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Fibulin-1 Integrates Subendothelial Extracellular
Matrices and Contributes to Anatomical Closure
of the Ductus Arteriosus
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Naoki Nicho, Shiho Ilwasaki, Masanari Umemura, Takayuki Fujita, Munetaka Masuda, Toshihide Asou, Yoshihiro Ishikawa

OBJECTIVE: The ductus arteriosus (DA) is a fetal artery connecting the aorta and pulmonary arteries. Progressive matrix
remodeling, that is, intimal thickening (IT), occurs in the subendothelial region of DA to bring anatomic DA closure. IT is
comprised of multiple ECMs (extracellular matrices) and migrated smooth muscle cells (SMCs). Because glycoprotein fibulin-1
binds to multiple ECMs and regulates morphogenesis during development, we investigated the role of fibulin-1 in DA closure.

APPROACH AND RESULTS: Fibulin-1—deficient (Fbin 1-/-) mice exhibited patent DA with hypoplastic IT. An unbiased transcriptome
analysis revealed that EP4 (prostaglandin E receptor 4) stimulation markedly increased fibulin-1in DA-SMCs via phospholipase
C-NFxB (nuclear factor kB) signaling pathways. Fluorescence-activated cell sorting (FACS) analysis demonstrated that
fibulin-1 binding protein versican was derived from DA-endothelial cells (ECs). We examined the effect of fibulin-1 on
directional migration toward ECs in association with versican by using cocultured DA-SMCs and ECs. EP4 stimulation
promoted directional DA-SMC migration toward ECs, which was attenuated by either silencing fibulin-1 or versican.
Immunofluorescence demonstrated that fibulin-1 and versican VO/V1 were coexpressed at the IT of wild-type DA, whereas
30% of versican-deleted mice lacking a hyaluronan binding site displayed patent DA. Fibulin-1 expression was attenuated
in the EP4-deficient mouse (Ptger4~-) DA, which exhibits patent DA with hypoplastic IT, and fibulin-1 protein administration
restored IT formation. In human DA, fibulin-1 and versican were abundantly expressed in SMCs and ECs, respectively.

CONCLUSIONS: Fibulin-1 contributes to DA closure by forming an environment favoring directional SMC migration toward the
subendothelial region, at least, in part, in combination with EC-derived versican and its binding partner hyaluronan.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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aorta and pulmonary arteries, is required for fetal
circulation and closes after birth to adapt to neo-
natal circulation." However, it has been reported that
the DA failed to close in 67% of low-birth-weight
infants, and medical treatment with COX (cyclooxy-
genase) inhibitors or surgical ligation was performed

The ductus arteriosus (DA), which bypasses the

in such cases.2 Patent DA (PDA) increases the mortal-
ity risk of premature infants.®* Since the mid-1970s,
COX inhibitors targeting smooth muscle cell (SMC)
contraction represent the only pharmacological treat-
ment for PDA, but >30% of these patients are still
resistant to COX inhibitor therapy.? COX inhibitors
have serious side effects on premature infants such
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Highlights

Nonstandard Abbreviations and Acronyms

COX cyclooxygenase

DA ductus arteriosus

EC endothelial cell

ECM extracellular matrix

EGF epidermal growth factor

Epac exchange protein activated by a cAMP

FACS fluorescence-activated cell sorting

GFP green fluorescence protein

HA hyaluronic acid

IKK IxB kinase

IT intimal thickening

NFxB nuclear factor kB

PC phospholipase C

PC-PLC  phosphatidylcholine-specific phospholi-
pase C

PDA patent ductus arteriosus

PGE, prostaglandin E2

PKA protein kinase A

PKC protein kinase C

PLC phospholipase C

SMC smooth muscle cell

as renal failure and neonatal necrotizing enterocolitis.®
Thus, COX inhibitors are not always effective and safe
for premature infants.

In addition to SMC contraction induced by an increase
in blood oxygen tension at birth, intimal thickening (IT)
formation, which is the portion of the vessel wall lying
internal to the internal elastic laminae and projecting into
the lumen, is required to achieve anatomic closure of the
DAS In humans, IT begins to occur during the mid-to-late
gestational periods." Toda et al” performed an electron
microscopy study on 25 human DA specimens from at
least 15 weeks' gestation and found that DA-SMCs in
the tunica media migrated into the subendothelial region
through fragmented elastic laminae during the fetal peri-
ods. These histological changes are also observed in
other mammals, including sheep, dogs, rats, and mice."8°
Hence, IT formation is a common characteristic feature
in mammalian DAs.

Accumulation of a variety of ECMs (extracellular
matrices) at the subendothelial region and directional
migration of SMCs toward endothelial cells (ECs) are
important processes for forming IT in the DA."'° Hyal-
uronan is deposited in the area around the DA™ and
promotes DA-SMC migration.®'" Abundant chondroitin
sulfate is present in the subendothelial region,™ and pos-
itive immunostaining for fibronectin is also detected in
the DA.'2 Each ECM may provide environments favoring
cell migration, but the molecular mechanisms by which
multiple ECMs are integrated at the subendothelial
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+ Fibulin-1 deficient mice exhibited patent ductus
arteriosus with poorly formed intimal thickening.

« EP4 (prostaglandin E receptor 4) stimulation
increased Fibulin-1 production via PLC (phospholi-
pase C)-PKC (protein kinase C)-noncanonical NFkB
(nuclear factor kB) signaling pathway in ductus arte-
riosus-smooth muscle cells.

* Smooth muscle cell-derived fibulin-1 integrates
ECMs (extracellular matrices) at the subendothelial
region and promotes directional smooth muscle cell
migration toward the internal lumen.

* Administration of fibulin-1 recombinant protein
restored intimal thickening formation of ductus arte-
riosus in EP4-deficient mice.

¢ Fibulin-1 was abundantly expressed in smooth mus-
cle cells of human ductus arteriosus tissues.

region and by which subsequent directional SMC migra-
tion occurs in the DA remain unknown.

The glycoprotein fibulin-1 is expressed in the devel-
oping vessels' and binds to chondroitin sulfate,'* fibro-
nectin,’ and other ECMs.'®'" Although the biological
consequence of these fibulin-1-ECM interactions are
not yet understood, it has been reported that fibulin-1
regulates directed cell migration during development.’®'®
In addition, the DA is largely derived from neural crest
cells,?® and fibulin-1 is reported to influence neural crest
cells.'® Based on these findings, we hypothesized that
fibulin-1 forms an intermolecular bridge with EC- and
SMC-derived ECM at the subendothelial region, thus
providing an appropriate environment favoring directional
SMC migration and colonization for SMCs to promote IT
formation, which leads to anatomic closure of the DA.

METHODS

The authors declare that all supporting data are available within
the article and its Data Supplement.

Animals

We used Wister rat fetuses from pregnant mothers on ges-
tational day 21 (SLC, Inc, Shizuoka, Japan). Generation and
phenotypes of EP4 (prostaglandin E receptor 4)-deficient
(Ptger4”-) mice have been described previously.?’ These
mice were kindly provided by Drs. Narumiya and Furuyashiki
(Kyoto University School of Medicine and Kobe University
School of Medicine, respectively). Neonatal mice (Ptgerd™,
Ptger4++) were obtained by crossing heterozygous C57BL/6
N background littermates (Ptger4+-). The generation of fibulin-
1—deficient (Fbin1~-; 129P2/0laHsd and C57BL/6J mixed
background) and Vcan*¥4 (C57BL/6J background) mice was
described previously.'®22 Fbin1~~ and Fbin1** neonates were
obtained by crossing heterozygous Fbin 1+ littermates. All ani-
mals were cared for in compliance with the guiding principles
of the American Physiological Society.
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DNA Microarray

Rat DA-SMCs were stimulated with ONO-AE1-329 (1 pymol/L,
n=4) or were not stimulated (n=5) for 24 hours. RNA was
isolated with RNeasy Mini Kit (Qiagen, Hilden, Germany) in
accordance with the manufacturer's protocol. Total RNA was
donated to the DNA microarray assay using the Gene 1.0 ST
Array System (RaGene-1_0-st-v1; Affymetrix, Santa Clara, CA).
Of the 27 342 genes on the microarray, we analyzed their dif-
ferential expression between ONO-AE1-329 and control. For
analysis, we selected the genes that had more than a 3.0-fold
change (=3.0; Table | in the Data Supplement).

Fluorescence-Activated Cell Sorting
DA-endothelial cells (DA-ECs) were isolated by fluores-
cence-activated cell sorting (FACS).?® DA tissues from =30
rat fetuses on gestational day 21 were subjected to FACS to
obtain one sample. We obtained 6 samples for quantitative
reverse transcription polymerase chain reaction. Dispersed
cells by collagenase enzyme mixture were subjected to FACS
analysis. Fluorescein isothiocyanate (FITC)—conjugated anti-
CD31 antibody (Abcam, Cambridge, United Kingdom) and
APC/Cy7-conjugated anti-CD45 antibody (BioLegend, San
Diego, MA) were used as cell surface markers for ECs and
hematopoietic derivation cells, respectively. CD31*/CD45~
and CD31/CD45~ were defined as DA-ECs and DA-non-
ECs. This analysis was conducted using BD FACS Ariall
(Becton Dickinson, San Jose, CA).

SMC Migration Assay (Silicon Culture-Insert

Method)

To investigate the contribution of ECs to rat DA-SMC migration,
we performed a migration assay using culture-inserts made of
silicon (Ibidi, Munich, Germany). Rat DA-SMCs and EA. hy926
cells were separately seeded in this insert on a glass slide. The
gap between SMCs and ECs was 500 pm. To identify ECs dur-
ing the migration assay, EA. hy926 cells were infected with
lentiviral vector particles containing GFP (green fluorescence
protein; Santa Cruz Biotechnology, Inc, Santa Cruz, CA) or
treated with PKH67 Green Fluorescent Cell Linker Midi Kit for
General Cell Membrane (Sigma-Aldrich, St Louis, MO) accord-
ing to the manufacturer’s instructions.

Cells were kept in FBS free overnight, and rat DA-SMCs
were incubated with or without ONO-AE1-329 (1 pmol/L) for
48 hours before removal of the insert. When cells were trans-
fected with siRNAs (small interfering RNAs), transfection was
performed before ONO-AE1-329 (or fibulin-1C/1D recombi-
nant proteins, 1.10 ug/mL) treatment for 24 hours. After the
removal of the insert, the culture medium was exchanged with
or without ONO-AE1-329 (1 umol/L). Then, the glass slide
was placed in the temperature-controlled incubator (5% CO,
at 37°C), and the path areas of rat DA-SMCs were measured
by time-lapse microscopy. Images were recorded at 1-hour
intervals for up to 96 hours. In rescue experiments, fibulin-1D
recombinant proteins (1.10 pg/mL) were added to medium at
the removal of the insert.

Amounts of fibulin-1C and fibulin-1D recombinant proteins
used in a migration assay and organ culture were determined
with reference to the amount of endogenous fibulin-1 proteins
secreted by 72-hour EP4 stimulation in DA-SMCs (2x10° cells).

2214 September 2020

Fibulin-1 Contributes to DA Anatomical Closure

Tissue Staining

Paraffin-embedded blocks containing DA tissues were ana-
lyzed. The structural characterization of the elastic fiber was
evaluated by elastica van Gieson staining.

Immunohistochemistry ~ staining was conducted as
described previously.?* Briefly, mouse and human fibulin-1
antigen were activated by trypsin and citric acid, respectively.
Immunohistochemistry for the human versican glycosamino-
glycan B (GAGP) domain was performed without antigen acti-
vation. To detect versican VO and V1 core protein, samples
were treated with chondroitinase ABC (0.5 U/mL diluted in
60 mmol/L sodium acetate and 50 mmol/L Tris-HCI pH 8.0
buffer) for 1 hour at 37°C before incubation with a primary
antibody. Tissue sections were incubated with anti-fibulin-1
antibody (1:200 dilution [mouse], 1:2000 dilution [human])
and anti-versican GAGP antibody (1:500 dilution). After over-
night incubation at 4°C, slides were incubated with streptavi-
din peroxidase at room temperature for 30 min and visualized
by diaminobenzidine chromogen substrate solution, following
counterstaining with Mayer hematoxylin.

Immunofluorescent staining was conducted as described
previously.?® All antigens were activated by EDTA for immuno-
fluorescent. Tissue sections were incubated with anti-fibulin-1
and anti-versican GAGB domain antibodies (1:100 dilution).
Chondroitinase ABC treatment was also performed before
incubation with a primary antibody. After a 48-hour incubation
at 4°C, tissues were incubated with Alexa Flour 488 anti-goat
IgG and Alexa Flour 594 anti-rabbit IgG (Invitrogen, Carlsbad,
CA) for 1 hour. DNA was stained using Hoechst 33342 solution
(Invitrogen, Carlsbad, CA). Images were obtained by FV1000
confocal laser microscope (Olympus, Tokyo, Japan).

Scoring of IT

We defined the degree of IT of the DA as follows: grade O
(score 0), no SMCs having migrated into the inner space of
the internal elastic lamina; grade 1 (score 1), a single layer
of SMCs having migrated into the inner space of the internal
elastic lamina; and grade 2 (score 2), =2 layers of SMCs hav-
ing migrated into the inner space of the internal elastic lamina.
Each elastica van Gieson—stained DA tissue was evenly divided
into 4 parts, and an individual score was determined for all four
parts in a blinded manner. The total score of each DA was the
sum of the scores for each of the parts (maximum score, 8).

Organ Culture

Arteries of preterm Ptger4”~ neonates (day 0), including the
DA, aorta, and pulmonary trunk were removed from the tho-
racic cavity. Adhesive connective tissues surrounding arteries
and lung tissues were carefully removed. DA tissues were incu-
bated with ONO-AE1-329 (1 pmol/L) for 72 hours in DMEM
containing 0.5% FBS. To investigate the effect of fibulin-1 on
IT formation, fibulin-1D recombinant protein (1.10 pg/mL)
was added to the medium, and the medium was refreshed
at 24-hour intervals. Tissues were incubated in the incubator
at 37°C in 5% CO,-95% ambient mixed air. After a 72-hour
incubation, tissues were fixed in 10% buffered formalin and
embedded in paraffin. The sectioned segments in the middle
portion of the DA were analyzed. Elastica van Gieson—stained
DA tissues were scored to evaluate the degree of IT.

Arterioscler Thromb Vasc Biol. 2020;40:2212-2226. DOI: 10.1161/ATVBAHA.120.314729
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Human Samples

Human samples resected from patients with congenital heart
disease were obtained from Yokohama City University Hospital
and Kanagawa Children’s Medical Center at the time of opera-
tion (Table Il in the Data Supplement).

Statistics

The data were expressed as the meantSEM of independent
experiments. A Kruskal-Wallis test followed by Fisher least sig-
nificant difference post hoc test was used to generate a mul-
tiple group comparison. A Mann-Whitney Utest was used when
conducting a comparison between 2 groups. A value of A<0.05
was considered significant.

Study Approval

Animal study was conducted with the approval of the
Institutional Animal Care and Use Committees of the Yokohama
City University School of Medicine (Reference number: F-A-
16-010). The study using human samples was conducted
with the approval of the human subject committees of the
Yokohama City University School of Medicine (reference num-
ber: B150305001) and Kanagawa Children’s Medical Center
(reference number: 1502-05). Written informed consent was
obtained.

RESULTS
Patency of the DA in Neonatal Fbin1~~ Mice

To investigate the role of fibulin-1 in DA closure, we
obtained Fbin 1=~ neonates'® from at least 6 hours after
birth because mouse DA generally closes within 4 hours.
The DA remained open in all Fbin1~~ mice among the 7
mice from 3 different littermates examined, while all wild-
type DAs were closed (Figure 1A). Abundant expression
of fibulin-1 was observed in the tunica media of wild-type
DAs but was not present in Fbin1~~ mice (Figure 1A).
The formation of IT, in which SMCs migrated across
the internal elastic laminae to internal lumen, was sig-
nificantly less developed in Fbin1~~ mice compared with
wild-type mice (Figure 1B). Among 4 fibulin-1 variants
(fibulin-1A/B/C/D), fibulin-1C and -1D are commonly
expressed in humans, mice, and rats®® Preferential
expression of total fibulin-1 mRNAs (fibulin-1C and -1D)
was observed in the rat DAs compared with the aorta
(Figure 1C). These results suggested that fibulin-1 in
DA-SMCs contributes to IT formation and subsequent
DA anatomic closure.

Fibulin-1 Expression Was Increased by
Prostaglandin E,-EP4 Signaling Pathways

Mice deficient in PGE, (prostaglandin E,) receptor
EP4 are known to die shortly after birth and display
PDA with poor IT formation.®2'?” We then investi-
gated whether PGE,-EP4 signaling regulated fibu-
lin-1 expression. A DNA microarray analysis using rat
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DA-SMCs revealed that the most upregulated gene
by the EP4 agonist ONO-AE1-329 was Fbin1 (Table
I in the Data Supplement). Quantitative real-time poly-
merase chain reaction showed that PGE, and ONO-
AE1-329 markedly increased total fibulin-1 mRNA
expression in DA-SMCs, which was inhibited by the
EP4 antagonist ONO-AE3-208 (Figure 2A). An EP1/3
agonist and an EP2 agonist did not affect fibulin-1
expression (Figure 2A). The EP4-mediated increase in
fibulin-1 mRNAs in aortic SMCs, which have lower EP4
expression, was much smaller than that in DA-SMCs®
(Figure 2B). Similar effects of these stimulations on
fibulin-1 mRNA were observed in protein levels of fibu-
lin-1 (Figure 2C and 2D). Dose- and time-dependency
of EP4-induced fibulin-1 upregulation was observed in
mRNAs and proteins in DA-SMCs (Figure 2E through
2H). The administration of actinomycin D inhibited the
EP4 agonist-mediated increase in fibulin-1 mRNA
expression (Figure 2I). These data suggested that
fibulin-1 was transcriptionally upregulated by PGE,-
EP4 signaling. The robust increase in fibulin-1 expres-
sion likely results from especially high levels of EP4 in
DA-SMCs.

Phospholipase C-PKC-Noncanonical Nuclear
Factor kB Signaling Pathway Plays a Primary
Role in the EP4-Mediated Increase in Fibulin-1

EP4 belongs to the G-protein—coupled receptors, and
cAMP is the major second messenger of EP4.28 However,
the nonselective, PKA (protein kinase A)-selective, or
exchange protein activated by a cAMP (Epac [exchange
protein activated by a cAMP])-selective cAMP analogs did
not increase fibulin-1 expression (Figure 3A). The EP4-
mediated increase in fibulin-1 mRNA was significantly
attenuated by inhibition of the PLC (phospholipase C) by
U73122 or D609, the PKC (protein kinase C) inhibitors
G0O6983 or Calphostin C, or the NFkB (nuclear factor
KB) inhibitors IKK (IxB kinase) 16 or SN50 (Figure 3B).
Similar effects of these inhibitors were observed in fibu-
lin-1 protein levels (Figure 3C and 3D). EP4 stimulation
promoted p100 degradation but not [kBa. (nuclear factor
kappa-B inhibitor, alpha) degradation in the cytosolic frac-
tion of DA-SMCs (Figure 3E through 3G). These results
indicated that the PLC-PKC—noncanonical NFxB signal-
ing pathway plays a primary role in the EP4-mediated
increase in fibulin-1. Expression levels of PLC isoforms
did not differ between rat DA-SMCs and aortic SMCs
(Figure I in the Data Supplement).

Fibulin-1 Promoted DA-SMC Migration

SMC migration into the subendothelial region is critical
in IT formation. Based on the histology of Fbin1~~ DAs,
we hypothesized that fibulin-1 promoted SMC migration.
EP4 stimulation promoted DA-SMC migration, and this

September 2020 2215

[==)
==
=
(]
oL
e
m
]
(]
m
(“c)
1
]
(=~




BASIC SCIENCES - VB

Ito et al

Fibulin-1 Contributes to DA Anatomical Closure

Fibulin-1

B C
10+ *% 2.57 *%
D
8 2 -
% %5 2.0 ®
TE é—
c
L 64 S 1.5
Q oc
g S .
E 4- o090 =— 1.0
. =
fops] °
2 [ ] r 0541
0 T T 0.0 T T
Fbin1**  Fpin1 - DA aorta

Figure 1. Patency of the ductus arteriosus (DA) in neonatal FbIin1~~ mice.

A, Elastica van Gieson (EVG) staining and immunohistochemistry for fibulin-1 in the DA tissues from Fbin1*"* and Fbln1~'~ neonates (day 0).
Dotted yellow lines indicate internal elastic lamina. Scale bars, 50 um. B, Scoring of the degree of intimal thickening (IT) in the DAs of Fbin7+*
and Fbin1~"~ mice. n=4-7, **P<0.01. Data are presented as meantSEM. C, Total fibulin-1 (fibulin-1C and -1D) mRNA expression in the DA and
aortic tissues of rats on gestational day 21. n=5-6, **£<0.01. Data are presented as mean+SEM.

effect was significantly attenuated by 2 kinds of fibulin-
1—targeted siRNAs, in which both fibulin-1-targeted
siRNAs significantly decreased the expression levels
of fibulin-1 mMRNAs and proteins but not EP4 mRNAs
(Figure IIA through IID in the Data Supplement). These
data suggested that fibulin-1 per se promoted DA-SMC
migration.

Fibulin-1 Promoted Directional SMC Migration
Toward ECs in Combination With Versican

To examine whether fibulin-1 contributed to the direc-
tional SMC migration toward ECs, we performed a
coculture of SMCs and ECs in which DA-SMCs and
ECs were seeded with a gap of 500 pm (Figure 4A).
DA-SMCs cocultured with ECs rarely migrated to the
EC region under basal conditions (Figure 4B). However,

2216 September 2020

when ONO-AE1-329-stimulated DA-SMCs were
cocultured with ECs, DA-SMCs markedly migrated
toward ECs (Figure 4B and 4C, Movies | and Il in the
Data Supplement). EP4 stimulation increased expres-
sion levels of both fibulin-1C and-1D mRNAs to a simi-
lar extent in DA-SMCs (Figure IIE and IIF in the Data
Supplement). Recombinant proteins of fibulin-1C or -1D
promoted DA-SMC migration towards ECs even under
the absence of EP4 stimulation, and fibulin-1D—=induced
migration was greater than that caused by fibulin-1C
(Figure 4D). These data suggested that both SMC-
derived fibulin-1 and EC-derived factor(s) were involved
in directional SMC migration.

Versican is one of the binding partners of fibulin-1
and has the ability to promote cell migration.?® Next,
we obtained rat DA-ECs and non-EC cells that were
mostly composed of SMCs using FACS analysis of rat

Arterioscler Thromb Vasc Biol. 2020;40:2212-2226. DOI: 10.1161/ATVBAHA.120.314729
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Figure 2. Fibulin-1 expression was increased by PGE2 (prostaglandin E2)-EP4 (prostaglandin E receptor 4) signaling pathways.
A, Expression of total fibulin-1mRNA in rat ductus arteriosus (DA)-smooth muscle cell (SMCs) treated for 24 h by PGE, (1 pmol/L), ONO-
AE1-329 (AE1-329: EP4 agonist, 1 ymol/L), ONO-AE3-208 (AE3-208: EP4 antagonist, 1 umol/L), sulprostone (EP1/3 agonist, 1 umol/L), or
butaprost (EP2 agonist, 1 ymol/L). n=5-9, **£<0.01, ***<0.001 vs control. Data are presented as meantSEM. B, Relative expression of total
fibulin-1 (fibulin-1C and-1D) mRNA in aortic SMCs stimulated with ONO-AE1-329 (AE1-329, 1 pmol/L) for 24 h. n=6, **P<0.01. Data are
presented as meantSEM. C, Protein expression of fibulin-1 in the supernatant of rat DA-SMCs and aortic SMCs cultured with each drug as
indicated for 72 h. The same dose as (A) was used for each drug. D, Quantification of C. n=6, **P<0.01. Data are presented as mean+SEM.
E, Dose-dependent total fibulin-1 mRNA expression after 24 h stimulation with ONO-AE1-329. n=5, **P<0.01 vs control. Data are presented
as meantSEM. F, Time-dependent fibulin-1 mRNA expression after stimulation by ONO-AE1-329 (AE1-329, 1 ymol/L). n=6-9, ***P<0.001

vs control. Data are presented as mean+SEM. G, Dose-dependent fibulin-1 protein production in supernatant of DA-SMCs treated for 72 h by
ONO-AE1-329. H, Time-dependent fibulin-1 protein production in supernatant of DA-SMCs treated with ONO-AE1-329 (AE1-329, 1 umol/L).
I, EP4-induced total fibulin-1 mRNA expression in rat DA-SMCs treated with or without actinomycin D (5 ug/mL) for 24 h. n=6, **£<0.01. Data
are presented as mean+SEM. NS indicates not significant.

DA tissues and found that versican VO and V1 mRNAs
were expressed primarily in DA-ECs compared with
DA-SMCs (Figure 4E and 4F). Similar findings were
observed in immunofluorescent staining showing that
fibulin-1 was present in DA-SMCs, and versican VO/V1

Arterioscler Thromb Vasc Biol. 2020;40:2212-2226. DOI: 10.1161/ATVBAHA.120.314729

detected by anti-GAGR domain antibody was primarily
expressed in DA-ECs (Figure IlIA in the Data Supple-
ment). Unlike fibulin-1, there was no difference in ver-
sican expression between the rat DA and aorta (Figure
1B in the Data Supplement).
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Figure 3. The PLC (phospholipase C)-PKC (protein kinase C)-noncanonical NFkB (nuclear factor kB) signaling pathway plays a
primary role in the EP4 (prostaglandin E receptor 4)-mediated increase in fibulin-1.

A, Fibulin-1 mRNA expression in ductus arteriosus (DA)-smooth muscle cells (SMCs) treated for 24 h with ONO-AE1-329 (AE1-329, 1 pmol/L)
or cAMP analogs (50 umol/L): 8-bromo-cAMP (Br-cAMP), nonselective; N6-benzoyladenosine-cAMP (Bnz-cAMP), PKA (protein kinase A)-
selective; and 8-p-methoxyphenylthon-2'-O-methyl-cAMP (Me-cAMP), Epac (exchange protein activated by a cAMP)-selective cAMP analogs.
n=5-6, **<0.01. Not significant (NS) vs control. Data are presented as meantSEM. B, Fibulin-1 mRNA expression in DA-SMCs after 24-h
stimulation by ONO-AE1-329 (AE1-329, 1 umol/L) with or without PLC inhibitors, (Continued)
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Based on these expression data, we investigated
whether SMC-derived fibulin-1 and EC-derived versi-
can were associated with directional cell migration. EP4
stimulation promoted directional migration of DA-SMCs
toward ECs when DA-SMCs and ECs were transfected
with negative siRNAs, whereas either silencing of fibu-
lin-1 in DA-SMCs or that of versican in ECs (Figure IlIC
in the Data Supplement) attenuated EP4-induced DA-
SMC directional migration (Figure 4G and 4H, Movies
Il through VI in the Data Supplement). Administration of
fibulin-1D recombinant proteins increased migration in
DA-SMCs treated with FbinT-targeted siRNA (Figure 4G
and 4H, Movie VIl in the Data Supplement). These data
suggest that SMC-derived fibulin-1 was required for
directional migration of DA-SMCs toward ECs. EC-
derived versican was suggested to be involved in the
directional migration.

Fibulin-1-Versican Complex and Versican-
Hyaluronic Acid Complex Are Involved in IT
Formation of the DA in Mice

Immunofluorescent stain demonstrated that fibulin-1
proteins were expressed in both the tunica media and
IT area, and immunoreaction for versican was promi-
nent in the IT area of the wild-type mouse DA (Fig-
ure BA, upper). Fibulin-1 and versican proteins were
colocalized in the IT region in the wild-type mouse DA
(Figure BA, upper). As reported previously, Ptgerd"-
neonatal mice exhibited PDA with poor IT formation.
Fibulin-1 protein expression was markedly decreased
in Ptger4”~ DA (Figure BA, lower). Administration of
fibulin-1D recombinant proteins in the organ culture of
Ptger4~- DA significantly promoted IT formation (Fig-
ure BB and bC).

It has been demonstrated that impaired IT formation
in Ptger4”~ was, at least partially, attributed to EP4-
mediated hyaluronic acid (HA) production in DA-SMCs.®
We examined the importance of HA in association with
versican. Vcan*¥* neonatal mice were deleted in the
A-subdomain of the versican G1 domain, which is an HA
binding site.?? Three of the 9 DA isolated from Vcan*¥43
neonatal mice displayed PDA, whereas all 6 of the DA
in wild-type mice were closed with prominent IT (Fig-
ure BD). In both Vcan*¥* and wild-type DAs, there was
no difference in the protein expression of fibulin-1 and
versican (Figure BD). These results suggested that the
versican-HA complex partly participates in HA-mediated
IT formation in the DA.

Fibulin-1 Contributes to DA Anatomical Closure

Human DA Tissues Show a Similar Distribution
to Rodents in Fibulin-1 and Versican

In human DAs isolated from 9 patients (Table Il in the
Data Supplement), EP4 and fibulin-1 mRNAs were simi-
larly expressed in both the tunica media and IT, whereas
preferential expression of versican in IT was observed
(Figure BA through 6C) in a manner similar to rodents.
In accordance with the data of transcriptional analysis,
immunohistochemistry demonstrated that fibulin-1 pro-
teins were abundantly expressed in the tunica media and
IT, and protein expression of versican VO and V1 seems
to be greater in the IT area than in the tunica media in
human DA tissues (Figure 6D).

DISCUSSION

The findings of rodent and human SMCs and tissues of
the DA in the present study suggest that SMC-derived
fibulin-1 plays a major role in forming an intermolecular
bridge in the subendothelial region in the DA, at least, in
part, in combination with EC-derived chondroitin sulfate
versican. Fibulin-1-mediated integration of ECMs serves
as an appropriate environment favoring migration and
colonization with SMCs derived from inner tunica media,
resulting in IT formation and DA closure (Figure IVA in
the Data Supplement).

An emerging body of evidence has demonstrated
that EC-SMC interaction contributes to vascular remod-
eling® EC-derived factors, including growth factors,
extracellular vesicles, and microRNAs, have been dem-
onstrated to affect SMC migration and proliferation,®
which are important cellular functions for IT formation.
A recent study demonstrated that EC-derived C-X-C
motif chemokine 12 and other factors increased fork-
head box M1 expression in SMCs, which lead to SMC
proliferation and pulmonary hypertension in mice3' As
shown in these studies regarding vascular remodel-
ing, the effects of EC-derived factors on migration and
proliferation of adjacent SMCs have been extensively
studied. However, it is largely uncertain how the suben-
dothelial region is expanded to provide an environment
favorable for SMC migration during vascular remodel-
ing. Although it is recognized that both ECs and SMCs
synthesize and secrete a variety of ECMs and the roles
of individual ECM has been investigated,® to the best of
our knowledge, the molecular mechanisms of integra-
tion between multiple ECMs and forming IT have not
been clarified. We demonstrate that IT formation was

Figure 3 Continued. U73122 (5 pmol/L) or D609 (50 pmol/L); PKC inhibitors, GO6983 (10 pmol/L) or Calphostin C (0.2 umol/L); or

NFxB inhibitors, IKK (IxB kinase) 16 (3 pmol/L) or SN50 (20 umol/L). n=5, **£<0.01 vs control with ONO-AE1-329. Data are presented

as meant+SEM. C, Protein expression of fibulin-1 in supernatant of rat DA-SMCs treated for 72 h by ONO-AE1-329 (AE1-329, 1 pmol/L)
combined with PLC inhibitors, U73122 (5 pmol/L) or D609 (50 pmol/L); PKC inhibitor, GO6983 (10 pmol/L); or NFxB inhibitor, SN50 (20
pmol/L). D, Quantification of (C). n=5-8, **P<0.01, ***P<0.001 vs control with ONO-AE1-329. Data are presented as mean+SEM. E, Protein
expression of p100, IkBa (nuclear factor kappa-B inhibitor, alpha), and GAPDH at 0-360 min in DA-SMCs stimulated by ONO-AE1-329 (AE1-
329, 1 pmol/L). F and G, Quantification of E at 0 min and 60 min. n=5, *P<0.05. Data are presented as meant+SEM.
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Figure 4. Fibulin-1 in cooperation with versican promoted directional smooth muscle cell (SMC) migration toward endothelial
cells (ECs).

A, A method of coculture using a silicon-insert is shown as a schematic representation. EA. hy926 cells (ECs) were labeled with GFP (green
fluorescence protein) or PKH67 Green Fluorescent Cell Linker Midi Kit. Migration areas for 96 h were quantified. Dotted red lines, boundary of
ECs; dotted yellow lines, start line of ductus arteriosus (DA)-SMCs. B, Quantification of DA-SMC migration area. DA-SMCs were pretreated
with or without ONO-AE1-329 (AE1-329, 1 pmol/L) before removal of the silicon-insert. DA-SMCs were cultured with or without ECs. n=11-19,
**P<0.01, **P<0.001. Data are presented as meantSEM. C, Representative images of B. Dotted red lines, boundary of ECs; dotted yellow
lines, start line of DA-SMCs; solid yellow lines, 96-h migrated lines of DA-SMCs. D, Quantification of DA-SMC migration area. DA-SMCs were
pretreated with fibulin-1-targeted siRNA (small interfering RNA) and cultured with ECs under stimulation of fibulin-1C or fibulin-1D recombinant
proteins for 24 h. The amounts of fibulin-1C and fibulin-1D were equal (1.10 pg/mL). n~=16-18, ***P<0.001. Data are presented as mean+SEM.
E and F, Expression of versican VO and V1 mRNAs in rat DA-ECs and non-ECs that were isolated by fluorescence-activated cell sorting (FACS).
n=5-6, **<0.01. Data are presented as meantSEM. G, Migration areas of DA-SMCs treated with or without Fb/n1-targeted siRNA. EA. hy926
cells (ECs) were treated with or without VCAN-targeted siRNA. DA-SMCs were treated with or without ONO-AE1-329 (AE1-329, 1 pmol/L) after
siRNA transfection. Fibulin-1D recombinant proteins were added after silencing of Fb/n1 in DA-SMCs. n=6-12, ***<0.001. Data are presented
as meantSEM. H, Representative images of G. Dotted red lines, boundary of ECs; dotted yellow lines, start line of DA-SMCs; and solid yellow
lines, 96-h migrated lines of DA-SMCs. Scale bars, 500 pm. Neg indicates negative control siRNA; and NS, not significant.

2220  September 2020 Arterioscler Thromb Vasc Biol. 2020;40:2212-2226. DOI: 10.1161/ATVBAHA.120.314729



lto et al Fibulin-1 Contributes to DA Anatomical Closure

A Fibulin-1 Versican GAGR
& [
% &
Y|
Df
ks
Q.
||
S
a
B Fibulin-1D . C
Control recombinant proteins
- = ] t‘!‘-“g"'?‘\'{:{f e \ﬂ 104 *k
[ Ty 8 °
3 °
L B4 °
(O] = 4 (TI1]
> =4 sstes
24 ]
0 T v
Control  Fibulin-1D
recombinant
proteins
D Versican GAG
+
+
=
3
>
2
&
<1
®
<

Figure 5. Fibulin-1-versican complex and fibulin-1-versican—hyaluronic acid complex promote intimal thickening (IT) formation of
the ductus arteriosus (DA) in mice.

A, Elastica van Gieson staining (EVG) and immunofluorescent staining for fibulin-1 (green) and versican glycosaminoglycan 3 (GAGf) domain
(red) in the DA of EP4 (prostaglandin E receptor 4)-deficient (Ptger4~-) and wild-type (Ptger4*"*) neonatal mice (day 0). Dotted yellow lines
indicate internal elastic lamina. Scale bars, 50 pm. B, Effect of fibulin-1D recombinant proteins (1.10 pg/mL) on IT formation of organ-cultured
Ptger4~- DAs. Dotted yellow lines show internal elastic lamina. Scale bars, 50 pm. C, IT formation of B was evaluated by IT score. n=8-10,
**P<0.01. Data are presented as meantSEM. D, EVG and immunofluorescent staining for fibulin-1 (green) and versican GAGf domain (red) in
the DAs from versican G1 A-subdomain deleted (Vcan**4%) and wild-type (Vcan*”*) neonatal mice (day 0). Dotted yellow lines indicate internal
elastic lamina. Scale bars, 50 pm.
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Figure 6. Human ductus arteriosus (DA) tissues show a similar distribution to rodents in fibulin-1 and versican.

A-C, Expression of EP4 (prostaglandin E receptor 4; PTGERA4), total fibulin-1 (FBLN), and total versican (VCAN) mRNAs in the intimal thickening
(IT) area and the tunica media of human DA tissues. n=9, **P<0.01. Data are presented as mean=SEM. D, Elastica van Gieson (EVG) staining and
immunohistological analysis of fibulin-1 and versican glycosaminoglycan 3 (GAGf) domain in human DA tissues. Dotted yellow lines show internal
elastic lamina. Case 1, patient no. 10; case 2, patient no. 11 in Table Il in the Data Supplement. Scale bars, 1 mm. NS indicates not significant.

induced by integrating multiple ECMs (fibulin-1-versi-
can-HA complex).

Fibulin-1 is a glycoprotein that stabilizes ECM integrity
through interactions with other ECMs.'*'” Fibulin-1 has
been shown to bind versican, aggrecan, fibronectin, lam-
inin, nidogen, and the coagulation protein fibrinogen.'*'”
In addition, fibulin-1 is capable of self-association.'”
Fibulin-1 is composed of amino-terminal anaphylatoxin-
like modules followed by 9 EGF (epidermal growth
factor)-like modules and a carboxyl terminus.'” A fibu-
lin-1 self-association site and a fibronectin-binding site
are localized to EGF-like module 5 and 6."” The fibulin-1
EGF-like domain also contributes to binding with the ver-
sican C-terminal G3 domain.'* These interactions could
account for the matrix assembly in tissues of physiologi-
cal and pathological conditions. It was demonstrated that
fibulin-1 was expressed throughout the vessel wall of
rat adult aorta, including the tunica media and the tunica
adventitia.’* In the same study, versican expression was

2222  September 2020

restricted to ECs and the subintimal layer of the tunica
media, but no positive immunoreaction for versican was
observed in the tunica media on the adventitial side and
in the tunica adventitia.* These data suggest that SMC-
derived fibulin-1 and EC-derived versican complex may
be formed in the arterial subendothelial region, which is
consistent with the findings of the present study.

It was reported in the early 1990s that chondroitin
sulfate proteoglycan was abundantly expressed in the
subendothelial region of the human DAs,'? but this pro-
teoglycan had not been determined until now. Our study
identifies the chondroitin sulfate proteoglycan as versi-
can. The present study also demonstrated that VO/V1
was preferentially expressed in the DA IT region and
suggested that versican contributes to DA IT formation
as a binding partner of fibulin-1. Versican is a multido-
main aggregating proteoglycan and a major component
of the ECMs involved in migration and differentiation.?°%2
Among 4 isoforms of versican, the VO and V1 isoforms

Arterioscler Thromb Vasc Biol. 2020;40:2212-2226. DOI: 10.1161/ATVBAHA.120.314729
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contain the GAGP domain, which plays a role in cell
migration.?® In addition to our data showing that fibulin-1
per se promotes SMC migration, versican may further
assist in SMC migration. Based on our finding that fibu-
lin-1 deficiency causes PDA, fibulin-1 is suggested to
play a major role in the integration of ECMs at the sub-
endothelial lesion.

Our data demonstrated that versican was involved in
SMC directional migration and suggest a potential inter-
action of fibulin-1 and versican. However, the presence of
versican does not seem to be a prerequisite for DA clo-
sure. Fanhchaksai et al®* generated mice in which versi-
can was specifically deleted in ECs (VE-cadherin [vascular
endothelial cadherin]-Cre;Vcan¥) by mating mice with
a flox allele for Vican to mice with an EC-targeted expres-
sion of cre recombinase and found that a deficiency of
versican displayed normal DA closure and development
(S. Makino, unpublished data, 2020). In addition to ECs,
versican is produced by arterial SMCs.%%¢ To investigate
the roles of SMC-derived versican in DA closure, we gen-
erated mice in which versican was specifically deleted in
SMCs (SM22-Cre;Vcan#*) and found that a deficiency
of versican displayed normal DA closure (unpublished
observation). In this study, we used the versican-express-
ing EC cell line EA. hy926, instead of DA-ECs, because
the sorted DA-ECs were not viable enough in coculture
with SMCs to examine directional cell migration for 96
hours, which is a limitation of the present study. Similar
to DA-SMCs, DA-ECs have a distinct gene expression
profile compared with those of adjacent arteries3% In
our coculture system, silencing of versican in ECs sig-
nificantly attenuated SMC directional migration toward
ECs, but other ECMs that are highly expressed in DA-
ECs would contribute to form a migration-favoring envi-
ronment at the subendothelial region of the DA. Based
on these observations in genetically modified mice and
the study limitation, in addition to versican, multiple ECMs
would contribute to DA IT formation.

SMCs of the ascending aorta and the DA originate
from the neural crest,* and ECs of the pulmonary trunk
and the DA are derived from the second heart field.*
Although the DA shares the same cell lineage with adja-
cent arteries, the DA acquires distinct characteristics. A
systematic review of transcriptional profiling in the rodent
and human DA in comparison to the aorta demonstrated
that a higher expression of EP4 was observed commonly
in the rodent and human DA“" The differential EP4
expression was observed in mice and humans at embry-
onic day 14 and 21 weeks of gestation, respectively,?®4!
and EP4 expression increases toward term. 2254243 The
present study identified fibulin-1 as the gene regu-
lated by EP4 signaling, and fibulin-1 expression may be
upregulated in accordance with that of EP4 expression.
Investigating developmental changes in fibulin-1 expres-
sion would be of interest in DA and cardiovascular sys-
tem research.

Arterioscler Thromb Vasc Biol. 2020;40:2212-2226. DOI: 10.1161/ATVBAHA.120.314729
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The present study demonstrated a potential interac-
tion between SMC-derived fibulin-1 and EC-derived
versican. It has been reported that several genes were
differentially upregulated in DA-ECs compared with ECs
in the aorta.®"3® Although known direct binding partners
of fibulin-1 have not been reported as DA-EC specific
genes, DA-EC-derived ECM would contribute to SMC
phenotypes and IT formation and subsequent DA clo-
sure. Further study is required to clarify the contribution
of specific DA-EC molecules in DA remodeling.

A previous study demonstrated that PGE, -EP4-
induced hyaluronan promoted SMC migration and [T
formation of the DA, suggesting the importance of
hyaluronan in DA closure® Versican is anchored to the
hyaluronan meshwork through its N-terminal G1 domain
with relatively high affinity.** Abundant expressions of
versican and hyaluronan were observed in human reste-
notic arteries and of the neointima in balloon-injured rat
carotid arteries.”® Because Vcam*¥4? neonatal mice partly
exhibited poor IT formation and PDA, versican-mediated
accumulation of hyaluronan in the subendothelial region
seems to promote directional SMC migration.

Versican has a core protein surrounded by a network
of glycosaminoglycan chains. The glycosaminoglycans
are negatively charged and are key to the water reten-
tion. Glycosaminoglycan hyaluronan is also a highly
hydrophilic molecule that attracts large amounts of water,
forming a highly hydrated gel and thereby promoting
expansion of the extracellular spaces and facilitating cell
migration.*® The hygroscopic properties of versican and
hyaluronan might cause a retention of water, which could
help widen the subendothelial region, creating an envi-
ronment that is well suited for directional SMC migration
into the subendothelial region.

In the present study, we found that the Vcan*¥* DA
has a thinner vascular wall. Coexpression of versican
and hyaluronan is observed during organogenesis.*” The
interaction of these 2 molecules further creates a peri-
cellular open space due to their water retention ability,
which allows cells to migrate and proliferate.” In the car-
diovascular system, versican and hyaluronan are similarly
expressed in cardiac jelly to support endocardial cushion
morphogenesis and subsequent cardiac development.*®
Global deficiency of the gene for either versican or hyal-
uronan causes embryonic lethality due to failure of the
heart to form22%® The failure of binding versican and
hyaluronan in Vcan®¥43 mice caused embryonic lethal-
ity or ventricular septal defect? These data suggest the
importance of the interaction of versican and hyaluronan
in cardiovascular morphogenesis. Failure of the interac-
tion between versican and hyaluronan may affect vascu-
lar wall development in the DA,

We revealed a PGE,-EP4-mediated robust increase
in fibulin-1 expression through newly identified intracel-
lular downstream signaling of EP4 (Figure IVB in the
Data Supplement).
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Expression levels of fibulin-1 mRNA and protein were
increased through the PLC-PKC-noncanonical NFkB
pathway. EP4 belongs to the G protein-coupled recep-
tors, and cAMP is the major second messenger of EP4.%8
However, none of the non-, PKA-, or Epac-selective
cAMP analogs affect fibulin-1 expression, whereas PLC
is involved in this signaling pathway. Fibulin-1 expression
was inhibited by D609 administration, and D609 actions
are mainly attributed to inhibiting PC-PLC (phosphatidyl-
choline-specific phospholipase C).** PC-PLC hydrolyzes
PC to generate phosphocholine and 1,2-diacylglycerol.*°
Therefore, 1,2-diacylglycerol-mediated PKA activation
seems to play a role in the downstream signaling of EP4.
Among PKC isoforms, classical PKCs (o, B1, B2, v) and
novel PKCs (8, €, 1, 0) have both C1A and C1B domains
in their regulatory domain, and these isoforms can bind
1,2-diacylglycerol®® Classical PKCs or novel PKCs, but
not atypical PKCs, are predicted to be involved in EP4-
mediated fibulin-1 upregulation.

Noncanonical NFkB activation is an additional path-
way that plays an important role in immune systems.®
In the noncanonical NFkB pathway, translational activa-
tion occurs through xIKKa complex activation by NFkB-
inducing kinase and leads to the phosphorylation and
processing of p100.52 To the best of our knowledge,
there is only one report of the involvement of the non-
canonical NFkB pathway in vascular remodeling, which
demonstrated that the noncanonical NFxB signaling
pathway-activated S-phase kinase—associated protein 2
promoted wire injury=induced IT formation.®® The non-
canonical NFxB pathway may be involved in both physi-
ological and pathological IT formation.

Current COX inhibitor therapy would suppress IT
formation because it inhibits PGE, production and sub-
sequent fibulin-1 production in the DA. In addition to
vasocontraction therapy, understanding the PGE,-EP4-
mediated downstream signaling pathways responsible
for fibulin-1 upregulation may provide the basis for
therapeutic strategies for inducing IT in the DA. Anti-HIV
therapy using PKC agonists targeted to NF«kB signaling
has been investigated.®* It was also reported that meth-
ylprednisolone is able to increase the NFkB-inducing
kinase expression in human skeletal muscle®® Further
studies are required for the new IT-inducing pharmaco-
logical therapy for patients with PDA.

Human fibulin-1 gene (FBLNT)is located in 22¢13.31.5¢
Deletion 22q13 syndrome includes a wide range of dele-
tion sizes from 100 kb to 9 Mb, and total FBLNT gene
deletion was reported in some cases with a larger dele-
tion.®” The core phenotypic features, such as neonatal
hypotonia, absent or delayed speech, and moderate to
profound developmental delay are thought to be caused
by haploinsufficiency of SH3 and multiple ankyrin repeat
domains 3 (SHANKS3),*® which is located =5 Mb away from
FBLN1. It has been reported that congenital heart disease,
including PDA, atrial septal defect, and total anomalous
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pulmonary return, occur in >25% of individuals.®® Jeffries
et al’” investigated 30 cases of deletion 22913 syndrome
and found that 4 cases who have larger deletion in size
had congenital heart disease, 2 with PDA and 2 with total
anomalous pulmonary venous return. These reports did not
assess the association between FBLNT deletion and PDA,
and most reports of deletion 22q13 syndrome have not
focused on cardiovascular anomalies®™® Based on these
case reports and our experimental data, however, lower
expression of fibulin-1 may contribute to the patency of
the DA in humans.

In conclusion, PGE_ -EP4-mediated fibulin-1 inte-
grates ECMs at the subendothelial region and promotes
directional SMC migration toward the internal lumen,
resulting in IT formation and DA closure. In addition
to current vasocontraction therapy, targeting fibulin-1
upregulation may provide the basis for therapeutic strat-
egies for inducing anatomic closure of the DA.
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