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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—EFElastic 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.)

Key Words: elasticity m muscle, smooth ® pediatrics ® prostaglandins ® signal transduction

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.*® 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.!$202! 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,'621-%

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 II
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
B-aminopropionitrile fumarate (day 1). Each 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.IN NaOH for 1 h. The
insoluble pellets were boiled with 5.7N HCl 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

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 (12.5), 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 um (D, E); 20 pm (C, middle); 5 um (G, H).

on elastogenesis in vivo, we examined elastic fiber formation
in the DA of EP47~ mice. In EP4~"~ mice, which die postna-
tally as a result of persistent patent DA (PDA),'7* we found
that the DA acquired an elastic phenotype that was similar to
that of the neighboring aorta, as determined by elastica stain-
ing (Figure 1D and 1E), a color extraction method of elastica
staining (Figure 1F), and electron microscopic examination
(Figure 1G and 1H).

Human Vascular Tissues Show a Negative
Correlation Between Elastic Fibers and EP4
Expression

We also investigated the relationship between elastic fiber
formation and EP4 expression in surgical samples from 7
patients with coarctation of the aorta who underwent surgical
repair of aortic narrowing (Figure 2A, Table I in the online-
only Data Supplement). In concurrence with the findings in
rodents, there was less elastic fiber formation in the DA than
in the normal aorta, and the cells stained with anti-EP4 anti-
body were far more abundant in the DA (Figure 2B). Indeed,
statistical analysis revealed that the correlation was signifi-
cant between the amount of EP4 expression and the degree
of inhibited elastic fiber formation (Figure 2C, Table II in the
online-only Data Supplement). Thus, elastogenesis is inhib-
ited when EP4 is abundant. Taken together, these in vivo data

suggest that EP4 plays a primary role in the inhibition of elas-
togenesis of the DA in humans and rodents.

EP4 Signaling Inhibits Elastogenesis in DASMCs

To clarify the role of EP4 in elastogenesis in detail, we evalu-
ated the elastic fiber assemblies in rat DASMCs using an in
vitro system, as reported previously.* In the control group,
DASMCs developed an abundant meshwork of elastic fibers
(Figure 3A). In the presence of PGE, or the EP4 agonist
ONO-AE1-329, however, DASMCs developed a poor mesh-
work of elastic fibers. Neither the EP1/3 agonist sulprostone
nor the EP2 agonist butaprost had any effect on elastic fiber
development. LOX is a cross-linking enzyme that forms
insoluble mature elastic fibers. Its specific small molecule
inhibitor B-aminopropionitrile fumarate impaired elastic fiber
formation (Figure 3A). To quantify the amount of mature (ie,
cross-linked) elastic fibers inhibited by EP4 stimulation, we
metabolically labeled newly synthesized elastin with [*H]
valine, and measured the incorporation of [*H]valine in the
NaOH-insoluble fraction of these cells, which reflects the
amount of newly synthesized mature elastic fibers.* As shown
in Figure 3B, in DASMCs, we detected a significant decrease
in the incorporation of [*H]J-valine into the insoluble fraction
when ONO-AE1-329 was added to the medium (Figure 3B).
When the expression of EP4 mRNA was decreased by 89%
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Figure 2. Human vascular tissues show a negative correfation
between elastic fibers and EP4 expression. A, A representative
image of the elastica stain of a human neonatal vessel.

B, Elastica stain and immunohistochemistry for EP4 in human
neonatal vessels. C, Representative results of quantification of
elastic fiber formation and EP4 protein expression using a color
extraction method. Values are shown in arbitrary units. Scale
bars, 200 pm (A); 50 um (B).

by RNA interference, DASMCs developed elastic fiber forma-
tion even in the presence of ONO-AE1-329 (Figure 3C). To
further confirm the existence of EP4-mediated impaired elas-
tic fiber formation, we used rat aortic SMCs, which express
much less EP4 than DASMCs (Figure 3D). When EP4 was
forcibly expressed in aortic SMCs by EP4 gene transfer, elas-
togenesis was markedly impaired by ONO-AE1-329, whereas
ONO-AE1-329 did not attenuate elastic fiber formation in the
LacZ control (Figure 3E). These in vitro results indicate that
PGE,-EP4 stimulation is responsible for the impaired elasto-
genesis of the DA.

EP4 Signaling Inhibits Elastic Fiber Formation by
Decreasing LOX Protein

In the process of elastic fiber assembly, soluble elastin precur-
sors (tropoelastin) are deposited on microfibrils.’? They are
then cross-linked by LLOX, which confers elastic properties to
elastic fibers.”” Inactivation of the LOX gene is known to cause
structural alterations in the arterial walls, leading to cardio-
vascular abnormalities.”® In this context, we investigated the
expression of LOX protein in human surgical samples. In con-
trast to EP4, there were significantly fewer cells stained with

anti-LOX antibody in the DA (Figure 4A). When elastic fiber
formation and the expression of EP4 and LOX were quanti-
fied, LOX expression was positively correlated with elastic
fiber formation, whereas it was negatively correlated with
EP4 expression (Figure 4B, Table II in the online-only Data
Supplement). Interestingly, elastic fiber formation and EP4- or
LOX-positive cells in the transitional zone appeared interme-
diate between the DA and aorta. We think that this finding
supports previous reports that suggested that the coarctative
ridge, a narrowed pathological segment in the aorta, is formed
by mixed tissues from the native aorta and migrated tissues of
DA origin.®3

Next, we examined the effect of EP4 stimulation on LOX
protein expression. We found that the amount of mature
LOX form was significantly decreased in the culture media
of DASMCs and DASMC lysates in the presence of PGE,
and ONO-AE1-329 (Figure 4C and 4D). The effects of
ONO-AE1-329 were dose- and time-dependent (Figure 4E
and 4F). Other EP isoform-specific agonists had little effect.
Interestingly, stimulation of EP4 did not change the expres-
sion levels of tropoelastin and fibrillin-1 proteins, which are
the main components of elastic fibers (Figure IA-ID in the
online-only Data Supplement). In the next LOX detection,
we used whole cell lysate containing both intracellular and
extracellular LOX protein. Although these EP4-mediated
effects were not detected in aortic SMCs (ASMCs), the
EP4 agonist significantly decreased the expression of LOX
protein in ASMCs when EP4 expression was induced using
the adenovirus (Figure 4G and 4H). When LOX expres-
sion was induced using the adenovirus (Figure IIA and IIB
in the online-only Data Supplement), elastogenesis was
largely restored in the ONO-AE1-329-treated DASMCs
(Figure 4I). Thus, the reduction in LOX played a primary
role in the EP4-mediated impairment of elastogenesis. The
expression levels of matrix metalloproteinases and their
activity were not altered in the DASMCs by EP4 stimulation
(Figure IIIA and IIIB in the online-only Data Supplement).
Nor was there any difference in matrix metalloproteinase 2
activity between rat tissues of the DA and aorta (Figure I1IC
in the online-only Data Supplement), suggesting that EP4
signaling plays a role in inhibiting elastogenesis, but not in
promoting elastolysis in the DA.

The c-Sre-PLC Signal Pathway Plays a Role in the
PGE,-EP4-Induced Reduction in LOX Protein

Next, we examined the downstream signal pathway respon-
sible for the EP4-mediated reduction in LOX protein expres-
sion levels. Although our previous studies have demonstrated
that cAMP and its downstream pathways play a primary role
in EP4-mediated DA remodeling,!%** the cAMP-protein
kinase A or cAMP-exchange protein activated by the cAMP
pathway did not play a role in the EP4-mediated reduction
in LOX protein (Figure SA and 5B). Instead, we found that
the EP4-induced reduction in LOX protein was restored by
the PLC inhibitor U73122 (Figure SC-5E), but not by Gfv,
protein kinase C, or phosphoinositide 3-kinase inhibitors (gal-
lein, bisindolylmaleimide I, 1Y294002; Figure 5C and 5D).
Furthermore, the PLC activator m-3M3FBS significantly
decreased the expression levels of LOX protein in DASMCs
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(Figure 5F). Because several recent studies have demonstrated
that PGE, promotes cancer cell migration via the EP4—c-Src
signal pathway®'2? and that c-Src plays a critical role in the
phosphorylation of PLCy in several cell types,*** we hypoth-
esized that the c-Src-PLCy signal pathway may be involved.
We found that ONO-AE1-329 significantly increased PLCy1
phosphorylation (Figure 5G). In contrast, the Src-family
kinase inhibitor PP2 significantly decreased PLCyl phos-
phorylation (Figure SH and 5I) and restored the reduction in
LOX protein induced by ONO-AE1-329 (Figure 5J and 5K).
These results support our hypothesis that the c-Src-PLCy sig-
nal pathway plays a primary role in the PGE,-EP4-induced
reduction in LOX protein.

EP4 Signaling Promotes 1.OX Degradation

in Lysosomes

Although ONO-AE1-329 decreased the expression of LOX
protein in DASMCs, we found that ONO-AE1-329 did not
decrease the mRNA expression of LOX (Figure 6A). Active
LOX is synthesized as a 50-kDa inactive LOX proenzyme
(pro-LOX), which is secreted into the extracellular space.
Pro-LOX is then processed by proteolysis into a functional 32
kDa enzyme LOX and an 18-kDa propeptide.?* Using a pro-
LOX-specific antibody, we found that the pro-LOX protein
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Figure 3. EP4 signaling attenuated
elastic fiber formation in vitro. A and C,
Immunostaining for elastin (red) and DNA
(blue) of ductus arteriosus smooth muscle
cells (DASMCs) treated with each drug
indicated or EP4-targeted siRNA (EP4 si).
AE1-329 indicates ONO-AE1-329;

CTRL, control; and Neg si, negative
control siRNA. Pharmacological activation
of EP4 by ONO-AE1-329 attenuated
elastic fiber formation. B, Incorporation
of PH]valine was quantified in DASMCs
treated with or without AE1-329. n=8,
***P<0.001. D, Expression of EP4 mRNA
in DASMCs, aortic SMCs (ASMCs),

and pulmonary SMCs (PASMCs). n=6,
**P<0.01. E, Immunostaining for elastin
(red) and DNA (blue) of the EP4-or LacZ-
overexpressing ASMCs treated with

or without AE1-329. Activation of EP4
did not affect elastic fiber formation in
LacZ-overexpressing ASMCs, whereas it
decreased elastic fiber formation in EP4-
overexpressing ASMCs. Each drug was
used at 1 pmol/L. Scale bars, 20 pm.

AE1-329

CTRL

itself was not decreased by ONO-AE1-329 (Figure 6B and
6C), indicating that LOX was decreased post-translationally.
BMP1 is a major protease that cleaves pro-LOX in the extra-
cellular space.”” However, ONO-AE1-329 did not change the
expression of BMP1 mRNA or protein in DASMCs (Figure
IVA and IVB in the online-only Data Supplement). Instead,
we found that lysosomal degradation inhibitors, such as NH,Cl
and bafilomycin, eliminated the EP4-induced reduction in
LOX protein (Figure 6D and 6E). These lysosomal degrada-
tion inhibitors also restored the PLC-mediated reduction in
LOX protein (Figure 6F and 6G). Furthermore, we found that
the clathrin-mediated endocytosis inhibitors chlorpromazine
and phenylarsine oxide similarly restored the EP4-induced
reduction in LOX protein (Figure 6H-6J). Administration of
chlorpromazine also restored the PLC-induced reduction in
LOX protein (Figure 6K and 6L). In comparison, the caveolar
endocytosis inhibitor methyl-beta-cyclodextrin (MBCD), the
macropinocytosis inhibitor ethylisopropylamiloride (EIPA),
and the proteosomal inhibitor MG132 showed little or no
effect on LOX protein reduction (Figure VA-VC in the online-
only Data Supplement). These data suggest that PGE,-EP4-
PLC stimulation promotes the degradation of the LOX protein
in lysosome through clathrin-mediated endocytosis.
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Figure 4. EP4 signaling
attenuated elastic fiber

3 formation via decreased lysyl
oxidase (LOX) expression.

A, Representative images of
immunohistochemistry for LOX

DASMCs ASMCs in human neonatal vessels.
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Discussion
Although it is widely recognized in multiple species that the
DA exhibits sparse elastic fibers in the middle layer and disas-
sembly and fragmentation of the internal elastic lamina, the
molecular mechanism for these has not yet been identified.
The current study demonstrated a novel role of PGE, in spa-
tially regulating elastogenesis by LOX protein degradation
via the EP4-c-Src-PLCy signal pathway in the DA, which
contributes to the transition from fetal to neonatal circulation.
Previous studies have demonstrated that abnormalities of elas-
tic fibers are primarily responsible for PDA in some human
cases.'!! According to the Gittenberger-de Groot group’s'®
observation, there are several types of abnormal elastogenesis
that can cause PDA. The following 2 types are of particular
importance: (1) thickened subendothelial elastic lamina with
sparse or slightly increased elastic fibers in the media, and (2)
aortification of the ductal wall. PDA with aortification of the

B, Representative results of

quantification of elastic fiber

formation, LOX, and EP4

protein expression using

a color extraction method.

Values are shown in arbitrary

units. C, Western blotting for

LOX in surpernatant (sup.)

and lysate of smooth muscle

cells (SMCs) treated for 72 h.

D, Quantification of C. n=4,

*P<0.05 vs CTRL. Numbers

on the bars indicate P values.

Administration of prostaglandin
AE1-328 E, (PGE,) or the EP4 agonist

) 24 48 T2(h) AE1-329 decreased the mature
: LOX form in both supernatant

and lysate of ductus arteriosus

SMCs (DASMCs) but not in

aortic SMCs (ASMCs).

E, Dose-dependent effects

of AE1-329 (24 h incubation)

on LLOX protein in DASMCs.

F, Time-dependent reduction

in LOX protein in DASMCs.

G, Protein expression of

LOX was decreased in EP4-

overexpressing ASMCs (Adv.

EP4) treated with AE-329

for 24 h. H, Quantification of

G. n=4, *P<0.05 vs CTRL.

1, Immunostaining for elastin

(red) and DNA (blue) of the

LOX- or LacZ-overexpressing

DASMCs treated with or without

AE1-329. Each drug was used

at 1 pmol/L. Scale bars, 50 pm

(A); 20 pm (I).

ductal wall in EP4-knockout mice resembles the latter pheno-
type. These abnormalities of elastic fibers are likely to prohibit
intimal cushion formation and make it difficult to collapse the
arterial wall. This suggests that the control of elastogenesis
is clinically important. Pharmacological treatment for PDA,
such as indomethacin after birth, may have an adverse effect
on the inhibition of elastic fiber formation in the DA, espe-
cially in premature infants. This should be further investigated
in a future study.

The EP4 receptor is highly expressed in the DA compared
to the adjacent arteries'S; it is coupled to Gas and increases
intracellular cAMP formation. The roles of EP4-cAMP sig-
naling have been well studied in the DA. We and others have
demonstrated that EP4 signaling induces vasodilation and
hyaluronan-mediated vascular remodeling of the DA through
cAMP-dependent protein kinase A'5?'2 and that it promotes
the migration of DASMCs and subsequent intimal thickening

Downloaded from http://circ.ahajournals.org/ at YOKOHAMA SHIRITSU DAIGAKU on March 3, 2015



Yokoyama et al

A

PGE, Inhibits Elastogenesis via EP4 Signaling 493

AE1-329

LOX oo w . AT AT A,

GAPDH

Relative expression of LOX
Relative expression of LOX

PR L
PSS S
v

AE1-329
u73122
1M)

AE1-328

2 1030 2 4 6
{min) {h)

H

0

p-PLCy!

PLCY

Relative expression

AE1-329

PP2
CTRL CTRL &

1020 (uM)
LOX e s

Relative expression of LOX

through exchange protein activated by the cAMP.?? Additional
downstream signaling pathways of EP4 have been demon-
strated in other cell types. EP4 uses Gai and phosphoinositide
3-kinase, which are generally activated by Gy.* In addition
to these well-known signaling pathways of EP4, our findings
revealed c-Src-PLCy signaling as a novel EP4 downstream
pathway, as well as the inhibitory role played by EP4 signal-
ing in elastogenesis. This EP4-signaling pathway was found to
be independent of cAMP signaling, including protein kinase
A and exchange protein activated by the cAMP, and Gy and
phosphoinositide 3-kinase. Studies using colorectal and lung
cancer cells have suggested that -arrestinl bound to EP4
activates c-Src.**? In the DA, however, we did not identify
an association between EP4—c-Src signaling and [3-arrestinl
using [-arrestinl—targeted siRNA (data not shown). Ma et
al*” clearly demonstrated that Gas and Gai proteins directly

m-3M3FBS

of p-PLCy/ PLCY

Figure 5. EP4 signaling decreased lysy!
oxidase (LOX) protein via the c-Src-PLCy
pathway in ductus arteriosus smooth
muscle cells (DASMCs). A, LOX protein
expression in DASMCs treated with
nonselective (Br-cAMP, 50 pmol/L),
protein kinase A (PKA)-selective (Bnz-
cAMP, 50 nmol/L) or Epac-selective
(Me-cAMP, 50 pmol/L) cAMP analogs
for 24 h. The AE1-329 was administered
in the presence or absence of the PKA
inhibitor PKI (10 pmol/L). B, Quantification
of A. n=4-6, *P<0.05, **P<0.01 vs CTRL.
cAMP signaling did not affect the EP4-
mediated reduction of LOX protein.

C, LOX protein expression in DASMCs
treated with gallein (GBy inhibitor, 10
pmol/L), U73122 (PLC inhibitor, 10
pmol/L), bis (bisindolylmaleimide: PKC
inhibitor, 10 pmol/L), or LY294002 (PI3K
inhibitor, 1 pmol/L}) in the presence

of AE1-329. D, Quantification of

C. n=4-6, *P<0.05, *P<0.01 vs CTRL.
Inhibition of PLC eliminated the EP4-
mediated reduction of LOX protein.

E, Dose-dependent effect of U73122

in DASMCs treated with AE1-329.

F, Dose-dependent inhibitory effect of
m-3M3FBS on LOX protein expression.
G and H, Phosphorylation of PLCy in
DASMCs treated with PP2 (Src inhibitor)
or AE1-329. I, Quantification of H. n=4-6,
*P<0.05. Inhibition of Src attenuated

the EP4-mediated phosphorylation

of PLCy. J, PP2 attenuated the EP4-
mediated reduction of LOX protein.

K, Quantification of J. n=4-6. *P<0.05.
Whole cell lysate was used for LOX
detection. AE1-329 was used at 1 umol/L.

AE1-329

20

15

1.0

stimulate the kinase activity of c-Src. Because the EP4 recep-
tor is coupled to Gas and Gai, direct association between
these G proteins and c-Src may activate its downstream sig-
naling in EP4-mediated degradation of LOX protein. This
possibility should be validated in a future study.

LOX is a copper-dependent amine oxidase that catalyzes
the cross-linking of elastin and collagen and ensures the stabil-
ity of the extracellular matrix.*® Because LOX is the isoform
responsible for 80% of the LOX activity in aortic SMCs,> it is
essential to the maintenance of the tensile and elastic features
of the vascular system.*® LOX is synthesized as a pre-protein.
After signal peptide hydrolysis, enzyme glycosylation, coo-
per incorporation, and lysine tyrosylquinone generation, the
enzyme is released into the extracellular space. Then, BMP-1
processes LOX, yielding the mature LOX form and its pro-
peptide.?” The mechanisms of the transcriptional regulation of
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Figure 6. EP4 signaling decreased lysyl
oxidase (LOX) protein through lysosomal
degradation. A and B, Expression of
LOX mRNA, pro-LOX, and LOX protein

in ductus arteriosus smooth muscle

cells (DASMCs) treated with AE1-329.
mRNA of LOX and pro-LOX protein

were not decreased by EP4 agonist in
DASMCs. C, Quantification of B. n=4.

D and F, Administration of lysosomal
inhibitors (NH,CI or bafilomycin) for 24

h restored the AE1-329- or m-3M3FBS
(0.5 umol/L)-induced reduction of

LOX protein. E and G, Quantification

of D and F, respectively. n=6. H and

I, Administration of clathrin-mediated
endocytosis inhibitors {chlorpromazine
or phenylarsine oxide) for 24 h restored
the AE1-329-induced reduction of LOX
protein. J, Quantification of H and I. n=4-6.
K, Administration of chlorpromazine for
24 h restored the m-3M3FBS (0.5 pumol/L)
-induced reduction of LOX protein.

L, Quantification of K. *P<0.05, *P<0.01.
**P<0.001. Whole cell lysate was used
for LOX detection. AE1-329 was used at
1 pmol/L.
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LOX have been extensively studied. Interferon-vy, transform-
ing growth factor-P, platelet-derived growth factor, connec-
tive tissue growth factor, and angiotensin II induce LOX gene
expression via the interferon regulatory factor 1 transcriptional
factor in multiple tissues, including blood vessels.*#! On the
other hand, atherogenic concentrations of low-density lipo-
protein and tumor necrosis factor o reduce LOX mRNA. %%
Song et al* have also shown that interferon-y inhibits LOX
gene expression through binding to the antagonistic transcrip-
tional factor, interferon regulatory factor 2, in vascular SMCs.

In contrast to our understanding of these transcriptional reg-
ulations of LOX, little is known regarding LOX protein metab-
olism. In the present study, we demonstrated for the first time
that the PGE,-EP4 signal promoted lysosomal degradation of
LOX protein. Recently, 1 study that used lysosomal inhibitors
and Vps18-deficient mice demonstrated that LOX protein was
degraded through lysosomes in Purkinje cells.*> However, the
detailed molecular mechanisms triggering the degradation of
LOX protein have not been reported and should be examined
in future studies. Once LOX is cleaved from the proenzyme, it
acts as a highly reactive enzyme. The mature LOX form cata-
lyzes an oxidative deamination of lysine and hydroxylysine
residues to peptidyl o-aminoadipic-8-semialdehydes. These

highly reactive semialdehydes can spontaneously condense
to form intra- and intermolecular covalent cross-linkages.”’
Elastic fiber formation must be highly regulated to ensure the
integrity of vascular and other tissues. Therefore, in addition
to transcriptional regulation, the existence of protein regula-
tion of LOX that we demonstrated in this study is physiologi-
cally reasonable.

The Rabinovitch group has extensively studied the molec-
ular mechanisms of the sparse elastic fiber formation in the
medial layer of the DA. Their studies have demonstrated that
LOX activity does not differ between the lamb DA, aorta, and
pulmonary artery.* Our study demonstrated that LOX pro-
tein was dramatically decreased by EP4 signaling in rodents
and humans, suggesting that LOX activity is decreased in
these DAs. Currently, we do not have a clear explanation for
the apparent inconsistency in terms of LOX expression and
activity. Further research is required to determine the spe-
cies difference in LOX protein metabolism and activity. The
Rabinovitch group also demonstrated that there is decreased
insolubilization of elastin in the DA that is associated with
the truncated 52-kDa tropoelastin that lacks the C termi-
nus,'? which is unrelated to heightened elastolytic activity.*
Similarly, our results showed that matrix metalloproteinase 2
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activity does not differ between the DA and the aorta, suggest-
ing that impaired elastogenesis rather than enhanced elasto-
Iytic activity provides a muscular arterial property to the DA.

The present study demonstrated that LOX expression is
important during development. However, LOX expression is
known to be markedly responsive to a variety of pathological
states, including wound repair, aging, and tumorigenesis.* In
particular, strong evidence exists regarding the involvement
of a reduction in LOX activity in the pathogenesis of vascular
diseases characterized by destructive remodeling of the arte-
rial wall. Previous reports demonstrated that aortic aneurysm
and coronary dissections were related to a disturbance in
LOX expression in animal models and humans.?*® Therefore,
the regulation of LOX expression is considered an attractive
therapeutic target. In this study, it should be noted that there
seems to be a threshold value for EP4 expression to induce a
decrease in elastic fibers and LOX (Figures 2C and 4B). In our
previous report, analyses of human aortic aneurysmal tissues
demonstrated that EP4 expression is greater in aneurysmal
legions than that in nondiseased areas.* Further studies are -
required to investigate whether EP4-mediated LOX regulation
plays a role in pathological conditions.

Taken together, these findings suggest that PGE -EP4 signal-
ing inhibits elastogenesis in the DA by degrading LOX protein.
The PGE,-EP4-mediated LOX protein regulation via a previ-
ously unrecognized signaling pathway may also provide the
basis for therapeutic strategies that target vascular elastogeneis.
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CLINICAL PERSPECTIVE

The ductus arteriosus (DA) is a fetal bypass artery between the aorta and the pulmonary artery. Although the DA closes
immediately after birth, it remains open in some infants, a condition known as patent DA. Patent DA remains a frequent
problem among premature infants with significant morbidity and mortality. Both vascular contraction and remodeling (ie,
intimal thickening) are required for complete anatomical closure of the DA. Decreased elastogengesis is known as a hall-
mark of DA remodeling and is thought to contribute to intimal thickening of the DA. However, the molecular mechanisms
of decreased elastogenesis are not fully understood. Herein, we show that prostaglandin E, (PGE,) receptor EP4 signaling
promotes degradation of the mature lysyl oxidase protein, a cross-linking enzyme for elastic fibers, only in the DA, leading
to decreased elastogenesis. The newly recognized PGE-EP4-c-Src-PLCy-signaling pathway most likely contributes to the
lysosomal degradation of lysyl oxidase. Based on these data, it appears that PGE-EP4 signaling is required for DA remodel-
ing and that inhibition of this signaling by cyclooxygenase inhibitors may attenuate DA remodeling after birth, especially
in premature infants in which the DA is not fully remodeled. Activation of the c-Src-PLCy signaling pathway may be an
additional strategy to promote anatomical closure of the immature DA.
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