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Prostaglandin E, Inhibits Elastogenesis in the Ductus
Arteriosus via EP4 Signaling

Utako Yokoyama, MD, PhD; Susumu Minamisawa, MD, PhD; Aki Shioda, MS;
Ryo Ishiwata, MS; Mei-Hua Jin, PhD; Munetaka Masuda, MD, PhD;
Toshihide Asou, MD, PhD; Yukihiko Sugimoto, PhD; Hiroki Aoki, MD, PhD;
Tomoyuki Nakamura, MD, PhD; Yoshihiro Ishikawa, MD, PhD

Background—FElastic fiber formation begins in mid-gestation and increases dramatically during the last trimester in the
great arteries, providing elasticity and thus preventing vascular wall structure collapse. However, the ductus arteriosus
(DA), a fetal bypass artery between the aorta and pulmonary artery, exhibits lower levels of elastic fiber formation, which
promotes vascular collapse and subsequent closure of the DA after birth. The molecular mechanisms for this inhibited
elastogenesis in the DA, which is necessary for the establishment of adult circulation, remain largely unknown.

Methods and Results—Stimulation of the prostaglandin E, (PGE,) receptor EP4 significantly inhibited elastogenesis and
decreased lysyl oxidase (LOX) protein, which catalyzes elastin cross-links in DA smooth muscle cells (SMCs), but not in
aortic SMCs. Aortic SMCs expressed much less EP4 than DASMCs. Adenovirus-mediated overexpression of LOX restored
the EP4-mediated inhibition of elastogenesis in DASMCs. In EP4-knockout mice, electron microscopic examination
showed that the DA acquired an elastic phenotype that was similar to the neighboring aorta. More importantly, human
DA and aorta tissues from 7 patients showed a negative correlation between elastic fiber formation and EP4 expression,
as well as between EP4 and LOX expression. The PGE,-EP4-c-Src-phospholipase C (PLC)y-signaling pathway most

likely promoted the lysosomal degradation of LOX.

Conclusions—Our data suggest that PGE, signaling inhibits elastogenesis in the DA, but not in the aorta, through degrading
LOX protein. Elastogenesis is spatially regulated by PGE,-EP4 signaling in the DA. (Circulation. 2014;129:487-496.)
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lastic fibers are the largest structures in the extracellular

matrix. Beginning with the onset of pulsatile blood flow
in the developing aorta and pulmonary artery, smooth muscle
cells (SMCs) in the vessel wall produce a complex extracel-
lular matrix that ultimately defines the mechanical properties
that are critical for proper function of the neonatal and adult
vascular system.! As such, hemodynamics and mechanical
stress are considered to be the main regulators in the forma-
tion of the vascular elastic fiber system during development.?
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The ductus arteriosus (DA) and its connecting elastic arter-
ies (ie, the descending aorta and the main pulmonary trunk) are
exposed to essentially the same mechanical forces and hemo-
dynamics. However, since 1914, it has been widely recognized
in multiple species that the DA exhibits sparse elastic fibers in
the middle layer compared with adjacent elastic arteries, as

well as disassembly and fragmentation of the internal elas-
tic lamina.3-® In the human fetal aorta, newly synthesized un-
crosslinked elastin appears at 23 weeks of gestational age to
be unevenly distributed on the surface of microfibrils, where it
forms continuous strips of variable width.® However, the DA
exhibits fewer elastic fibers than the aorta.*® This decreased
elastogenesis is the hallmark of the vascular remodeling of
the DA in humans and a variety of other species.>” It has been
suggested that this muscular phenotype of the DA allows it
to collapse easily at birth when prostaglandin E, (PGE)) is
withdrawn and blood flow between the aorta and the pulmo-
nary artery is reduced, thereby permitting immediate postnatal
closure of the DA. Conversely, it is known that abnormalities
of elastic fibers and elastic lamina are primarily responsible
for the persistence of the DA in some human cases.!®!! These
abnormalities likely prevent intimal cushion formation and
make it difficult to collapse the arterial wall. Therefore, it is
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important to understand the molecular mechanisms of how
elastogenesis is regulated in the DA. Although Hinek et al'>'?
have demonstrated that truncated 52-kDa tropoelastin and the
reduction of elastin binding protein negatively regulates elas-
tic fiber formation in the DA, the mechanisms for impaired
elastogenesis in the DA wall are not yet fully understood,
despite nearly a century of research.?

During mid- to late gestation, fetuses are exposed to abun-
dant PGE, that is released from the placenta' in accordance
with the time course of impaired elastic fiber formation in the
DA. The biological effects of PGE, depend on the prostanoid
EP receptor subtypes EP1 through EP4". Among the EP
subtypes, EP4 is highly expressed in the DA of multiple spe-
cies, including mice, rats, and humans, and regulates the DA
muscular tone.'** In addition to the DA muscular contrac-
tion, remodeling of the extracellular matrix during the fetal
and neonatal period is necessary to complete the anatomical

closure of the DA.'6%2! Qur previous studies have demon- -

strated the role of PGE,-EP4 signaling in DA remodeling, in
which EP4 stimulation promotes intimal thickening, which is
characteristic of the remodeling of the DA, in a hyaluronan-
dependent and -independent manner.!52!-23 ‘

In this context, we hypothesized that PGE, inhibits elasto-
genesis in the DA through PGE,-EP4 signaling. In the present
study, we examined the molecular mechanisms of the inhibi-
tory regulation of elastogenesis in human DA tissues and
rodent DASMCs. We demonstrated that activation of EP4 pro-
moted degradation of the mature lysyl oxidase (LOX) protein,
a cross-linking enzyme for elastic fibers, only in the DA (and
not in the aorta), leading to poor elastogenesis.

Methods

Expanded methods are described in the online-only Data Supplement.

Animals and Tissues

We used Wistar rat fetuses from timed-pregnant mothers (SLC
Inc., Hamamatsu, Japan). Pooled tissues of the DA, aorta, and pul-
monary arteries were obtained from rats on day 21 of gestation
(n>60). Generation and phenotypes of EP4-knockout mice have been
described previously.”” All mice were C57BL/6 background litter-
mates from heterozygote crosses. All animal studies were approved
by the institutional animal care and use committees of Yokohama City
University and Waseda University.

Human Tissues of the DA

Human DA tissues were obtained from Yokohama City University
Hospital and Kanagawa Children’s Medical Center at the time of
corrective operations. Detailed patient information is summarized in
Table I in the online-only Data Supplement. The study was approved
by the human subject committees at both Yokohama City University
and Kanagawa Children’s Medical Center. All samples were obtained
after receiving written informed parental consent.

Tissue Staining and Immunohistochemistry

Elastic fiber formation was evaluated by Elastica van Gieson stain-
ing. Immunohistochemical analysis was performed as previously
described.'® A color extraction method using BIOREVO - bz-9000
and associated software (KEYENCE, Osaka, Japan) was performed
to quantify elastic fiber formation and expression of EP4 and LOX.
Three serial paraffin-embedded sections per each patient were sub-
jected to elastica staining and immunohistochemistry. More than 19
fields in the smooth muscle layer of the DA and aorta were examined

in each slide. The area stained dark purple indicated elastic fibers
and diaminobenzidine (DAB)-stained colors, EP4- or LOX-positive
areas, were extracted from matched area and counted using the
software. Correlations of elastic fiber formation and EP4 and LOX
expression were examined using >19 independent fields within 1
patient. We examined sections from a total of 7 patients, and the cor-
relation coefficient and P value of each patient are shown in Table 1T
in the online-only Data Supplement.

Immunocytochemistry

Vascular SMCs were plated on glass coverslips in 10% FBS in
DMEM. The culture medium was then changed to 10% FBS in
DMEM/F-12 alone, PGE,, AE1-329, sulprostone, butaprost, or
f-aminopropionitrile fumarate (day 1). Bach drug was added on day 4.
To examine the effect of silencing EP4 on elastic fiber formation,
reverse transfection of DASMCs with EP4-targeted siRNA was per-
formed according to the manufacturer’s instructions on days 1 and 4,
and treated with AE1-329 on days 2 and 5. To examine the effect of
overexpression of LOX or EP4, the cells were infected with adenovi-
ruses at 10 multiplicities of infection on days 1 and 4. AE1-329 was
added to the cells on days 2 and 5. All cells were fixed in 10% buff-
ered formalin on day 7. The fixed cells were stained with anti-elastin
antibody as previously described.”? All images were taken using a
Nikon TE2000 (Nikon Instruments Inc, Tokyo, Japan) and processed
under the same settings.

Quantitative Measurement of Insoluble Elastin
Newly synthesized insoluble elastin was measured as previously
described.? Briefly, DASMCs were subconfluently plated on 60-mm
dishes. Three days after plating, 20 pCi [*H]valine was added to each
dish (day 0). AE1-329 (1 pmol/L) or phosphate-buffered saline was
added on days 0 and 4. The cells were harvested in 0.1 mol/L acetic
acid on ice on day 7. The cells were boiled in 0.1N NaOH for 1 h. The
insoluble pellets were boiled with 5.7N HClI for 1 h. The radioactivity
was measured with a scintillation counter.

Statistical Analysis

Data are shown as the mean+SEM of independent experiments. The
Mann—-Whitney U test, Kruskal-Walis test, and Pearson correlation
coefficient were used to determine the statistical significance of the
data. A value of P<0.05 was considered significant.

Results

EP4 Signaling Inhibits Elastogenesis in the DA

In Vivo L

In the late gestation period, the DA exhibits disassembly and
fragmentation of the internal elastic lamina and sparse elas-
tic fibers in the middle layer compared to its two connect-
ing arteries, the aorta and the pulmonary artery (Figure 1A),
despite the fact that they are exposed to essentially the same
hemodynamics. The expression of rat EP4 is greater in the
DA than in the aorta and the pulmonary artery on the 21st day
of gestation (day 21; Figure 1B).! We examined the associa-
tion between the expression of EP4 mRNA and elastogenesis
in developing mouse fetuses (Figure 1C). In day 12.5 mice,
organized elastic fibers were not observed in either the DA or
the aorta, whereas in situ hybridization analysis revealed that
the expression of EP4 mRNA was clearly higher in the DA
than in the aorta or the pulmonary artery. In day 16.5 and day
18.5 mice, the formation of elastic fibers was observed more
clearly in the aorta than in the DA. In these developing stages,
obvious abundant expression of EP4 mRNA was observed in
the DA, but not in the aorta. To examine the effect of EP4
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Figure 1. EP4 signaling attenuated elastic fiber formation in vivo. A, Elastica van Gieson stain (elastica stain) of rat fetus on day 21 of
gestation (e21). B, Expression of EP4 mRNA of the rat ductus arteriosus (DA), aorta, and pulmonary artery (PA) on day 21 of gestation.
n=6. C, Developmental changes in elastic fiber formation and EP4 mRNA by in situ hybridization in mouse fetus on days 12.5 (e12.5), 16.5
(e16.5), and 18.5 (e18.5) of gestation. Expression of EP4 mRNA was higher in the DA than in the aorta and pulmonary artery. Conversely,
elastic fiber formation is sparser in the DA than in the other arteries. D, E, G, and H, Elastica stain and electron microscopic images of
wild-type and EP4-- mice on day 18.5 of gestation. Elastic fiber formation was restored in the DA of EP4~- mice. F, Quantification of the
elastic fiber formation of D and E using a color extraction method. n=8. *P<0.05, **P<0.01. Scale bars, 200 pm (A); 100 um (C, upper and

lower); 50 ym (D,