Article

Integrin 3 inhibition is a therapeutic strategy for
supravalvular aortic stenosis

Ashish Misra,' Abdul Q. Sheikh,' Abhishek Kumar,' Jiesi Luo,' Jiasheng Zhang,' Robert B. Hinton,’
Leslie Smoot,* Paige Kaplan,® Zsolt Urban,’ Yibing Qyang,' George Tellides,? and Daniel M. Greif '

"Yale Cardiovascular Research Center, Section of Cardiovascular Medicine, Department of Internal Medicine and “Department of Surgery, School of Medicine, Yale
University, New Haven, CT 06511

*Division of Cardiology, The Heart Institute, Cincinnati Children's Hospital Medical Center, Cincinnati, OH 45229

"Department of Cardiology, Boston Children's Hospital, Boston, MA 02115

*Section of Metabolic Diseases, Children's Hospital of Pennsylvania, Philadelphia, PA 19104

6Department of Human Genetics, Graduate School of Public Health, University of Pittsburgh, Pittsburgh, PA 15261

The aorta is the largest artery in the body, yet processes underlying aortic pathology are poorly understood. The arterial media
consists of circumferential layers of elastic lamellae and smooth muscle cells (SMCs), and many arterial diseases are charac-
terized by defective lamellae and excess SMCs; however, a mechanism linking these pathological features is lacking. In this
study, we use lineage and genetic analysis, pharmacological inhibition, explant cultures, and induced pluripotent stem cells
(iPSCs) to investigate supravalvular aortic stenosis (SVAS) patients and/or elastin mutant mice that model SVAS. These exper-
iments demonstrate that multiple preexisting SMCs give rise to excess aortic SMCs in elastin mutants, and these SMCs are
hyperproliferative and dedifferentiated. In addition, SVAS iPSC-derived SMCs and the aortic media of elastin mutant mice and
SVAS patients have enhanced integrin 3 levels, activation, and downstream signaling, resulting in SMC misalignment and
hyperproliferation. Reduced 3 gene dosage in elastin-null mice mitigates pathological aortic muscularization, SMC misorien-
tation, and lumen loss and extends survival, which is unprecedented. Finally, pharmacological $3 inhibition in elastin mutant
mice and explants attenuates aortic hypermuscularization and stenosis. Thus, integrin f3-mediated signaling in SMCs links
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elastin deficiency and pathological stenosis, and inhibiting this pathway is an attractive therapeutic strategy for SVAS.

The normal arterial wall is histologically divided into three
layers: (1) an inner single layer of endothelial cells (ECs), (2)
the media with alternating circumferential layers of smooth
muscle and elastic lamellae, and (3) an outer adventitial layer,
which includes fibroblasts and connective tissue. A critical
component of the massive burden of cardiovascular disease
on human health is an excessive and ectopic accumulation
of arterial smooth muscle cells (SMCs). Unfortunately, ther-
apeutic options for cardiovascular pathologies are hindered
by our limited understanding of mechanisms underly-
ing this vascular hypermuscularization (Owens et al., 2004,
Seidelmann et al., 2014).

In diverse arterial diseases, such as atherosclerosis, rest-
enosis, pulmonary hypertension, and supravalvular aortic
stenosis (SVAS), excess SMCs are accompanied by defective
elastic lamellae (Sandberg et al., 1981; Raines and Ross, 1993;
Karnik et al., 2003). Elastin is a critical component of elastic
lamellae, and heterozygous loss of function in the elastin gene
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(ELN) results in SVAS, a devastating human disease of ex-
cessively muscularized arteries (including the ascending and
descending aorta; Curran et al., 1993; Li et al., 1998b; Pober
et al., 2008). Major surgery is the only therapy for vessel ob-
struction in elastin arteriopathy. SVAS occurs as an isolated
entity or more commonly as the major cause of morbidity
in Williams-Beuren syndrome (WBS), which is caused by
consecutive deletion of ~26-28 genes, including ELN, on
chromosome 7 (Pober et al., 2008). A mechanism linking
elastin defects and hypermuscularization in SVAS or, for
that matter, in any vascular disease is not delineated. Integ-
rins are transmembrane receptors that link the extracellular
matrix to the actin cytoskeleton and thus are candidates for
mediating the effects of defective elastic lamellae on vascular
smooth muscle; however, their role in elastin mutant arteriop-
athy has not been studied.

Here, we demonstrate that excess SMCs in elastin
mutant mice derive from multiple preexisting SMCs that
proliferate, dedifferentiate, and migrate. Integrin B3 ex-
pression, activation, and signaling are up-regulated in the
aortic media of these mice and SVAS patients and in SVAS
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induced pluripotent stem cell (iPSC)—derived SMCs. Ad-
ditionally, our results indicate that enhanced P3-mediated
signaling is crucial for SMC misalignment and hyperpro-
liferation in elastin mutants, and genetic or pharmaco-
logical inhibition of B3 in elastin mutant mice attenuates
aortic hypermuscularization and stenosis. Furthermore,
reducing the dosage of Itgh3 (encoding B3) extends elas-
tin-null survival; no prior interventions have increased the
viability of elastin mutant mice. Hence, inhibiting integrin
B3—-mediated signaling in smooth muscle is an attractive
pharmacological strategy for SVAS.

RESULTS

Multiple preexisting SMCs contribute to excess aortic
smooth muscle in elastin mutants

We previously demonstrated that there is extensive SMC
migration and mixing during the morphogenesis of the
multilayered pulmonary artery but that hypoxia-induced
distal pulmonary arteriole muscularization results from
the clonal expansion of a single SMC marker” progenitor
(Greif et al., 2012; Sheikh et al., 2015). Here, we initially
investigated the cellular sources of excess SMCs in the
elastin mutant model of SVAS and the clonal relationship
of these pathological SMCs. The aortas of wild-type mice
are not distinguishable from those of the EIn™"~ or EIn""~
mutants until after embryonic day (E) 15.5 (Li et al., 1998a)
or E18 (Wagenseil et al., 2010), respectively. After E15.5,
arteries and arterioles of EIn”’~ embryos and early post-
natal mice accumulate excess SMCs on the endothelial side
of the media (mimicking human SVAS), which ultimately
obstruct the lumen and result in death by the initial post-
natal days (Li et al., 1998a). In contrast, between E18 and
birth, the outer aspect of the Eln™’™ aortic media accu-
mulates additional lamellar units, whereas the wild-type
aortic structure does not change (Li et al., 1998b). We in-
duced dams pregnant with a—smooth muscle actin (SMA)-
CreER"™, ROSA26R ™™5*) embryos (Muzumdar et al.,
2007;Wendling et al., 2009) that were also either mutant or
wild type for the elastin gene with a single tamoxifen dose
(1.5 mg) at E12.5 and analyzed newborns at postnatal day
(P) 0.5. Many of the excess SMCs in elastin mutants—inner
medial SMCs in EIn”™"~ newborns and outer layer SMCs
in EIn’~ newborns—were GFP* (51 £ 3% and 41 + 3%,
respectively), indicating that they derive from SMCs pres-
ent at the time of marking (Fig. 1 A). In contrast, EC fate
mapping in Cdh5-CreER"™ mice (Wang et al., 2010) also
carrying EIn""” and ROSA26R™"%*) indicates that ECs
do not contribute to the excess SMCs in elastin nulls (un-
published data). Furthermore, we induced EIn”"~, SMA-
CreER™ embryos also carrying the multi-color Rainbow
(Rb) Cre reporter ROSA26R ®"*) with a single tamoxifen
injection at E12.5. At E18.5, these embryos were found to
have SMCs of multiple colors in the inner layers of the
aorta (Fig. 1 B). Thus, excess aortic SMCs in elastin-null
mice derive from multiple preexisting SMCs.
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Excess proliferation and smooth muscle myosin heavy chain

(SMMHC) down-regulation in the elastin mutant aorta

The mechanisms underlying the different phenotypes of the
elastin-null or heterozygous aorta are not delineated. It has
previously been reported that the late embryonic Eln®’"~
aorta has more proliferating SMCs than the wild type aorta,
predominantly in the inner layers (Li et al., 1998a). We found
that in comparison to wild type, the number of SMCs stain-
ing for the proliferation markers phosphohistone H3 (pH3)
or Ki67 was increased three- to fourfold in the EIn""~ aorta
at E17.5 (Fig. 2, A-D) and 1.7-fold in the EIn’~ aorta at
E18.5 (Fig. 2, E-H). Interestingly, the increased proliferation
of the EIn""~ aortic SMCs predominantly results from cells
in the outermost smooth muscle layer (Fig. 2, E-H). In addi-
tion to excessive migration and proliferation, the Eln™"~
tic media has markedly reduced expression of the canonical
SMC differentiation marker SMMHC (Miano et al., 1994)
at P0.5 (Fig. 3, A and B) but no appreciable change in ex-
pression of markers of early SMCs (SMA and SM22-a; not
depicted) or undifferentiated mesenchyme (platelet-derived
growth factor receptor [PDGFR]-f; Fig. 3, C and D).

aor-

Enhanced integrin p3 signaling in mouse and

human elastin mutant aorta

Our findings indicate that elastin mutant SMCs are hyperpro-
liferative, undifferentiated and migrate radially; however, the
underlying signaling pathways are not defined. We investigated
integrins because they are implicated in filopodia-mediated cell
migration (Arjonen et al., 2011), and we observed increased
filopodia-like projections in elastin mutant SMCs (see Fig. 1 A,
close-ups). We initially found markedly increased expression of
integrins f3 and B1 in the elastin mutant aortic wall (Fig. 4,
A-E). In EIn""” mice, there is increased expression of B3 in
subendothelial SMIC layers,and B1 in ECs and many outer layer
SMC:s. In the human aorta, B3 is markedly up-regulated in the
media of patients with WBS (Fig. 4 F) and SVAS (not depicted).
In addition, iPSCs derived from coronary artery SMCs of a
SVAS patient or control human (Ge et al., 2012) express equiv-
alent low levels of B3 protein (not depicted); however, when
converted into SMCs, SVAS iPSC-SMC:s (Ge et al., 2012) have
robust up-regulation of B3 protein in comparison with control
iPSC-SMC:s (Fig. 4, G and H).

Beyond enhanced expression, we next assessed integrin
signaling. The aortic media of both humans with WBS and
EIn""~) mice has enhanced staining with the WOW-1 anti-
body, which recognizes activated avp3 (Pampori et al., 1999;
Fig. 5,A and B). In addition, phosphorylated focal adhesion
kinase (pFAK), a downstream regulator of integrin signaling
(Fig. 5 C) is up-regulated in the elastin-null mouse aorta.
Finally, the expression of the 1 and B3 ligand fibronec-
tin is increased in the elastin-null mouse aorta (Fig. 5 D),
whereas the pattern of collagen IV expression is unchanged
(not depicted). Collectively, our results suggest that 3-
mediated signaling is up-regulated in the aortic media of
elastin mutant mice and humans.
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Reduced integrin 33 attenuates aortic hypermuscularization
and extends viability of elastin nulls

To test the hypothesis that enhanced p3-dependent signal-
ing plays a key role in subendothelial SMC accumulation in
elastin nulls, we investigated the effect of reducing the dosage
of the gene encoding B3, Itgb3, on the EIn""~ aortic pheno-
type and viability. Importantly, wild-type and Itgb3 mutant
(Hodivala-Dilke et al., 1999) aortas are not distinguishable
(unpublished data). In the background of the elastin-null
genotype, mutants that are Itgh3”~ or Itghb3”"~ have mark-
edly attenuated hypermuscularization and stenosis of the
aorta compared with mice wild type for Itgb3 (Fig. 6, A—C).
Many SMCs of the inner layers of the early postnatal Eln™"~
aorta are misaligned (Li et al., 1998a;Wagenseil et al., 2009) as

JEM Vol. 213, No. 3

rise to excess smooth muscle in elastin mu-
tants. Transverse descending aortic sections of
SMA-CreER™ mice also carrying ROSA26R™™/+)
(A) or ROSA26R™* (B) and of the indicated
elastin genotype induced with tamoxifen at
E12.5. (A) Sections at P0.5 were stained for SMA,
GFP (lineage marker), CD31, and nuclei (DAPI),
and GFP* SMCs are included in extra aortic wall
layers in Eln*"~) (outer layer; open arrowheads)
and in EIn™"/ (inner layer adjacent to endothe-
lium). The boxed regions are shown as close-ups
with closed arrowheads indicating increased
SMC projections in elastin mutants. (B) Section
at E18.5 was analyzed with direct fluorescence
of Rb colors and staining for DAPI. Excess inner
layer SMCs of Eln™" aorta include cells of mul-
tiple colors (asterisks) indicating polyclonality.
For each genotype, n = 4 pups in Aand n =3
embryos in B. Lu, aortic lumen; E, endothelial
layer; 1-7, smooth muscle layers. Bars, 10 pm.

Eln(-/)

shown in Fig. 6 D, oriented radially instead of circumferen-
tially. As integrins influence mitotic spindle orientation and
thus the division axes of diverse cell types (Streuli, 2009), we
postulated that B3 up-regulation in the elastin mutant aortic
media plays a crucial role in shifting SMC orientation and
migration direction, contributing to the increased smooth
muscle layers and disarray. Indeed, our experiments indicate
that reduction of the Itgh3 gene dosage of EIn™’~ mutants
prevents inner layer aortic SMCs from assuming an abnormal
radial orientation and instead preserves their circumferential
orientation (Fig. 6, D and E). In addition, reduction of the
Itgb3 gene dosage substantially lessens the excess prolifera-
tion of EIn™"~ aortic SMCs (Fig. 6 F) but does not augment
SMMHC expression (not depicted). Moreover, the survival
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Figure 2.

SMC hyperproliferation in elastin mutant aorta. (A, C, E, and G) Transverse aortic sections of embryos of the indicated elastin genotype and

age stained for SMA and nuclei and for either pH3 (A and E) or Ki67 (C and G). Nuclei are stained with DAPI (A and E) or propidium iodide (PI; C and G).
Staining for CD31 is also included in A and E. (B, D, F, and H) Proliferative index (fraction of pH3* or Ki67* cells) of SMCs of wild-type, Ein**~, and/or EIn~~/
embryos at E17.5 (B and D) or E18.5 (Fand H) in the total aorta and, for Fand H, in each cell layer (i.e., layers 1-5; this analysis was limited to aortic sections
with five smooth muscle layers). For each genotype, n =3 embryos in B and H and n = 2 embryos in D and F, and 20 sections per embryo were analyzed. The
total pH3* aortic SMCs detected in B were 172 for wild type and 787 for EIn"~ and in F were 71 for wild type and 133 for EIn*/~), whereas the total Ki67*
SMCs detected in D were 1,389 for wild type and 4,785 for EIn“"and in H were 1,765 for wild type and 3,357 for EIn*"). Data are presented as mean +
SD. Student's t test was used. *, P < 0.05; **, P < 0.01; ™*, P < 0.001 versus wild type. Lu, aortic lumen. Bars, 10 pm.

of elastin nulls is extended by reducing Itgb3 gene dosage
(Fig. 6 G), which is without precedent.

Pharmacological inhibition of $3 in elastin mutant mice
blocks aortic muscularization and stenosis

Given that reducing Itgb3 gene dosage attenuates the Eln
aortic phenotype, we next evaluated whether pharmacolog-

=7=)
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ical inhibition of B3 in tissue culture or in vivo has a similar
effect. Li et al. (1998a) previously demonstrated that Eln™"~
embryonic aortic explants become completely stenosed
within 1 d in culture, and wild-type explants remain patent.
We harvested aortas from wild-type or EIn”’~ embryos at
E15.5 and cultured explants for 18 h in the presence of an
anti-f3 blocking antibody (Lawler et al., 1988; Scheppke et

Integrin B3 and SVAS | Misra et al.

920z Arenugad 20 uo 1senb Aq 4pd 8890610z Wel/6S. 1S . L/LSY/E/E L Z/pd-ajone/wal/Bio sseidny//:dpy woly pepeojumoq



al., 2012) or IgG1 isotype control. B3 blockade attenuated
lumen loss and medial wall area expansion in Eln™"~ aortic
explants (Fig. 7, A—C) but did not have a substantial effect in
wild-type explants (not depicted). For in vivo experiments,
we used the B3 and 5 inhibitor cilengitide, which has been
tested in humans as a therapy for glioblastoma multiforme
(Dechantsreiter et al., 1999; Stupp et al., 2014). EIn™~ males
and females were mated, and a miniature osmotic pump con-
taining cilengitide or vehicle was implanted in each pregnant
dam at E13.5 for continuous infusions because cilengitide
has a short half-life in plasma. At P0.5, we genotyped and
euthanized pups and analyzed their aortas. Cilengitide treat-
ment does not alter aortic SMC orientation, muscularization,
or lumen size of wild-type mice. However, in elastin nulls,
cilengitide substantially preserves SMC circumferential ori-
entation and attenuates aortic hypermuscularization and ste-
nosis (Fig. 7, D—H). Similarly, cilengitide treatment of Eln/~
mice prevents enhanced muscularization (6.9 £ 0.2 smooth
muscle layers at P0.5 with PBS treatment vs. 4.4 = 0.2 layers
with cilengitide treatment; n = 3; P < 0.005) and preserves
lumen size (Fig. 7, D—F). Collectively, our findings establish
a novel link between elastin deficiency, integrin B3, and arte-
rial hypermuscularization.

DISCUSSION
SVAS, a morbid disease caused by heterozygous loss-of-function
mutations in the ELN gene, is characterized by excessive

JEM Vol. 213, No. 3
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Figure 3. Dedifferentiation of aortic SMCs in elas-
tin nulls. (A) Transverse aortic sections of wild-type and
EIn="-) pups at P0.5 were stained for SMA, SMMHC, CD31,
and nuclei (DAPI). (B) SMMHC mRNA levels normalized to
Gapdh as measured by RT-PCR from aortas of specified
genotype at P0.5; n = 3 aortas in duplicate. (C) Aortic sec-
tions of pups as in A were stained for SMA, PDGFR-f, and
DAPI. At P0.5, PDGFR-B marks outer layer SMA™ cells (i.e.,
adventitial cells). Note the hyperplasia of both smooth

s\ \) \) muscle and adventitia of the elastin-null aorta. (D) Cells
X % (DAPI* nuclei) of descending aortic wall of the specified
Q}o <& elastin genotypes were scored as SMCs (PDGFR-B~SMA")

or adventitial cells (PDGFR-B*SMA™). The total numbers of
scored cells were 528, 584, and 778 for wild type, EIn*/~/,
and Eln"~"/, respectively. For each genotype, n = 3 pups.
Data are presented as mean + SD. ANOVA was used. *, P <
0.05. Lu, aortic lumen; M, media; A, adventitia. Bars, 10 um.
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smooth muscle and occlusions in large caliber arteries, such
as the aorta. SVAS occurs alone or more commonly as part
of WBS, and collectively, it afflicts approximately 1 in 5,000
individuals. The only current therapy for this aortic obstruc-
tion is major vascular surgery, which carries a substantial risk
of morbidity and mortality. Undoubtedly, there is a strong need
for investigations into the cellular and molecular mechanisms
underlying the pathogenesis of elastin arteriopathy, which, in
turn, promise to yield novel therapeutic strategies.

In addition to SVAS, the accumulation of excess and
ectopic SMCs is a key component of many other vasculopro-
liferative diseases, and the cellular origins of these patholog-
ical SMCs are beginning to be defined. We and others have
shown that preexisting SMCs contribute to hypermuscular-
ization in atherosclerosis, arterial injury, and pulmonary hy-
pertension (Feil et al., 2004; Herring et al., 2014; Sheikh et
al., 2014, 2015; Shankman et al., 2015). In addition, ECs are
implicated as a source of vascular SMCs in development and
disease (DeRuiter et al., 1997;Yamashita et al., 2000; Arcinie-
gas et al.,2007; Morimoto et al., 2010; Chen et al., 2012; Qiao
et al., 2014; Ranchoux et al., 2015), yet no prior studies have
lineage traced any cell population in elastin mutants. Our fate
mapping and clonal analyses demonstrate that multiple ex-
cess SMCs in the elastin mutant aorta derive from preexisting
SMC:s (Fig. 1) but not ECs. Interestingly, the outward radial
migration of SMCs contributes to the construction of outer
smooth muscle layers during both morphogenesis of the nor-
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mal pulmonary artery (Greif et al., 2012) and pathogenesis of
the EIn~ aorta (Fig. 1).

Elastin mutant arteries are hypermuscular with ad-
ditional smooth layers forming on the outer aspect of the
EIn™~ media and excess SMCs accumulating on the inner
aspect of the EIn™"~ media (Li et al., 1998a,b). Mechanisms
underlying these different radial locations of excessive smooth
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Figure 4. Increased B integrin expression in the
human and mouse elastin mutant aorta. (A-C)
Transverse aortic sections of wild-type and elastin
mutant littermates at E16.5 or P1.5 stained for SMA
and nuclei (DAPI) and for either integrin p3 (A and
B) or B1 (C). CD31 staining is also included in B. The
boxed region of E/n~~ aorta in C is shown as an inset
without DAPI staining. Note that B3 expression is in-
creased in the SMCs of the Eln mutant aortas, par-
ticularly in subendothelial layers of Eln™~ and B1
expression is up-regulated in ECs and many SMCs,
primarily in the outer smooth muscle layers in Eln‘~/~/
aorta. For each genotype, n = 3 pups in A and C and
n =4 pups in B. (D and E) B1 and B3 transcript lev-
els normalized to Gapdh as measured by qRT-PCR of
cDNAs from aortas of specified elastin genotype at
P0.5; n = 3 in duplicate. (F) Representative images of
aortic sections of WBS patients (age 5 mo) and age-
matched human controls stained for SMA, activated
f3, and nuclei (DAPI); n = 3 patients. SVAS is the major
cause of morbidity in WBS patients. (G and H) Protein
levels of B3 and GAPDH in iPSC-SMCs derived from
SVAS or control patients were assayed by Western blot
with densitometric analysis of B3 normalized to GAP
DH; n = 2. Data are presented as mean + SD. ANOVA
was used in D and E, and Student's ttestin H. *, P <
0.05; **, P < 0.01. Lu, aortic lumen. Bars: (A, B, F, and
inset in C) 10 pm; (main images in C) 100 pm.

muscle are not established. Our findings suggest that the dif-

ferent locations of enhanced SMC proliferation in Eln

(+/=)

(outer layer SMCs; Fig. 2) and EIn“’~ (inner layer SMCs; Li
et al., 1998a) aortas are likely to be key factors underlying the
different phenotypes of these genotypes.

Because elastin mutants have an altered extracellular
matrix, including increased vessel fibronectin (Fig. 5), and
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Figure 5. Enhanced integrin signaling in elastin mutants. (A) Aortic sections of WBS patient (age 46 yr) and age-matched human control stained
for SMA, activated B3, and nuclei (DAPI); n = 3 patients. Asterisks signify activated integrin p3. (B-D) Transverse aortic sections of wild-type and Ein="
littermates at E18.5 or P1.5, stained for CD31, SMA, and nuclei (DAPI), and for either activated B3 (B), pFAK (C), or fibronectin (D). For each genotype, n =3

mice. Lu, aortic lumen. Bars, 10 um.

integrins link the extracellular matrix to intracellular sig-
naling pathways, we reasoned that integrins may be crit-
ical in the resulting arterial disease. Karnik et al. (2003)
previously suggested that integrins are not involved in
elastin-mediated signaling as calcium chelation did not
impact tropoelastin-induced migration or actin polymer-
ization in cultured EIn”"~ SMCs. Our findings in human
and mouse aortas demonstrate that elastin mutants have
up-regulated integrin B3 expression, activation, and sig-
naling, and interestingly, in the EIn”"” aorta, B3 expres-
sion is highest in SMCs of the inner layers, where many
cells are misoriented (Figs. 4 and 6). We have previously
demonstrated that iPSC-SMCs generated from SVAS or
WBS patients are more proliferative and migratory than
control iPSC-SMCs (Ge et al., 2012), and herein, we
show that SVAS iPSC-SMCs have robustly up-regulated
expression of integrin B3 protein (Fig. 4). Moreover, ge-
netic or pharmacological B3 inhibition in Eln”™""
and explants prevents aortic hypermuscularization and
stenosis and SMC misorientation (Figs. 6 and 7). Because
our in vivo pharmacological experiments use cilengitide,
which is a strong inhibitor of avf3 but also has anti-
avf5 activity, further histological and genetic studies will
characterize P5 expression and the effect of specific Itgh5

mice

JEM Vol. 213, No. 3

deletion in elastin mutants. Integrins are key players in
regulating cell shape and division axis (Streuli, 2009), and
we posit that SMC proliferation and radial migration is
limited by the circumferential orientation of maturing
wild-type SMCs, whereas the pathological radial orienta-
tion of EIn®"~ SMCs is permissive.

Our findings of the role of integrin f3 in elastin mu-
tant aortopathy should be considered in the context of prior
investigations of 3 in atherosclerosis and vascular injury. f3
is expressed in the human coronary artery media (Hoshiga
et al., 1995) and in SMCs of the neointima of atheroscle-
rotic or mechanically injured arteries (Hoshiga et al., 1995;
Stouffer et al., 1998). Treatment of diabetic pigs with an
anti-Pf3 antibody attenuates atherosclerotic lesion forma-
tion (Maile et al., 2010), and after carotid artery ligation,
Itgh3™"~ mice have reduced neointimal size and SMC ac-
cumulation (Choi et al., 2004). In contrast, global knockout
of Itgh3 worsens atherosclerotic burden in ApoE™"™ mice
fed a high-fat diet (Weng et al., 2003).This worsening likely
results from the effects of nonsmooth muscle bone marrow—
derived cells (e.g., macrophages) as Itgh3™"”, LDLR"""
mice have accelerated atherosclerosis when transplanted
with Itng(_/_), LDLR"" bone marrow (Schneider et al.,
2007).We conjecture that, similar to our hypothesis for elas-
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Figure 6. Reduced integrin B3 gene dosage inhibits aortic hypermuscularization and extends viability of elastin nulls. (A) Transverse descending
aortic sections of newborns of indicated genotype at P0.5 were stained for SMA, CD31, and nuclei (DAPI). (B and C) Aortic lumen and medial wall area were
determined from sections as shown in A; n = 3 aortas per genotype, 3 sections per aorta. Note that reduced /tgb3 dosage attenuates EIn~"") aortic hyper-
muscularization. (D) Sections cut and stained as in A with high power magnification of the aortic wall demonstrating that wild-type SMCs are circumferen-
tially oriented, whereas the abnormal radial orientation of SMCs in the inner layers of the EIn‘"~ aorta is prevented by reducing /tgb3 dosage. Arrowheads
indicate examples of radially oriented SMCs in Eln‘™" aorta. (E) Quantification of nuclear orientation of cells in inner three aortic smooth muscle layers of
embryos of the indicated genotype at P0.5 with respect to the tangent of the lumen boundary; n = 3 aortas, and >200 SMCs were scored for each genotype.
(F) Proliferative index (fraction of pH3* cells) of aortic SMCs of embryos of the indicated genotype at E17.5. 20 sections per embryo were analyzed, and the
number of embryos analyzed and pH3* aortic SMCs detected were 3 embryos and 172 SMCs for wild type, 3 and 787 for EIn~"), 2 and 184 for /tng{*/‘)
EIn“"~) and 2 and 163 for ltgb3/~'EIn‘~"~). (G) The age of death of each EIn/~/ newborn is classified by /tgb3 genotype, with bars indicating the mean age
of death. Reduced /tgb3 gene dosage increases viability of elastin-null pups. Data are presented as mean + SD. ANOVA was used. *, P < 0.05; **, P < 0.01.
Lu, aortic lumen. Bars: (A) 100 um; (D) 10 um.

tin mutants, in other vasculoproliferative disorders, altered
B3-mediated signaling in SMCs changes cell orientation,
allowing for aberrant proliferation and migration.

Finally, we observed that reduction in Itgb3 gene dos-
age extends the survival of EIn™"~ mutants (Fig. 6), which
is unprecedented for any previous intervention. This in-
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creased viability is limited to ~3 d, likely because of defects
in tissues beyond the aorta, such as the lung parenchyma.
Indeed, mice with ~35% of the normal elastin levels have
abnormal lung development, resulting in congenital em-
physema (Shifren et al., 2007). Importantly, however, SVAS
patients (heterozygotes for the ELN-null allele) lack a lung
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Figure 7. Pharmacological blockade of B3 attenuates Eln~/ aortic hypermuscularization and stenosis. (A) Aortas were harvested from Eln‘~/~)
embryos at E15.5 and fixed either immediately or after culturing as explants for 18 h in the presence of an isotype control IgG1 or an integrin avp3-blocking
antibody. Transverse sections were stained for SMA, CD31, and nuclei (DAPI). (B and C) EIn™~") aortas cultured for 18 h and sectioned and stained as in A
were used to calculate the lumen and media wall areas; n = 3 aortas, 3 sections per aorta. (D-H) Female and male EIn'*"~) mice were crossed, and pregnant
dams were implanted with miniature osmotic pumps containing integrin B3 inhibitor cilengitide or vehicle (PBS) at E13.5. (D) Transverse aortic sections
of wild-type, EIn*"~ and EIn~~ pups at P0.5 were stained as in A and used to measure lumen and media wall area as shown in E and F; n = 3 aortas per
genotype, 3 sections per aorta. (G) High magnification images of vehicle- or cilengitide-treated wild-type and EIn“"") aortas at PO.5 were sectioned and
stained as in A, and arrowheads indicate examples of radially oriented SMCs. These images were used to quantify the SMC nucleus orientation in the inner
three layers of aortic media (H); per each genotype + cilengitide/vehicle group, n = 3 aortas, and >275 SMCs were scored. Data are presented as mean + SD.
ANOVA was used. *, P < 0.05; * P < 0.01; **, P < 0.001. Lu, aortic lumen. Bars: (A and D) 100 um; (G) 10 um.

phenotype (Li et al., 1998b; Pober et al., 2008) and thus MATERIALS AND METHODS
may greatly benefit from the favorable vascular effects of ~ Animals. All mouse experiments were approved by the Insti-

anti-B3 therapy. In summary, our findings indicate that en-  tutional Animal Care and Use Committee at Yale University.
hanced integrin B3 signaling is a crucial link between elas-  Wild-type C57BL/6, ROSA26R ™™/ mTmC) and Jtgh3™
tin deficiency and arterial hypermuscularization, and B3 mice were purchased from The Jackson Laboratory (Hodiva-
blockade is a promising and much needed noninvasive ther- la-Dilke et al., 1999; Muzumdar et al., 2007). SMA-CreER ™2,
apeutic approach for SVAS. Cdh5-CreER™, ROSA26R™® R and EIn™’~ mice have
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been described previously (Li et al., 1998a; Wendling et al.,
2009; Wang et al., 2010; Rinkevich et al., 2011). Itgh3"~,
EIn™~ and CreER mice were maintained on the C57BL/6
background. For timed pregnancies, noon of the day of vagi-
nal plug detection was designated as EO0.5, and em-
bryos were dissected in PBS.

Aortic explant culture. Descending aortas were dissected
from mouse embryos at E15.5 and cultured for 18 h at 37°C
in 0.5% FBS in DMEM with either an anti-avfB3 integrin
blocking antibody (1:50; BD) or an isotype control IgG1.

Immunohistochemistry. Mouse tissue was fixed with 4% para-
formaldehyde and then incubated in 30% sucrose, embedded in
optical cutting temperature compound (Tissue Tek), and stored
at —80°C. All immunohistochemical analysis of mouse tissue
was conducted on the proximal thoracic descending aorta (the
initial 1.5 mm) immediately distal to the aortic arch. Frozen
tissue was cryosectioned (10 pm) in the transverse axis, and
sections were incubated with blocking solution (5% goat serum
in 0.1% Triton X-100 in PBS [PBS-T]) and then with primary
antibodies diluted in blocking solution overnight at 4°C. On
the next day, sections were washed with PBS-T and incubated
with secondary antibodies for 1 h. Primary antibodies used
were anti-CD31 (1:500; BD), anti-pH3 (1:200; EMD Milli-
pore), anti-Ki67 (1:200; Thermo Fisher Scientific), anti-SMM
HC (1:100; Biomedical Technologies), anti-fibronectin (1:200;
Sigma-Aldrich), anti—collagen IV (1:500; AbD Serotec), anti—
integrin P3 (1:200; Abcam), anti—integrin 1 (1:200; EMD
Millipore), anti-pFAK (1:100; Cell Signaling Technology), an-
ti-GFP (1:500; Invitrogen), directly conjugated FITC, Cy3 or
Cy5 anti-SMA (1:500; Sigma-Aldrich), and biotinylated anti—
PDGFR- (1:50; R&D Systems). For PDGFR-f staining, sig-
nal was amplified by using biotin-conjugated antibody, and
then aortic sections were incubated with the ABC Elite reagent
(Vector Laboratories) and FITC Tyramide reagent (Perkin-
Elmer) as described previously (Greif et al., 2012). Staining
with the WOW-1 mouse primary antibody (a gift from S. Shat-
til, University of California, San Diego, La Jolla, CA), which
recognizes activated avf3 (Pampori et al., 1999), was con-
ducted with the Mouse-on-Mouse Immunodetection kit
(Vector Laboratories). The manufacturer’s guidelines were fol-
lowed except sections were incubated with WOW-1 antibody
(1:50) overnight at 4°C, washed with PBS-T, and then incu-
bated with directly conjugated secondary antibody. Secondary
antibodies were conjugated to either FITC or Alexa Fluor 488,
564, or 647 fluorophores (1:500; Invitrogen). Staining with
DAPI  (1:1,000) or propidium iodide (1:200) was
used to visualize nuclei.

Aortas from patients with SVAS as an isolated en-
tity (15 yr old) or as part of WBS (5 mo old and 46 yr
old; Urban et al., 2002; Pober et al., 2008; Li et al., 2013)
and from age-matched human controls were fixed in for-
malin, paraffin embedded, and sectioned. Paraffin was re-
moved from sections of human aortas with xylene, and
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after ethanol washes, sections were rehydrated into water.
Rehydrated sections were washed with TNT (10 mM
Tris-HCI, pH 8.0, 150 mM NaCl, and 0.2% Tween-20)
and subjected to antigen retrieval by incubating in boiling
10 mM sodium citrate, pH 6.0, for 20 min. Sections were
then immersed in cold water and immunostained as de-
scribed in the previous paragraph for cryosections except
washes were done in TNT.

Fate mapping and clonal analysis. Dams pregnant with SMA-
CreER™ or Cdh5-CreER™ embryos that were heterozygous
for a Cre reporter and also null, heterozygous, or wild type for
the elastin gene were induced at E12.5 with an intraperito-
neal injection of 1.5 mg tamoxifen and 0.75 mg of concom-
itant progesterone to prevent dystocia. Transverse cryosections
(10 pm thick) through the distal thoracic descending aorta
were, in the case of ROSA26R ™ %) newborns, stained for
GFP or, in the case of ROSA26RY embryos, stained with
DAPI and imaged using fluorescent filters for DAPI and the
RbD colors (i.e., Cerulean, mOrange, and mCherry).

Pharmacological inhibition of 3 in vivo. Miniature osmotic
pumps (low rate 1 pl/h;Alzet) were loaded with 200 pl of
the B3 inhibitor cilengitide (Merck-KgaA; obtained via
the National Cancer Institute) at 15 mg/ml in PBS or ve-
hicle alone (PBS). Pumps were then implanted s.c. in dams
pregnant with EIn“’~ embryos at E13.5, and pups were
euthanized and analyzed at P0O.5.

pH3 or Ki67 cell counts. Transverse descending aortic cryo-
sections of wild-type or EIn®’~ embryos at E18.5 and
wild-type, EIn“"~, Itgb3"7EIn""", or Itgh3""~EIn"""
embryos at E17.5 were stained for the mitotic marker pH3,
SMA, CD31, and nuclei (DAPI). Alternatively, wild-type,
EIn®™, and EIn"’7 aortic sections were stained for the
proliferation marker Ki67, SMA, and nuclei (propidium io-
dide). For wild-type and EIn’~ embryos at E18.5, analysis
was limited to aortic sections with five smooth muscle lay-
ers, and SMC proliferation was scored by aortic wall posi-
tion of pH3" or Ki67" SMCs, identified as layer 1 (the cell
layer adjacent to the ECs), the next radial layer (layer 2), and
sequentially outward radially from layers 3—5. For each em-
bryo, the total aortic SMCs per section or layer was esti-
mated by counting and averaging the DAPI" nuclei of
SMC:s in four randomly chosen sections. The total number
of pH3" aortic or Ki67" SMCs per section or layer were
counted in 20 sections per embryo.

Quantitative real-time PCR analysis. Descending aortas were
dissected from mouse embryos and snap frozen in liquid ni-
trogen. The RNA of individual aortas of specific Eln geno-
types was isolated with the RNeasy Plus kit (Life
Technologies), and this RNA (0.5 pg) was reverse transcribed
with the iScript cDNA Synthesis kit (Bio-Rad Laborato-
ries). Expression levels of selected genes were determined by
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quantitative PCR and normalized to Gapdh. The following
forward and reverse primer pairs were used for these genes
(encoded protein): Acta2 (SMA), 5'-GTCCCAGACATC
AGGGAGTAA-3" and 5-TCGGATACTTCAGCGTCA
GGA-3'; Tagln (SM22-a), 5'-CAACAAGGGTCCATC
CTACGG-3" and 5-ATCTGGGCGGCCTACATCA-3';
Myh11 (SMMHC), 5'-AAGCTGCGGCTAGAGGTCA-3’
and 5'-CCCTCCCTTTGATGGCTGAG-3'; Itgb1 (Integ-
rin 1), 5'-CTCCAGAAGGTGGCTTTGATGC-3" and
5'-GTGAAACCCAGCATCCGTGGAA-3’; Itghb3 (Integ-
rin PB3), 5-GTGAGTGCGATGACTTCTCCTG-3" and
5'-CAGGTGTCAGTGCGTGTAGTAC-3"; and Gapdh
(GAPDH), 5'-CATCACTGCCACCCAGAAGACTG-3’
and 5'-ATGCCAGTGAGCTTCCCGTTCAG-3'.

Quantification of aortic wall parameters. Transverse sections
were used for aortic medial wall and lumen quantifications.
The medial wall and lumen areas were calculated by measur-
ing the area of SMA staining and the area interior to CD31
staining, respectively.

Nucleus orientation analysis. Threshold images of SMC nu-
clet (DAPI staining) were used to determine the nuclear cen-
troid and orientation angle (0,) with respect to a fixed edge
of the entire image. Thresholding of endothelium (CD31
staining) at the aortic lumen boundary was performed, and
lumen boundary coordinates were set as the intersection of
this boundary with the line joining the centroids of the nu-
cleus and lumen. These coordinates were then used to find
the local lumen boundary (arc) orientation angle (6;p) with
respect to the image edge. Finally, nuclear orientation with
respect to lumen boundary is given by the angle 0, which is
the absolute value of the difference between 6, and 0.

Patient-derived iPSC-SMC generation. Human iPSC-SMCs
were generated as described previously (Ge et al., 2012). In
brief, epicardial coronary arteries were obtained from ex-
planted hearts of organ donors or recipients of patients with or
without SVAS under protocols approved by the Institutional
Review Board of Yale University. Isolated SMCs were repro-
grammed into iPSC clones, which were expanded, induced to
form embryoid bodies, and finally differentiated into SMCs.

Western blot. For protein analysis, iPSC-SMCs were lysed in a
RIPA buffer containing complete protease inhibitor and
phosSTOP phosphatase inhibitor cocktails (Roche). Lysates
were centrifuged at 15,000 rpm for 30 min at 4°C, and super-
natants were collected. Protein was separated by SDS-PAGE
and transferred to nitrocellulose membranes. Membranes were
blocked with 5% BSA in PBS containing 0.05% Tween-20 for
1 h and then incubated with rabbit anti-integrin 3 (1:1,000;
Abcam) and rat anti-GAPDH antibodies (1:2,000; Cell Signal-
ing Technology) overnight at 4°C. After washing, membranes
were incubated with horseradish peroxidase—conjugated sec-
ondary antibodies (1:3,000; Cell Signaling Technology) for 1 h.
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A Western blotting substrate (ECL Plus; Pierce) and an imaging
system (G:Box; Syngene) were used for detection.

Imaging. Fluorescent images were acquired with an up-
right fluorescence microscope (Eclipse 80i; Nikon) or a
confocal microscope (SP5; Leica). For image processing
and analysis, cell counting, and nuclear orientation compu-
tation, Photoshop (Adobe), Image] (National Institutes of

Health) software, and custom written programs in MATLAB
(R2013a; MathWorks) were used.

Statistical analysis. Student’s ¢ test or multifactor ANOVA and
post hoc test with Bonferroni corrections were used to analyze
the data (StatPlus software).All data are presented as mean + SD.
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