). RERSA was the most common arch
artery abnormality observed in the mutants (Table 3).

The bulk of the palate is derived from the neural crest (Ito et al., 2003) and Sup Fig. 4A-B,
and cleft palate commonly arises due to neural crest dysfunction, e.g. (Ito et al., 2003).
Likewise, at E15.5, the cardiac ventricular septum at the cranial aspect of the heart is mainly
derived from the neural crest (Gao et al., 2010) and Sup. Fig 4C, arrow. Defects in neural
crest development lead to defective closure of the interventricular septum at the cranial
aspect of the heart (Gao et al., 2010; High et al., 2007), and are analogous to the septal
defects observed in our mutants (Fig. 2E). Similarly, development of the hypoglossal nerves
and the thymus are dependent on the neural crest (Bockman and Kirby, 1984; Huettl and
Huber, 2011). Anterior mesoderm and the neural crest develop in close proximity with each
other (e.g. Fig. 4A) (Noden and Trainor, 2005) and development of their derivatives is
intricately dependent on signaling between the two populations (Ferguson and Graham,
2004; Itasaki et al., 1996; Michailovici et al., 2014; Milgrom-Hoffman et al., 2014; Rinon et
al., 2007). While individually, each of the neural crest-related defects observed in integrin
a5foX'=: Mesp1€re* mutants was not fully penetrant, when taken in combination, these
phenotypes suggest that mesodermal integrin a5 plays essential roles in regulating neural
crest development. In order to test this hypothesis, we focused on elucidating mechanisms
underlying defective development of the aortic arch arteries.

Defective morphogenesis of the aortic arch arteries is due to defective remodeling of the
symmetrical pharyngeal arch arteries into their final asymmetrical form

Cells derived from Mespl lineage give rise to endothelial cells of the pharyngeal arch
arteries (Figs. 4-5) and the online Figure I1B in (Papangeli and Scambler, 2013). Consistent
with these data, we found that integrin a5 was efficiently depleted from arch artery
endothelium in integrin a571°%X/~; Mesp1€"¢* mutants (Fig. 5B”-B’"). Thus the abnormal
morphogenesis of aortic arch arteries in integrin a5f1°%'=; Mesp1€"®* mutants could be due
to defective formation or aberrant remodeling of the pharyngeal arch arteries (Conway et al.,
2003). In order to test the role of mesodermal integrin a5 in arch artery development, we
assayed formation of pharyngeal arch arteries by injection of black India ink into the hearts
of control and mutant embryos isolated at the 36—39 somite stage, E10.5 (Kaufmann, 1992).
At this stage, the arch arteries 3, 4, and 6 are well-formed in controls (n=20) and a5f10%/~
Mesp1€re* mutants (n=10) (Fig. 6). Therefore, our experiments indicate that mesodermal
expression of integrin a5 is not required for the formation of the pharyngeal arch arteries
and suggest that the defective aortic arch artery tree observed at E15.5 in the mutants
resulted from defective remodeling of these initially symmetrical blood vessels. This
phenotype is consistent with the idea that mesodermal integrin a5 impacts neural crest cell
functions, since defects or deficiencies in the cranial neural crest are commonly associated
with defective remodeling of the pharyngeal arch arteries but not with their formation
(Hutson and Kirby, 2007).
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Mesodermal expression of integrin a5 is required for neural crest development and
smooth muscle differentiation

It is unlikely that defective cardiac function contributed to arch artery defects in a5719%/~:
Mesp1Cre* mutants observed at E15.5 because our experiments using cTnT-Cre and Mef2C-
AHF-Cre transgenic mice showed that expression of integrin a5 in the myocardium was not
required for baseline cardiac functions during embryogenesis or in adult. Aberrant
remodeling of the pharyngeal arch arteries could stem from defective establishment or
maintenance of the left-right body plan (Nonaka et al., 2002). However, the heart looped
normally in all integrin a571°%/=; Mesp1Cre* mutants examined (n>20) and the expression of
Pitx2c was confined to the left side of the lateral plate mesoderm at E9.5 (n=4/4), suggesting
that the expression of integrin a5 in Mespl-derived lineage was not required for the
establishment or maintenance of the left-right body axis (Sup Fig. 5A, A, F, F’). Therefore,
defective remodeling of pharyngeal arch arteries in these conditional mutants was due to a
different cause.

Maturation and remodeling of blood vessels including that of aortic arch arteries is
intimately dependent on the development of vascular smooth muscle cells (VSMCs)
(Bergers and Song, 2005; Keyte and Hutson, 2012; Majesky, 2007). VSMCs of the
pharyngeal arch arteries are derived from the cardiac neural crest, which is a sub-population
of the cranial neural crest originating in the dorsal neural tube between the otic vesicle and
the 4! somite (Bockman et al., 1987; Chan et al., 2004; Hutson and Kirby, 2007; Keyte and
Hutson, 2012; Leatherbury et al., 1990). Lineage tracing using Mesp1ré* showed that the
majority of smooth muscle cells around pharyngeal arch arteries are Mesp1-lineage negative
(Fig. 7A’-A"), and are derived from the neural crest, arrows in Sup. Fig. 4D-D’ and (High
and Epstein, 2008; Hutson and Kirby, 2007; Jiang et al., 2000).

Prior studies indicated that severe deficiency in cardiac neural crest cell numbers or
defective differentiation of neural crest-derived cells into VSMCs gave rise to pharyngeal
arch artery remodeling defects comparable with those observed in our a5719%/~; Mesp1Cre*
mutants (Dai et al., 2013; High and Epstein, 2008; High et al., 2007; Hutson and Kirby,
2007; Li et al., 2005; Porras and Brown, 2008). Factors such as deficient proliferation,
deficient differentiation or increased cell death of the neural crest-derived cells could affect
development of the VSMC coat around the pharyngeal arch arteries. In order to examine
these issues, we first evaluated differentiation of neural crest-derived cells into VSMCs
around the 4t and 6t pharyngeal arch arteries. To accomplish this, we stained serial
sections from control (n=5) and mutant (n=5) embryos isolated at E11.5 with antibody to
aSMA. Overall, 50 tissue sections from control and mutant embryos were evaluated. These
studies indicated a severe defect in smooth muscle coverage around pharyngeal arch arteries
in 4 out of 5 mutants (Fig. 7 and Fig. 8A for individual comparison of each mutant and its
littermate control), with the overall p<2x1078 (unpaired Student’s t test) when all of the
mutants were compared with all of the controls. Differentiation of neural crest-derived cells
into VSMCs was also diminished around the 6! arch arteries in 3 out of 5 mutants (data not
shown). Interestingly, we found that VSMC coverage of dorsal aortae was not affected in
our mutants (Fig. 7C-C”, D-D”). This is because unlike VSMCs of pharyngeal arch arteries,
which are derived from the neural crest, VSMCs of the dorsal aortae are derived from
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Mespl* mesoderm (Fig. 7C”) and (Majesky, 2007). Our studies are consistent with the
recently published data demonstrating that integrin a5 was not required for the development
of VSMCs of mesodermal origin (Turner et al., 2014).

In order to examine proliferation and cell death of neural crest-derived cells in the
pharyngeal arches, we evaluated over 5000 mesenchymal, Mespl-lineage-negative cells in
the 41" pharyngeal arches of E10.5 mutants and controls (see Methods). The vast majority of
these cells are of neural crest origin (Jiang et al., 2000) and Sup. Fig. 4D. While we did not
observe any significant cell death in our mutants, we noted a slight (10%) but reproducible
and statistically significant defect in proliferation of NC-derived mesenchyme in the 4t
pharyngeal arches at E10.5 (Fig. 8B). Since we have deleted integrin a5 in the pharyngeal
mesoderm, we also evaluated proliferation of mesodermal, Mespl-derived cells within the
4™ pharyngeal arches. For these studies, over 600 pharyngeal mesodermal cells were
evaluated, some of which were endothelial cells within the 41" pharyngeal arch arteries.
Interestingly, proliferation of Mesp1-derived mesodermal cells (including the endothelial
cells) in the 4! pharyngeal arches was unaffected in integrin a571°¢/~: Mesp1€re¢* mutants
(Fig. 8C), suggesting that integrin a5 expressed by Mespl-derived mesodermal cells is
specifically required for the proliferation of neural crest-derived cells. Taken together, our
data indicate a specific role of mesodermal integrin a5 in proliferation and differentiation of
neural crest-derived cells.

In order to investigate potential mechanisms regulating the mesoderm-neural crest
communications disrupted in our mutants, we evaluated expression of fibronectin (FN)
around aortic arch arteries, since FN is enriched around these vessels and is expressed
throughout the mesenchyme of pharyngeal arches 3-6 (Sup. Fig. 6A-A") and (Mittal et al.,
2010). However, localization of FN protein in mutant arches (Fig. 6B—B”) was comparable
with that of controls, likely because mesodermal and endothelial cells within pharyngeal
arches express other integrin heterodimers that bind FN, e.g. those containing integrin av
subunits (van der Flier et al., 2010). We also investigated expression of genes known to
regulate neural crest proliferation and patterning in the pharyngeal arches. For example,
signaling by Fgf8 regulates neural crest proliferation, however, we did not observe changes
in the expression of Fgf8 or its downstream target Mkp3 in our mutants (Sup. Fig. 5B, C, G,
H). Furthermore, we evaluated whether Mesp1©"€ — mediated deletion of integrin a5
affected the expression of Hox genes in the mesenchyme of the posterior pharyngeal arches.
However, expression of Hoxa3 and Hoxd4 mRNAs was not significantly affected in our
mutants (Sup Fig. 5D, E, 1, J). Finally, given the similarity between gross morphological
phenotypes in our model relative to abnormalities observed in DiGeorge patients and in
Thx1-mutant mice, we assayed expression levels of Tbx1 mRNA in the pharyngeal arches of
our mutants and controls using quantitative real time PCR. However, levels of Thx1 mRNA
were unchanged in a5f°%/~; Mesp1Cre* mutants relative to controls (Sup. Fig. 5K). This is
not entirely surprising, since Tbx1 regulates formation of the 4t and 6™ arch arteries
(Arnold et al., 2006; Lindsay et al., 2001; Zhang et al., 2006), while mesodermal integrin a5
is required for the remodeling of these blood vessels but not for their formation. Taken
together, our studies indicate that mesodermal integrin a5 plays an integral role in regulating
differentiation and proliferation of neural crest-derived cells in the 4! pharyngeal arches,
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and suggest a model wherein integrin a5p1 expressed by the Mesp1-derived mesoderm
regulates inter-cellular communications between the mesoderm and the neural crest (Fig. 9).

Discussion

Signaling interactions between anterior mesoderm and the neural crest influence
development of the face, thymus, thyroid and cardiovascular system (Keyte and Hutson,
2012; Tzahor and Evans, 2011). However, molecular regulation of these interactions is not
well understood. In this work, we demonstrate that integrin a531 expressed by the anterior
mesoderm regulates morphogenesis of tissues mainly derived from the neural crest, such as
the cranial segment of the cardiac ventricular septum and the palate. The palate is mainly
comprised of the neural crest-derived cells, while Mesp1-derived mesoderm contributes only
to a minority of cells within the palate, and we found that these cells comprise palatal
vasculature (Sup. Fig. 4B’ — B”). Therefore, it is possible that cleft palate in our mutants is
caused by defective vascularization of the embryonic palatal mesenchyme. Alternatively,
mesodermal integrin a5 could regulate mesoderm-neural crest interactions earlier in the
development of these lineages, at the time of neural crest migration and close intermingling
with cranial and/or pharyngeal mesoderm. We favor the latter hypothesis, since deletion of
integrin a5 in endothelium using Tie2-Cre transgenic mice did not give rise to cleft palate
(van der Flier et al., 2010). Neural crest also contributes to the mesenchyme of the thymus,
Schwann cells of hypoglossal nerves, and vascular smooth muscle cells of aortic arch
arteries. All of these tissues manifested morphogenetic defects in the integrin 510X/~
Mesp1Cre* mutants with variable penetrance; however, in combination, such defects
implicate mesodermal a5B1 in regulating neural crest development.

In this study, we focused our attention on the development of the aortic arch arteries. These
three pairs of pharyngeal arch arteries form by E10.5 in the mouse (e.g. Fig. 6) and then
become remodeled in a highly stereotypical fashion to form the adult-like, asymmetrical
vascular tree by E13.5. Defects in this remodeling process give rise to common forms of
human congenital heart disease (Stoller and Epstein, 2005). Formation and remodeling of
the 41" pharyngeal arch arteries are especially sensitive to genetic and environmental insults,
for reasons that are not yet well understood. In our studies, the majority of arch artery
defects were due to defective development of the 4! pharyngeal arch arteries. Examples of
such defects are retroesophageal right subclavian artery (RERSA), the right-sided or double-
sided aortic arch, and interrupted or hypoplastic aortic arch (Stoller and Epstein, 2005). All
of these defects were observed in our mutants (Fig. 2, Sup Fig. 3 and Table 3). The aortic
arch is derived from the left 41" pharyngeal arch artery, and the regression of this arch artery
gives rise to the interrupted aortic arch type B, while its incomplete regression results in a
hypoplastic aortic arch. RERSA is due to premature regression of the right 4™ arch artery;
The right-sided aortic arch is due to regression of the left 4™ pharyngeal arch artery and
ectopic persistence of the right 41 arch artery, while double aortic arch is due to ectopic
persistence of the right 4™ pharyngeal arch artery. We also observed embryos with right
ductus arteriosus (Fig. 2, Sup. Fig. 3 and Movies 2-3), an abnormality that results from
aberrant regression of the left 6! pharyngeal arch artery and ectopic persistence of the right
6t arch artery (Stoller and Epstein, 2005). Collectively, these phenotypes fall into a
category of defects characterized by the unpredictability with which some arteries regress
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while others persist. This is in contrast with the ordered, stereotypical remodeling process in
wild-type mice, which results in the stereotypical arrangement of the aortic arch and its
branches. This unpredictability of arch artery remodeling is a classical manifestation of
defective development of the cardiac neural crest (Hutson and Kirby, 2007). The cardiac
neural crest gives rise to VSMCs of pharyngeal arch arteries, and studies using numerous
mouse genetic models of neural crest dysfunction as well as neural crest ablation studies in
chickens indicated that such irregular patterns of arch artery remodeling were due to
defective development of VSMCs around pharyngeal arch arteries (High and Epstein, 2008;
Hutson and Kirby, 2007; Kaartinen et al., 2004; Kirby, 2007; Li et al., 2005; Vallejo-
Illarramendi et al., 2009).

Mespl-derived mesoderm gives rise to endothelial cells of all pharyngeal arch arteries (Figs.
4-5, 7), and conditional deletion of integrin a5 using a Mesp1©™ knock-in strain resulted in
efficient depletion of integrin a5 from Mespl-derived endothelial cells. However, we did
not observe defects in the formation of the pharyngeal arch arteries or in proliferation of
Mespl-derived mesodermal and endothelial cells in the mutants. Instead, we observed a
marked decrease in the numbers of VSMCs and consequently, aberrant remodeling of the
symmetrical pharyngeal arch arteries. We think that this decrease in VSMCs is likely due to
defects in differentiation of neural crest-derived cells into VSMCs. Even though we
observed a slight decrease in neural crest proliferation at E10.5, the appearance and the
cellularity of pharyngeal arches at E10.5 and at E11.5 were similar in controls and in
mutants (Figs. 5 — 7). Similar to controls, mutant arch arteries were surrounded with
comparable numbers of neural crest-derived cells at E10.5 and at E11.5 (Figs. 5 and 7A-B).
Thus neural crest-derived cells closely apposing arch artery endothelium in integrin 510X/~
Mesp1Cre* mutants were defective in their differentiation into VSMCs.

It is well established that the majority of VSMCs around pharyngeal arch arteries are
derived from the neural crest (Hutson and Kirby, 2007); however, we observed that a small
population of pharyngeal arch aSMA* VSMCs (<10% at E11.5) was derived from cells of
Mespl™ lineage. While it is possible that ablation of integrin a5 in Mesp1 lineage
contributed to defective VSMC development around the arch arteries, the decrease in the
VSMC coverage of the 41" pharyngeal arch arteries was far greater than 10%. Indeed, we
observed about 34% depletion in VSMC coverage in the mild case (pair 1, left 41 arch in
Fig. 8A) and 89% depletion of VSMC coverage in the most severe case (pair 4, right 4
arch, Fig. 8A). Moreover, we did not observe a decrease in VSMC differentiation around the
dorsal aortae: in this vascular bed, endothelial and smooth muscle cells are derived from
Mespl* progenitors (Majesky, 2007) and Fig. 7C”, D”. Thus deletion of integrin a5 in
mesodermal descendants of Mespl-expressing cells is not required for differentiation of
mesoderm-derived cells into VSMCs, a finding consistent with the recently published
studies (Turner et al., 2014). Taken together, these data underscore the specific role of
mesodermal integrin a5 in neural crest development and differentiation into VSMCs.

It is possible that expression of integrin a5p1 by endothelial cells of the 4™ and 6t
pharyngeal arch arteries regulates differentiation of the adjacent neural crest cells into
VSMCs. However, deletion of integrin a5 in the endothelium using a Tie2-Cre transgenic
strain did not result in embryonic vascular defects or in defective remodeling of the
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symmetrical pharyngeal arch arteries into the asymmetrical vascular tree (van der Flier et al.,
2010). This suggests that expression of integrin a5 in the anterior or in the pharyngeal
mesoderm prior to formation of the pharyngeal vasculature affected neural crest
development. This idea is consistent with pleiotropic neural crest-related defects caused by
the ablation of integrin a5 in Mespl lineage; these defects were not limited to the neural
crest-derived cells in the immediate vicinity of the 4™ or 6! arch artery endothelium.

How does mesodermal integrin a581 regulate neural crest development? Integrins are bi-
directional signal transducers, which allow cells to sense and to respond to chemical and
mechanical changes in their surrounding microenvironment (Hynes, 2002; Larsen et al.,
2006; Schwartz, 2010). Mesodermal and neural crest-derived cells express a variety of
integrins that can bind extracellular matrix (ECM) proteins and signal (Delannet et al., 1994,
Strachan and Condic, 2004; Testaz et al., 1999; van der Flier et al., 2010; Xu et al., 2006).
One could envision two general ways by which mesodermal integrin a531 could function in
neural crest development (Fig. 9). One possibility is that binding of mesodermal integrin
abal to its major ECM ligand fibronectin within the pharyngeal arch mesenchyme
influences neural crest cells by modifying their immediate extracellular microenvironment,
e.g. its composition, structure and/or compliance (Larsen et al., 2006). Neighboring neural
crest cells could sense these changes via their cell surface integrins and respond accordingly
(this possibility is schematized by dashed arrows in Fig. 9). The binding of mesodermal
integrin a5al to fibronectin could also affect association and/or activation of ECM-bound
growth factors, e.g. (Fontana et al., 2005; Wurdak et al., 2005), which could then signal to
the neural crest. Binding of integrin a5B1 to other ligands could also be involved, e.g.
(Ossowski and Aguirre-Ghiso, 2000). Another possibility is a more upstream role, whereby
signaling by integrin a5p1 expressed by mesodermal cells induces transcriptional responses
in the mesoderm leading to the expression of soluble or cell-associated ligand(s) (e.g.
Jagged1) that can bind and signal to the adjacent neural crest cells (solid arrow in Fig. 9).

In conclusion, our studies identified an important mesodermal regulator, integrin a5p1 that
facilitates signaling between the anterior mesoderm and the neural crest. Future
investigations into mechanisms whereby mesodermal integrin a581 regulates neural crest
development would provide important insights into craniofacial and cardiovascular
morphogenesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Conditional ablation of integrin a5 using Mesp1<'€
Expression of integrin a5 at E8.5 in control embryos (A-A’) and mutants (C—C’). Arrows

point at the expression of integrin a5 in the heart and dorsal aorta in controls and the
depletion of integrin a5 in these structures in the mutants. Dashed lines in A’ and C’ indicate
planes of section shown in A”, C”. Arrows in A”, C” point at paraxial mesoderm (top
arrow), splanchnic mesoderm (middle arrow) and the heart (bottom arrow). B. Control
embryo at E15.5 and mutant embryo (D). About 50% of a5719%/~; Mesp1Cre* mutants
degenerate or show gross hemorrhage (black arrow) and edema (white arrow) by E15.5.
Abbreviation: Itga5 — integrin a5. Images of controls and mutants were taken at the same
magnification.
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Figure 2. Expression of intergrin a5 in Mespl-derived cells mediates morphogenesis of the aortic
arch arteries and interventricular septum

A-D control and E-H mutant hearts. A and E — H&E stained coronal sections. Arrow in A
points to the closed inter-ventricular septum in the control embryo, arrow in E points at
ventricular septum defect (VSD) in the mutant. B-D and F-H OPT views of control (B-D)
and mutant (F-H) hearts. Mutant heart shown in F—=H manifests right ductus arteriosus (rDA
in F) and right-sided hypoplastic aortic arch (rAA in G). In control (B and Sup Movie 1),
DA is directed toward the left. rDA is directed toward the right in the mutant (F and Sup
Movie 2). rAA in G is hypoplastic and connects the ascending aorta with the descending
aorta. The inset in G is a schematized drawing of the vessels on the right side, rAA is
marked in red. Note the descending aorta is on the left in control (D) and on the right in the
mutant embryo (H). aAo — ascending aorita, dAo- descending aorta. LV — left ventricle, RV
—right ventricle. Scale bars are 200 um.
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Figure 3. Expression of intergrin a5 in Mespl-derived cells mediates development of the palate,
thymus and hypoglossal nerves

The palate closes in control embryos by E14.5 (arrows in A). B. Coronal section through the
head shows closed palatal shelf (arrow in B). E-F. Mutant embryos manifest open palate
(arrows in E-F). C. Normal position and shape of thymus seen in control embryos is
distorted in mutants, G. Thymus lobes are outlined in C, G. D, control and H, mutant
embryos stained with antibody to NF160 to detect neurons. Development of hypoglossal
nerves (boxed) and the first cervical spinal nerve, arrow in H are defective in mutants. Note
normal development of all other NF160+ nerves in the mutants. Scale bars are 500 pm in A,
E, D,and H, and 200 pmin B, C, F, G.
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Figure 4. Mesp1€€ fate map
A. Descendants of Mesp1 lineage (green, GFP positive) give rise to the cranial and cardiac

mesoderm and are in close contact with the neural crest cells and their derivatives (red,
Ap2a). Ap2a is also expressed in the surface ectoderm (arrow in A). Note the absence of
double labeled cells. B-E. Derivatives of Mesp1* mesoderm give rise to endothelial
progenitors, cells that are double positive for GFP and VEGFR2, brackets in B-E,
magnified in E’. Note that the already formed 3" arch artery endothelium is derived from
Mespl* descendants. The presence of ROSA-mT/mG reporter in all embryos allows
visualization of cell fate (GFP) in animals carrying the Cre transgene.
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Figure 5. Efficient depletion of intergrin a5 in the 4t arch artery endothelium using Mesp1€'€
knock-in mice
Conditional ablation of integrin a5 in pharyngeal arch arteries. Note expression of integrin

a5 (red) in the 3™ and 4™ arch artery endothelium in sections from controls A-A” and
depletion of endothelial integrin a5 in mutants, B-B”. Arrow points at the remaining
expression of integrin a5 in GFP-negative cells (B”-B”). The presence of ROSA-mT/mG
reporter in all embryos allows visualization of cell fate (GFP) in animals carrying the Cre
transgene. Magnification is the same in all panels.
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Figure 6. Pharyngeal arch arteries form normally in integrin asflox’— Mesplcre+ mutants
India ink injections (A — D) and histological analyses (A’ —-D’) demonstrate that arch arteries

form in mutants as well as they do in controls. Arch arteries are numbered. Images of
controls and mutants were taken at the same magnification.
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Figure 7. Integrin asflox/—; Mesp1C'& mutants manifest defective differentiation of neural crest-
derived cells into vascular smooth muscle cells
Descendants of Mespl1+ lineage are marked green due to the expression of GFP from the

ROSA-mT/mG reporter locus. Pharyngeal arch arteries are numbered. A — B”. Note
depletion of aSMA levels around the 41 arch arteries in the mutant compared with control
(quantified in Fig. 7C). The majority of aSMA* cells are GFP ~ (A”) and are derived from
the neural crest. Expression of aSMA is not affected in the dorsal aorta (C — D”).
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Figure 8. Mesodermal expression of integrin a5 is required for proliferation and differentiation
of neural crest-derived cells but not pharyngeal mesoderm

A. Proliferation of neural crest cells (Mespl-lineage negative pharyngeal mesenchyme) was
evaluated following BrdU injection. Each data point represents individual embryos. N=3
control (5454 cells) and n=5 mutant (9344 cells) embryos were evaluated. B. Proliferation of
Mesp1-derived mesoderm in the 4t pharyngeal arches. N=3 controls (690 cells) and n=5
mutants (1124 cells) were evaluated. Unpaired Student’s t-test probability (p) is reported for
A — B. Red lines mark the means. C. Smooth muscle differentiation around aortic arch
arteries was evaluated in 5 pairs of control and mutant littermate embryos at E11.5. C’. To
quantify vessel coverage by aSMA+ smooth muscle cells, we measured the length of the
vessel wall covered by aSMA+ cells (green) and divided that number by the perimeter of
the vessel wall (41 arch artery) in each coronal section. Left and right 4™ pharyngeal arches
were examined, 5 serial sections per side per genotype were evaluated in each embryo. *
Unpaired Student’s t-test probability (p) < 0.05; ** p< 0.005.
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Figure 9. Model
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Mesodermal integrin a5p1 mediates signaling between the anterior mesoderm and the neural
crest and influences neural crest development. Dashed arrows indicate the idea that binding
of mesodermal integrin a5p1 to ECM modifies ECM properties, which are then sensed by
the neural crest-derived cells. Solid arrows schematize the idea that signaling by
mesodermal integrin a5B1 could lead to expression of soluble or cell-associated factors that
could in turn influence neural crest development.
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Phenotypes of integrin a57~; Mesp1€e* mutant embryos (E14.5-E16.5)

Table 3

Genotypes Controls (three groups) Mutants
Phenotypes

Edema 17% (3/18) 73% (16/22)
Hemorrhage 6% (1/18) 59% (13/22)
Arch artery defects” 0% (0/18) 38% (9/24)
Membranous ventricular septal defects 15% (2/13) 86% (12/14)
Hypoglossal nerve defects 0% (0/5) 40% (2/5)
Thymus defects 0% (0/18) 58% (14/24)
Widely open palate (E14.5) 0% (0/2) 67% (2/3)
Cleft palate (=E15.5) 0% (0/7) 56% (5/9)
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Arch artery defects: right ductus arteriosus (3/24), double or right-sided aortic arch (2/24), hypoplastic or interrupted aortic arch type B (3/24),
retroesophageal right subclavian artery (6/24).
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