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Abstract

The ductus arteriosus (DA) is a unique fetal vascular shunt, which allows

blood to bypass the developing lungs in utero. After birth, changes in complex

signaling pathways lead to constriction and permanent closure of the DA. The

persistent patency of the DA (PDA) is a common disorder in preterm infants,

yet the underlying causes of PDA are not fully defined. Although limits on the

availability of human DA tissues prevent comprehensive studies on the mecha-

nisms of DA function, mouse models have been developed that reveal critical

pathways in DA regulation. Over 20 different transgenic models of PDA in

mice have been described, with implications for human DA biology. Similarly,

we enumerate 224 human single-gene syndromes that are associated with

PDA, including a small subset that consistently feature PDA as a prominent

phenotype. Comparison and functional analyses of these genes provide insight

into DA development and identify key regulatory pathways that may serve as

potential therapeutic targets for the management of PDA.
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1 | INTRODUCTION

The ductus arteriosus (DA) is a fetal vessel, which shunts
blood past the uninflated lungs, providing oxygenated
blood from the placenta to the peripheral circulation and
protecting the developing pulmonary vasculature in
utero. At birth, increasing oxygen tension along with a
decrease in prostaglandins and other vasodilatory media-
tors leads to constriction, closure, and subsequent
fibromuscular transformation of the DA into the
ligamentum arteriosum. The failure of the postnatal DA
closure process may lead to the persistent patency of the
ductus arteriosus (PDA), with potentially harmful conse-
quences in newborns. PDA accounts for up to 10% of con-
genital heart disease (CHD) and is particularly
problematic for preterm and especially low birthweight
neonates.1,2 In preterm infants born at 27 to 28 weeks
gestation, 64% retain a patent DA at 7 days after birth,
and among neonates born at 24 weeks, that figure
increases to 87%.3 Options for management include phar-
macological treatment with cyclooxygenase inhibitors,
surgical ligation, interventional catheter-based occlusion,
or conservative management, each of which has potential
for harm.4

Normal DA closure consists of a highly ordered series
of biological steps involving different cell types, signaling
pathways, and mechanical forces.5 Attempts to study
these processes in preterm infants, while vital for advanc-
ing understanding and treatment of PDA, are limited by
tissue availability and quality, as well as the nature of
ex vivo and in vitro experiments. Large animal models
have been used for centuries to study the anatomy, physi-
ology, and pharmacology of the DA.6,7 More recent stud-
ies on small animal models offer insights into DA
embryology and function in more tractable laboratory
species.8,9 Rodent models of PDA have gained popularity
due to their high fecundity, short gestation, and large lit-
ter sizes. The mouse is a robust and widely used mamma-
lian model, which benefits from over a century of genetic
methodology.10 The first transgenic models of PDA in
mice were reported over 20 years ago.11,12 Currently,
there are 28 reported genetic mouse models of PDA,
which provide insight into the role of specific ligands and
receptors, structural or hematopoietic elements, and
other molecular mediators of DA development and func-
tion. While some of these models may not be pertinent to
the human DA, a comparison with human single-gene
syndromes associated with PDA may help identify rele-
vant transcripts that warrant future analysis.

Human PDAs vary widely in their characteristics,
severity, and underlying causes. A PDA in infancy may
occur as part of a complex CHD or as an isolated anom-
aly. Isolated PDA occurs frequently in preterm infants,

primarily as a result of developmental immaturity, which
might not affect a given infant born at term. In contrast,
a PDA in term infants is more likely to be associated with
a genetic syndrome or a defined fetal embryopathy (eg,
congenital rubella syndrome).4,13 Both term and preterm
PDAs may have a genetic component, with a 5% sibling
recurrence rate14,15 and a higher correlation between
monozygotic twins compared with dizygotic twins.16,17

While reports have varied, one twin study found that
genetic factors and a common gestational environment
contributed up to 76% of this variance. Studies on familial
PDA and the offspring of consanguineous parentage pro-
vide genetic information on chromosome regions that
confer risk for PDA.18,19 In addition, candidate gene stud-
ies have identified genetic loci, which contribute to the
syndromic forms of PDA such as TFAP2B, or whose
sequence variants can contribute to isolated non-
syndromic cases of PDA.20,21 Although the genetic predis-
position for most PDAs is unknown, a robust
understanding of the genes whose perturbation results in
PDA may provide key insights into the development and
function of the DA critical to the development of new
and improved therapies.

In this review, we discuss the existing genetic mouse
models of PDA and their potential implications for
human DA biology. We probed multiple digital databases
to identify single-gene syndromes associated with PDA in
humans. Gene ontology tools identified pathways and
processes common between existing mouse models and
human single-gene syndromes (see Supporting
Information).

2 | MOUSE MODELS OF PDA

Existing mouse models of PDA fall into several categories
based on molecule type, localization, or pathway of
action: components of the prostaglandin signaling path-
way, proteins specific to smooth muscle cells (SMCs),
proteins involved in developmental signaling, matrix and
cytoskeletal components, platelet function, chromatin
modifiers, and transcription factors. Representative
images (Figure 1) and summary information (Table S1)
for each model are provided.

2.1 | Prostaglandin signaling

2.1.1 | Ptger4 KO

The prostaglandin E receptor EP4 is the canonical media-
tor of prostaglandin E2 (PGE2) effects in the DA. The EP4
receptor gene (PTGER4) is consistently enriched in both
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FIGURE 1 Representative images of variousmouse knockoutmodels exhibiting a patent ductus arteriosus (PDA) phenotype. PDA images (arrows,

arrowheads)were obtained bywhole-mount or stained sections, aswell as angiography andultrasound. Images adapted or reproducedwith permission.

Citations from left-to-right, top-to-bottom (References 11,22 [Copyright (2001)National Academyof Sciences],23-26 (CCBY), and27-32 (CCBY),33-42)
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the mouse and human DA among various expression
studies.43 The EP4 receptor is a G-protein-coupled recep-
tor (GPCR), which is capable of signaling through both
G-αs and G-αI G-proteins giving it the ability to increase
or decrease, respectively, the amount of cAMP in a cell,
endowing potentially conflicting roles dependent on con-
text.44 The EP4

�/� PDA phenotype was reported by three
independent laboratories using distinct transgenic strate-
gies.11,12,45 Nguyen et al. reported the first example of a
mouse model of PDA in 1997. EP4

�/� mice had neonatal
lethality accompanied by a widely patent DA and pulmo-
nary edema (Figure 1A).11 This phenotype was observed
by all three groups with varying penetrance. When the
null allele was crossed into a mixed genetic background
(B6D2 F1, C57BL/6, and DBA/2 cross), the uniformly
lethal phenotype changed to 5% survival after one back-
cross and to 21% survival after four crosses.11 These data
suggest that compensatory mechanisms exist for closing
the DA and that genetic diversity may protect against
genetic predisposition to PDA. The EP4

�/� PDA pheno-
type has been termed the “paradoxical PDA” due to its
counterintuitive signaling, since the removal of a
vasodilatory receptor is expected to foster constriction,
not an inability to constrict.46 For this reason, it is
suspected that EP4 may play an additional role in the
DA, guiding vessel formation and remodeling. This has
been further supported by findings that EP4 signaling is
necessary for the production of hyaluronic acid in the
DA, a process key for the movement of SMCs into
the subendothelial space coinciding with permanent DA
closure.47

2.1.2 | Ptgs1;Ptgs2 double KO

Cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-
2) are the enzymes responsible for the production of
PGE2, the primary ligand for the prostaglandin E
(EP) receptors, including EP4.

44 While COX-1 and COX-2
share similar functions, they often differ in localization
and expression, and support different processes.48 COX-1
is generally associated with tissue homeostasis and epi-
thelial maintenance, whereas COX-2 is typically associ-
ated with inflammation. The initial characterizations of
mice with the targeted mutation of either the COX-1
(Ptgs1) or COX-2 (Ptgs2) genes did not reveal a DA phe-
notype. However, the generation of COX-1�/�;COX-2�/�

animals revealed a robust PDA phenotype and neonatal
lethality.49 Animals showed the signs of congestive heart
failure (CHF) similar to other PDA models. PDA was
noted in both outbred CD-1 mice49 and inbred C57Bl/6
mice (Figure 1B).22 While the link between prenatal
exposure to COX inhibitors and PDA is established in

both humans50,51 and rodents,52-54 it remains paradoxical
that the removal of a vasodilator results in dilation
instead of constriction. In situ hybridization and PCR
assays suggested that circulating PGE2 generated in
peripheral tissues acts on PGE receptors in the DA via
endocrine mechanisms.49 Moreover, pharmacologic stud-
ies suggest that prostaglandin ligand-receptor signaling
via the COX-EP4 axis during specific gestational windows
may play a novel role regulating DA development, in
addition to their well-known role in DA vasodilation.53

2.1.3 | Ptgs2 KO

Following the discovery of a PDA phenotype in COX-
1�/�;COX-2�/� mice, the COX-1 and COX-2 KO models
were re-examined. A PDA phenotype was found in COX-
2�/� pups with 35% penetrance. Furthermore, while
COX-1�/� offspring showed little or no PDA phenotype,
the deletion of one COX-1 allele increased the penetrance
of the COX-2�/� PDA phenotype such that COX-1�/+;
COX-2�/� mice had 79% penetrance and COX-1�/�;
COX-2�/� mice displayed 100% penetrance.55 Additional
studies utilized a targeted point mutation to generate
mice expressing COX-2 protein defective in COX function
but preserving its peroxidase function (Ptgs2Y385F).
Ptgs2Y385F mice exhibited no PDA, which suggested the
formation of COX-1 and COX-2Y385F heterodimers.56

Despite the loss of COX-2 functionality, Ptgs2Y385F mice
produce enough PGE2 to maintain DA function, implying
non-catalytic COX-2 heteromers are bound to functional
COX-1 partners. These findings suggest COX-2 is the pre-
dominant COX isoform required for DA development
and function, likely owing to its 10-fold lower activating
concentration,57,58 and COX-1 serves an auxiliary role,
possibly through heterodimerization.

2.1.4 | Hpgd KO

Prostaglandins play key signaling roles in nearly all tissue
types. In many contexts, prostaglandin-mediated effects
are regulated through catabolism by enzymes such as
15-hydroxyprostaglandin dehydrogenase (PGDH). Mice
hypomorphic for the PGDH gene (Hpgd) exhibit preterm
labor associated with the genotype of both pup and dam.
Hpgd�/� mice die neonatally with PDA (Figure 1C),23,59

presumably related to the elevated levels of PGE2. In
wild-type (WT) mice, following the initiation of respira-
tion, pulmonary vascular resistance falls as the DA con-
stricts, redirecting blood through the newborn lungs,
which express high levels of PGDH. PGDH catabolizes
circulating PGE2, lowering serum levels leading to
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further DA closure. As expected, the postnatal adminis-
tration of indomethacin can rescue Hpgd�/� animals by
inhibiting prostaglandin synthesis and allowing PDA clo-
sure. Infants with mutations in the HGPD gene have
multiple phenotypes, including PDA60 (Table S2).

2.1.5 | Slco2a1 KO

For PGDH to oxidize circulating prostaglandins, they
must be internalized by the prostaglandin transporter
(PGT) encoded by the Slco2a1 gene. PGT is expressed
with PGDH in the neonatal lung where it facilitates DA
closure through reducing serum PGE2.

61,62 Slco2a1�/�

mice are born in a Mendelian ratio but die shortly after
birth with PDA and associated CHF (Figure 1D).24

Slco2a1 hypomorphs survive a day longer, also dying
with PDA. Histology of KO animals shows no differences
in SMC composition or intimal thickening compared
with WT. Similar to Hpgd�/� mice, both Slco2a1�/� and
Slco2a1 hypomorphs can be rescued with neonatal indo-
methacin. Mutations in the human SLOC2A1 gene result
in autosomal recessive hypertrophic osteoarthropathy
and PDA in infants24,63 (Table S2).

2.2 | Smooth muscle cell specific

2.2.1 | Myocd KO

Myocardin is regarded as a master regulator of cardiac
and SMC genes. Myocardin, encoded by the Mycod gene,
is a transcriptional coactivator of the serum response fac-
tor (SRF) providing for the spatiotemporal expression of
genes critical to cardiac and SMC cell fate.64,65 Whereas
global constitutive Myocd�/� mice die prior to E10.5,
mice with neural crest (NC)-selective deletion survive to
term but die before P3 with PDA (Figure 1E).25 Myocd�/�

DA tissue was deficient mature SMC markers such as
Acta2, Myh11, and Tagln. These findings emphasize the
importance of NC derivatives in DA formation and
function.

2.2.2 | Ctnnb1 KO

Beta-catenin is a cell-cell adhesion protein and signal
transducer for the Wnt pathway encoded by the Ctnnb1
gene. Wnt signaling is key for many developmental pro-
cesses, including the differentiation of vagal NC cells
(VNCCs), which give rise to the SMCs of the DA.66,67

Mice expressing constitutively activated beta-catenin
(Ctnnb1Δex3) were used to explore the VNCC role in

establishing DA cell populations. These results confirmed
that DA SMCs derive from three populations: the non-
pigmented non-VNCC-derived SMC1 (80%-90%), the
non-pigmented VNCC-derived population SMC2 (10%-
20%), and a very small number of pigmented VNCC-
derived melanoblasts (less than 1%).26 Ctnnb1Δex3 mice
exhibited shifts in cell population, with virtually all
SMC2 cells replaced by melanoblasts and the SMC1 pop-
ulation unaffected. This shift was associated with PDA
(Figure 1F). These findings suggest the Wnt-driven phe-
notype of DA SMCs is key to proper formation and
closure.

2.2.3 | Myh11 KO

The DA is a muscular artery with tone controlled by the
constriction and relaxation of vascular SMCs (VSMCs).
VSMC activity is driven by the contractile apparatus,
comprised of specific actins, myosin heavy chains, and
myosin light chains responsible for different phases of
contraction. Smooth muscle myosin heavy chain
11 (Myh11) and other SMC genes are precociously
expressed in DA SMCs compared to surrounding ves-
sels.68,69 Myh11�/� mice have delayed DA closure, taking
6 hours instead of 3 hours to close, and die as neonates
unless their bladders are manually relieved (Figure 1G).27

Interestingly, PDA is not the cause of death although the
left ventricle experiences hemodynamic overload similar
to other models. While the DA was not assessed, isomet-
ric force measurements from the KO bladder tissue sug-
gest muscle phenotypes, including delayed DA closure,
may result from the loss of the transient high-force phase
1 contraction in the KO. The sustained phase 2 contrac-
tion was unaffected and may explain the eventual DA
closure.27 Infants with monoallelic mutations in MYH11
can suffer both familial thoracic aortic aneurysm and
PDA70 (Table S2), and MYH11 R712Q mutation causes
diminished myosin motor elasticity.71

2.3 | Developmental signaling

2.3.1 | Jag1 SMC conditional KO

JAG1 is a cell surface ligand, which binds Notch pathway
receptors activating their downstream gene regulatory
actions. Notch provides signaling between neighboring
cells key for the proliferation, differentiation, and move-
ment necessary for development and maintenance of the
body.28 Jag1 expression is normally limited to the endo-
thelium but is found throughout the medial wall in
mouse DAs. Interestingly, the endothelial-specific
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deletion of Jag1 resulted in embryonic death (�e10.5)
with hemorrhages, vascular remodeling, and SMC differ-
entiation defects.28 Subsequent studies of SMC condi-
tional Jag1�/� mice revealed PDA and outflow tract
defects (Figure 1H). Immunofluorescent staining rev-
ealed decreased the expression of mature SMC markers
throughout the media of outflow tracts, with only SMCs
contacting the endothelium appropriately differentiated.
These findings suggest Jag1-driven Notch signaling is key
to the synthetic-contractile fate of SMCs in the DA and
outflow tracts. Furthermore, the SMC expression of Jag1
seems key to the lateral transduction of differentiation
signals from the endothelium. This signaling behavior is
suggested to be unique to the DA and descending aorta.
The PDA phenotype could be partially rescued with indo-
methacin within 12 hours after birth. Infants with JAG1
mutations can suffer CHD, tetralogy of Fallot, and the
more general Alagille syndrome, all associated with
PDA72 (Table S2).

2.3.2 | Notch2 KO/Notch3 Het

Notch receptors (1-4) detect surface ligands such as Jag1
on neighboring cells and drive nuclear localization.
NOTCH2 and NOTCH3 are the predominant Notch
receptors in the vasculature, NOTCH2 being more glob-
ally expressed. While the deletion of either receptor
results in vascular defects, those associated with Notch2
are considerably more severe.29 Notch2�/� mice have a
partial phenotype, with �40% dying postnatally with
PDA (Figure 1I). Interestingly, Notch2�/�;Notch3+/�

mice all die with PDA. Notch2�/�;Notch3+/� mice also
have dilated aortic segments and decreased the medial
expression of mature SMC markers. These data are con-
sistent with the known role of Notch signaling in mature
SMC differentiation. Notch2+/�;Notch3�/� animals
showed no PDA phenotype or neonatal death, indicating
Notch2 may be more critical for SMC differentiation in
the DA. Infants with monoallelic NOTCH2 and NOTCH3
mutations may suffer from Hajdu-Cheney syndrome73

and lateral meningocele syndrome,74 respectively, both
associated with PDA (Table S2).

2.3.3 | Rbpj SMC conditional KO

The recombinant signal binding protein for the immuno-
globulin kappa J region (Rbpj) is a key downstream tran-
scriptional regulator of the Notch pathway. RBPJ acts as
a repressor of gene expression but becomes an activator
when bound to a Notch protein. Following their work on
the Jag1�/� PDA, Gridley and colleagues created SMC-

specific conditional Rbpj�/� mice using the same Tagln-
cre driver as their previous model.75 As expected, the
SMC-specific Rpbj�/� mice die neonatally with PDA and
decreased expression of mature SMC markers in the DA
media (Figure 1J).30 Interestingly, whereas Jag1�/� mice
could be rescued with neonatal indomethacin, only one
of nine Rbpj�/� animals were rescued. This stronger phe-
notype indicates there may be other Notch ligands that
contribute to the eventual activation of RPBJ and mature
SMC differentiation.

2.3.4 | Gdf2 KO anti-Bmp10

Bone morphogenetic proteins (BMPs) are members of the
transforming growth factor beta (TGFβ) superfamily and
play key roles in guiding tissue architecture throughout
the body. BMP9 and BMP10 have both been shown to
bind the activin receptor-like kinase 1 (ALK1) on the
endothelium of blood vessels, suggesting a role in vascu-
lar disease.31 Bmp10�/� (BMP10) mice die with cardiac
defects in mid-gestation, while Gdf2�/� (BMP9) mice are
viable.31 Interestingly, while the Gdf2�/� DA is occluded
enough to prevent flow at P5, its lumen is not completely
filled with intimal cells, such as the WT, and red blood
cells can be observed. This phenotype is exacerbated by
the administration of a neutralizing anti-BMP10 antibody
on P1 and P3. Gdf2�/� anti-BMP10-treated mice achieve
temporary DA constriction on P0 and P3, indistinguish-
able from WT, but show a partially patent lumen at P5
lined with endothelial cells, red blood cells, and an island
of intimal cells (Figure 1K). These findings were not
observed with the anti-BMP10 treatment of WT animals,
or at later time points (P3, P5), suggesting a narrow win-
dow when BMP function is critical for the fibromuscular
transformation of the DA into the ligamentum
arteriosum. Recombinant BMP9 and BMP10 were found
to increase the expression of Ptgs2 and Has2 mRNA,
which encodes hyaluronic acid synthase (HAS), where
HA is a key component for matrix deposition and cell
movement. Furthermore, at P3, Gdf2�/� anti-
BMP10-treated mice lacked the matrix deposition key to
DA fibrosis and ligamentum arteriosum formation. Thus,
Gdf2�/� anti-BMP10-treated mice are one of the few
mouse models with abnormalities in the second, anatom-
ical closure phase of permanent DA remodeling.

2.3.5 | Gpc3 KO

Glypican-3 (Gpc3) is a heparan sulfate proteoglycan
(HSPG), which plays a key role in cardiac development.
Glypicans attach themselves to cell surfaces through
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glycophosphatidylinositol linkages, where they bind and
modify various ligands, modulating cell signaling. Previ-
ous studies suggest that Gpc3 specifically may interact
with BMP, Hedgehog, Wnt, and FGF signaling path-
ways76 and is widely expressed throughout vertebrate
development. However, human loss-of-function GPC3
mutations result in a rare congenital overgrowth syn-
drome associated with CHD; Simpson-Golabi-Behmel
syndrome (SGBS). Similarly, when Gpc3�/� mice were
examined, they were found to have multiple defects,
including PDA. While Gpc3�/� mutants exhibited a delay
in coronary vascular plexus formation and subsequent
reduction in sonic hedgehog mRNA expression consistent
with GPC3 acting as a co-receptor for FGF9, it is unclear
whether these signaling disruptions could contribute to a
PDA phenotype or even whether the PDA observation in
this model is biologically significant. Gpc3's association
with both BMP and Wnt signaling family members and
the presence of a PDA phenotype in infants suffering
SGBS,77 provide plausibility that Gpc3 plays a role in DA
function (Table S2).

2.4 | Transcription

2.4.1 | Tfap2b KO

The importance of the transcription factor AP2 beta
(TFAP2b) in DA function was first observed in human
clinical populations. Mutations in TFAP2b lead to Char
syndrome, a NC disorder associated with craniofacial
abnormalities and PDA.20,32,78 Similarly, single nucleo-
tide polymorphisms/mutations in TFAP2b are associated
with nonsyndromic PDA.79,80 Subsequently, a Tfap2b�/�

mouse model revealed kidney disorders, delayed closure
of the DA, and neonatal death (Figure 1L).81 These find-
ings were corroborated by a recent CRISPR Tfap2b
KO. In situ hybridization revealed that Tfap2b specifi-
cally labels DA SMCs with tight borders until E18.5.82

Interestingly, the vessel wall of Tfap2b�/� DAs showed
no significant changes in morphology or elastin deposi-
tion, but in situ hybridization revealed a significant
decrease in calponin, a robust marker of mature SMCs at
E18.5.83 KO animals were also found to have decreased
expression of Hif2a and Et-1, suggesting a Tfap2b-driven
signaling cascade, which plays a key role in DA oxygen-
sensing mechanisms at birth83 (Table S2).

2.4.2 | Foxc1 KO

Mesenchymal forkhead 1 (MFH1 or FOXC2) and meso-
dermal/mesenchymal forkhead 1 (MF1 or FOXC1) are
both forkhead family transcription factors, which share a

nearly identical DNA binding domain as well as over-
lapping embryonic expression in the paraxial mesoderm,
mesenchyme, and endothelium of the branchial arches.
MFH1 and MF1 KO mice die prenatally and perinatally
with a spectrum of cardiovascular and skeletal
defects.33,84 Interestingly, when Mfh1tm1+/� and Mf1lacZ
+/� mice are crossed to obtain Mfh1tm1+/�;Mf1lacZ+/�

double heterozygotes, nonallelic noncomplementation
leads to a similar spectrum of cardiovascular defects
including PDA (Figure 1M)33 accompanied by prenatal
and perinatal death. While PDA was not detected in
Mfh1�/� mice, it was detected in Mf1�/� mice. Sectioning
of Mf1�/� mice at d10.5 revealed fully formed and sym-
metrical aortic arches, indicating that MF1 expression is
not required for aortic arch formation. Mf1 and Mfh1 are
thought to mediate signaling between the endothelium of
the intima and the NC-derived mesenchyme of the
media, likely related to cell fate determinations. It makes
sense that MF1 expression decreases in the DA following
closure, as both of these populations die out. Infants with
mutations in FOXC1 may suffer Axenfeld-Rieger syn-
drome,85 which is associated with PDA (Table S2).

2.4.3 | Matr3 KO

Matrin3 is a nuclear matrix protein that is associated
with distal myopathy 2, including vocal cord and pharyn-
geal muscle weakness. Genetic examination of a novel
proband exhibiting developmental delay and cardiovas-
cular defects including PDA revealed mutations in both
AHDC1 and Matrin 3 (MATR3). While the AHDC1 muta-
tion is likely the source of developmental delay, creation
of a genetrap construct in exon 13 of the mouse Matr3
gene revealed a key role for Matr3 in cardiovascular
development.34 Homozygous Matr3Gt-ex13 mice show
early embryonic death (most by 4.5dpc, all by 8.5dpc).
Matr3Gt-ex13 heterozygotes showed a spectrum of cardio-
vascular defects similar to the human proband including
PDA in 12% of heterozygotes (Figure 1N). Immunohisto-
chemistry showed the localization of Matr3 in both the
SMCs and endothelial cells of the large arteries. These
data, considered with Matr3's proposed role in stabilizing
select mRNAs, indicate a key role in the proper develop-
ment of the outflow tracts. Infants with mutations in
MATR3 suffer from various phenotypes, including PDA34

(Table S2).

2.4.4 | Hand2 trisomy; Rim4 mouse

The human disorder 4q+ is a syndrome resulting from a
triplicated region of the human chromosome 4. 4q+
results in varied phenotypes including delays in growth
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and cognition, physical deformities, and CHD including
PDA. Interestingly, a mouse model with an analogous tri-
somy mutation, the recombinant-induced mutation
4 (Rim4) mouse was discovered allowing studies into
which genes might be responsible. Rim4 heterozygous
mice and 4q+ humans are both trisomic for the heart
and NC derivatives-expressed protein 2 (Hand2) gene,
which codes a member of the basic helix-loop-helix fam-
ily of transcription factors associated with cardiovascular
development and defects. Rim4 mice are generally
unwell with 80% of those on a C57Bl/10J background
dying neonatally. In addition, these mice were found to
have PDA among other deformities (Figure 1O).35 Inter-
estingly, these symptoms were ameliorated when Rim4
mice were crossed with a Hand2 KO line to correct the
genomic dosage of Hand2. Hand2 was generally found to
be necessary for proper formation of the ventricles and
outflow tracts, consistent with its involvement with NC
cells, although a mechanism of action is unknown.

2.5 | Matrix/cytoskeleton

2.5.1 | Lox KO

Extracellular matrix (ECM) composition is critical for
establishing both the mechanical properties and cell
identity of blood vessels. Lysyl oxidase (Lox) encodes an
enzyme responsible for the crosslinking of elastin and
collagen, as well as influencing proliferation and cell fate.
Lox�/� mice are born with abnormally formed outflow
tracts, thoracic aortic aneurysm, and dissection (TAAD)
and die as neonates with ruptured diaphragms, impaired
airways, and PDA (22%) (Figure 1P).36 Closer examina-
tion of the ascending and descending aortas indicated
disrupted elastin fiber formation and region-specific
changes in biomechanical properties. Regional changes
in the expression of ECM, matrix metalloproteinases
(MMP), and SMC cell cycle genes within the ascending
and descending aorta suggest Lox-mediated matrix
crosslinking plays a critical role in DA development and
function.

2.5.2 | Ilk KO

Integrin-linked kinase (ILK) is a protein, which localizes
to the integrins of the membrane-associated dense
plaques, where it uses its kinase domain to foster down-
stream signal transduction in response to force transduc-
tion signals between the contractile apparatus and ECM.
ILK is critical for both polarization of the epiblast and
vasculogenesis, resulting in embryonic lethality for Ilk�/�

and endothelial-specific Ilk�/� mice.37 To investigate
ILK's role in vascular signal transduction, SMC-specific
Ilk�/� mice were created (Sm22-cre+;IlkFl/Fl), which
showed extremely dilated thoracic aortic aneurysms
(up to 50% of the thorax) and PDA with associated peri-
natal lethality (Figure 1Q).37 Histological analysis rev-
ealed disruptions in the normal spindle-like morphology
and circumferential orientation of VSMCs and ablation
of the elastin layer characteristic of elastic arteries. Mor-
phogenic changes in outflow tract anatomy could be
detected by e12.5. Notably, other NC-associated defects
were not observed. Immunohistochemical labeling for
mature SMC-specific markers indicated a loss in contrac-
tile SMC phenotype in the Sm22-cre+;IlkFl/Fl KO vessels.
Together, these data suggest a critical role for Ilk in
proper outflow tract development.

2.5.3 | Itgα5 and Itgαv KOs

Integrins are heterodimeric cell adhesion receptors,
which mediate responses to ECM ligands. Integrins α5
and αv are the primary receptors for fibronectin and sup-
port angiogenesis by allowing endothelial cells to assess
their environment. KOs of fibronectin and various
integrins result in embryonic lethality, β1 integrin KOs
being preimplantation lethal. Interestingly, only
endothelial-specific KO of Itgα5 and Itgαv produced
severe outflow tract defects. While only 4% of Itgα5�/�;
Itgαv�/� animals survived to adulthood, one adult dis-
played PDA. Subsequently, PDA was discovered in sev-
eral Itgα5�/�;Itgαv+/� animals of mixed genetic
background (Figure 1R).38 Of the Tie2-cre+;Itgα5flox/flox

WT mice examined at 10 to 20 weeks, 9/10 had PDA and
half succumbed before weaning. Interestingly, these mice
were on a C57BL/6 N7 background, whereas Tie2-cre+;
Itgα5flox/� mice on a 129S4:C57BL/6 background, lacked
PDA. This suggests strain specific modifiers modulate DA
phenotypes. In addition, PDA afflicted adult mice of 10 to
20 weeks but may also contribute to premature loss of lit-
termates. This suggests the loss of Itgα5 may result in
PDAs of varying severity, some hemodynamically tolera-
ble. This discrepancy may result from background
modifiers.

2.5.4 | Fbln1 KO

Fibulin-1 (FBLN1) is a glycoprotein, which binds ECM
proteins and participates in directed cell migration dur-
ing development. Interestingly, Fbln1 upregulation is
reported in rat DA following EP4 stimulation. Ptger4�/�

mice also have decreased Fbln1 expression, suggesting
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EP4 stimulation may guide Fbln1 expression. Further-
more, when Fbln1�/� mice were generated, 7/7 pups
showed PDA 6 hours after birth with complete closure in
controls (Figure 1S).39 Fbln1�/� mice also had decreased
intimal thickening, where VSMCs migrate through the
internal elastic lamina into the subendothelial space,
facilitating DA closure. Thus, the disruption of VSMC
migration in the Fbln1�/� DA and potentially the
Ptger4�/� DA may contribute to PDA.

2.6 | Chromatin

2.6.1 | Smarca4 KO

Brahma (BRM) and Brahma-related gene 1 (BRG1; encoded
by the Smarca4 gene) are members of the SWI/SNF com-
plex, an ATP-dependent chromatin remodeling complex
thought to play a role in SMC differentiation. While global
Smarca4�/� mice die around implantation, SMC-specific
Smarca4�/� mice revealed ventricular septal defect and
PDA (33% of offspring), resulting in CHF and neonatal
death (Figure 1T).40 While Smarca4+/� offspring also show
PDA (10%), possession of functional Brm alleles appears to
be protective. Mature SMC gene expression was also lost in
the GI tract and bladder. These data support independent
roles for Smarca4 and Brm in the differentiation of SMCs
relevant for DA function.

2.6.2 | Asxl2 KO

The additional sex combs like 2 (Asxl2) gene encodes a
putative polycomb group protein likely responsible for
maintaining epigenetic gene repression through complex
assembly. The exact mechanisms are debated.86 All three
ASXL proteins (1, 2, and 3) are expressed in the outflow
tracts, ASXL2 being the most enriched. Asxl2�/� mice in a
C57BL/6 background die neonatally with PDA and severe
cyanosis (98.2%), and other CHD (22%) (Figure 1U).41

Despite PDA, histology of WT and KO tissues was indistin-
guishable, suggesting Asxl2's role in DA closure is non-
structural. Interestingly, Asxl2�/� mice on a mixed
C57BL/6;129Sv genetic background lacked PDA and neo-
natal death, highlighting the strain-dependence of PDA.

2.7 | Platelet aggregation

2.7.1 | Itga2b KO

Platelet aggregation is thought to support DA occlusion
due to the remodeling of endothelial and subendothelial

SMCs during permanent DA closure. Disrupted endothe-
lial surfaces provide access to collagen and therefore
binding surfaces for activated platelets. The integrin
alpha 2b (Itga2b) gene encodes a preprotein, which is
processed to create subunits for the integrin alpha
2b/beta 3 receptor, which contributes to platelet aggrega-
tion. Interestingly, 31% of Itga2b�/� mice showed PDA
12 hours post-delivery (Figure 1V).42 Itga2b�/� mice also
exhibited a 26% reduction in luminal platelet accumula-
tion neonatally. This decrease seems to disrupt either the
thrombotic occlusion of the DA or platelet-derived signal-
ing involved in permanent closure.

2.7.2 | Nfe2 KO

The nuclear factor erythroid 2 (Nfe2) gene encodes an
essential component of the NF-E2 protein complex,
which regulates megakaryocyte differentiation and, sub-
sequently, platelet production. Similar to Itga2b�/�,
Nfe2�/� mice present with PDA 12 hours after delivery,
though more frequently (70%), with 100% closure among
WT littermates (Figure 1W).42 Nfe2�/� mice also had
reduced platelet accumulation in the neonatal DA and
decreased luminal proliferation. The Nfe2�/� PDA was
unresponsive to indomethacin, further complicating
prostaglandin's role in DA closure. Together, the
Itga2b�/� and Nfe2�/� models suggest a role for platelet
aggregation in murine DA closure. While the studies of
platelets and DA closure in mice are limited, extensive
clinical research has had mixed findings in humans. Sev-
eral studies found associations between thrombocytope-
nia and PDA outcomes42,87 or treatment failure.88 Others
suggest that thrombocytopenia does not contribute to
PDA89 and is not associated with an increased incidence
of PDA,90,91 and that transfusions of platelets have no
effect on PDA closure.92

3 | MOUSE MODELS OF
PREMATURE DA CLOSURE

3.1 | Ntf3 KO

Neurotrophin 3 (Nt3) is a neuronal growth factor, which
activates the receptor tyrosine kinase TRKC, supporting
survival, and differentiation. Interestingly, TrkC is
expressed in the non-neuronal tissues of the heart and
outflow tracts, as well as NC cells, suggesting Nt3 may
contribute to cardiovascular development. Nt3�/� ani-
mals show variable but severe CHD.93 Interestingly, all
Nt3�/� animals show the premature closure of the DA in
utero. While mechanisms are unknown, this is likely
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related to changes in survival or differentiation of the
DA's NC-derived population.

3.2 | Gja5 KO; Gja1 Heterozygous

Gap junctions like connexins 40 (CX40/Gja5) and
43 (CX43/Gja1) contribute to cardiac conduction by facilitat-
ing electrical coupling through the movement of ions. While
CX40 and CX43 serve similar functions, they vary in expres-
sion and are differentially dispensable for cardiac formation
and survival, with Gja1�/� being nonviable.94,95 Interest-
ingly, crossing Gja5 and Gja1 KO lines indicates additive
effects of connexin deficiency on cardiac conduction.95 The
Gja5�/�;Gja1+/� offspring are particularly interesting, as
they are nonviable and show premature constriction of the
DA at e18.5, in conjunction with severe CHD.

4 | PHARMACOLOGICAL MODELS
IN MICE

In addition to genetic models, pharmacological models that
stimulate or inhibit particular pathways have proven valu-
able for interrogating PDA. An example is the use of the
selective COX-1 and COX-2 inhibitors. Prolonged treatment
of dams with COX-1 and COX-2 inhibitors during late ges-
tation (D15-D18) leads to PDA, whereas acute treatment in
term animals (D19) results in constriction.52-54 Mid-
gestational (D11-D15) treatment produced no phenotype.53

These results support initial clinical findings of PDA follow-
ing administration of nonselective COX inhibitors as
tocolytics in women at risk for preterm labor.50,51,96

Aminoglycoside antibiotics (gentamicin)97 and certain
antacids, which inhibit cytochrome P450 enzymes (cimet-
idine)98 also cause PDA in mice. A recent cohort study
confirmed the role of gentamicin in human PDA99 and
cimetidine studies originated from human clinical obser-
vations.98,100 Antibiotics, antacids, and COX inhibitors
are routinely used in the treatment of pregnant women
and neonates, emphasizing the utility of these animal
models. Pharmacologic models also exist in other
rodents, where vasodilatory mediators (PGE2, atrial natri-
uretic peptide, MgSO4, furosemide, phosphodiesterase
3 antagonists, endothelin receptor antagonists) or envi-
ronmental perturbations (hypothermia, hypoxia, copper
deficiency, LPS-induced inflammation) result in PDA.

5 | PDA IN HUMAN GENETIC
SYNDROMES

Human PDA has a complicated and multi-factorial
genetic etiology.101 PDA likely exists as two overlapping

disorders, with preterm PDA arising from prematurity,
and term PDA from genetic alterations. Furthermore,
PDA exists in syndromic and nonsyndromic forms, the
former being more common in term PDA.102 A genetic
basis for PDA is supported by (a) higher concordance
rates of PDA in monozygotic vs dizygotic twins,
(b) familial PDA with specific chromosomal deletions/
mutations, (c) genetic polymorphisms conferring suscep-
tibility to PDA, and (d) human dysmorphic syndromes
with PDA and polygenic or monogenic inheritance.

To better understand the genes crucial for DA devel-
opment and function, we searched multiple databases for
single-gene syndromes associated with PDA. Using data
from OMIM, GeneCards, Human Phenotype Ontology,
DisGeNET, FindZebra, GeneReviews, and UniProtKB, a
pooled list of n = 224 human single-gene syndromes
associated with PDA was generated (Table S2). PDA asso-
ciations were verified through original sources (PMIDs
provided). Deletion and duplication syndromes resulting
in PDA were also compiled (Table S3). Two hundred and
twenty-four candidate effectors were assessed for protein-
protein interactions (PPI) using STRING V11.0. One hun-
dred and forty-eight proteins were identified as part of a
high confidence PPI network (Figure 2). The use of
a blind vote counting strategy between single-gene syn-
dromes and known mouse models revealed n = 10 genes
associated with PDA in both mice and man (Figure 3,
Table S4). This list contained several known PDA regula-
tory genes, including HPGD, MYH11, JAG1-NOTCH, and
TFAP2B. Due to irregular naming conventions
and incomplete information on cross-species orthologues,
the molecular function of mouse and human PDA-
associated genes was compared. For top molecular func-
tion categories, 9/20 were common between mouse and
human, suggesting higher levels of concordance than by
gene name alone. A curated list of n = 41 human single-
gene syndromes consistently associated with PDA was
derived from the GeneReviews database, to gauge the fre-
quency of PDA in each syndrome (Table 1). Collectively,
these data reveal similarities in the genetic landscape of
PDA in mice and humans and identify pathways key for
the regulation of fetal DA patency and postnatal closure.

6 | DISCUSSION

PDA is a clinically relevant disorder of impaired circula-
tory adaptation to newborn life. Despite the knowledge
of risk factors,103 current PDA treatment options are lim-
ited and the decision when or whether to treat remains
an ongoing dilemma.104,105 An understanding of the DA's
complex molecular, environmental, and genetic regula-
tion would benefit efforts to develop therapies, limit drug
exposure, identify patients at risk for drug toxicity or
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treatment failure, and develop patient-specific
pharmacogenomic approaches. We recently conducted a
transcriptomic meta-analysis using published rodent
microarrays and human preterm RNAseq data to identify
candidate effectors involved in DA development and
function.43 Although species and gestation-stage differ-
ences of the data limited comparisons, 11 genes were
found to be significantly up-regulated in the DA

compared to the aorta in both rodent and human tissues.
Two genes, PTGER4 and TFAP2B, have associated mouse
models of PDA, supporting the notion that the correla-
tion of human single-gene syndromes and rodent models
are useful for the study of PDA.

Prostaglandin signaling plays a key role in DA tone.
COX-1- and COX-2-derived PGE2 stimulates DA dilation
through EP receptors, chief of which is EP4.

43,106,107 This

FIGURE 2 Protein-protein interaction (PPI) network of effectors in PDA-associated human single-gene syndromes. Human single-gene

syndromes associated with PDA were used to construct a list of 224 potential effectors of DA function. This list was blindly assessed for

known and predicted PPI including both direct (physical) and indirect (functional) associations using STRING 11.0. A minimum interaction

score of 0.7 was selected representing a high confidence interval. The resulting network contains 219 proteins (nodes) and 256 interactions

(edges) with a PPI enrichment P value of less than 1.0e-16. Seventy-one proteins were removed, as they lacked high confidence interactions.

Edge thickness represents the confidence score of the PPI. Red stars indicate proteins with associated mouse models of PDA
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PGE2-mediated dilation maintains DA patency through-
out late gestation. Upon birth, the newly inflated lungs
catabolize circulating PGE2 via HPGD. Decreased circu-
lating PGE2 and oxygen-stimulated constriction lead to
the initial muscular DA closure shortly after birth.108

Additional studies implicate the PGE2-EP4 axis in the
remodeling of the fetal DA. EP4-driven, adenylyl cyclase
6-mediated109 hyaluronic acid deposition supports the
migration of VSMCs from the media, through the elastic
lamina, and into the subendothelial space to form intimal
cushions, structures potentially key for DA closure in
larger animals.44,47 In addition, EP4-driven EPAC1 activ-
ity promotes VSMC migration into the subendothelial
space110 and an EP4-mediated inhibition in elastogenesis
and LOX expression contributes to remodeling.44,111 Four
mouse models of PDA target key prostaglandin signaling
genes, highlighting this pathway's significance for DA
development and function. Of note, the disruption of the
prostaglandin pathway during late- but not mid-gesta-
tion, in mice or humans, results in PDA, not premature
constriction, contrary to expectations for the removal of a
dilatory stimulus. This suggests a developmental pro-
gramming role for the PGE2-EP4, axis which warrants
further investigation.

Monoallelic mutations in TFAP2B are associated with
both Char syndrome-associated PDA20,32,78 and single
nucleotide mutation-based nonsyndromic PDA.79,80

TFAP2B likely regulates proliferation and differentiation
during DA development, although the lack of defined
downstream pathways and KO phenotypes makes this

difficult to assess. Tfap2b expression is required for the
expression of hypoxia-inducible factor 2a (Hif2a) and
endothelin-1 (Et-1). Tfap2b�/� animals also show
decreased maturity in DA SMCs. Notably, Tfap2b is
highly enriched in the DA vs aorta and was found signifi-
cant by every rodent microarray in which it was
assessed.43 TFAP2B's role in the differentiation of DA
SMCs via HIF2A, ET-1, and other downstream effectors
requires further investigation to fully understand its con-
tribution to DA development and function.

Currently, animal models are the primary means for
studying DA regulatory mechanisms. Due to their well-
defined genetic composition, manageable size, short life
span, ease of breeding, and litter size, mice are perhaps
the most widely used of these models. To determine
whether PDA-associated genes in KO mice relate to
human disease, we used online genetic databases to com-
pile a comprehensive list of 224 single-gene syndromes
(Table S2) as well as 14 chromosomal deletions, duplica-
tions, or additions associated with PDA (Table S3). Of
these 224 candidate effectors, 148 proteins were found to
have high confidence PPI (Figure 2), suggesting these
proteins may function as a coordinated network to regu-
late DA function. Several syndromes with associated
mouse models such as Char syndrome (TFAP2B) and
Alagille syndrome (JAG1) have well-known associations
with PDA. Conversely, HPGD and NOTCH genes (2 and
3) are more associated with PDA in mice. Only 10/28
known mouse models of PDA have human syndrome
correlates (Figure 3), but 9 of those correlates showed

FIGURE 3 Overlap of mouse models of PDA with associated human single-gene syndromes. Ten of the 28 identified mouse models of

PDA were found to have correlated in the compiled list of 224 human single-gene syndromes with PDA. The full table of human single-gene

syndromes with PDA is shown in Table S4
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TABLE 1 Genetic syndromes in GeneReviews citing PDA as a consistent clinical feature (n = 41 syndromes)

Syndrome Gene(s)
Inheritance
mode

PDA
frequency

Char syndrome TFAP2B AD High

Cantú syndrome ABCC9, KCNJ8 AD 50%

Myhre syndrome SMAD4 AD 20%

7q11.23 duplication syndrome 1.5- to 1.8-Mb deletion in Williams-Beuren
syndrome critical region (ELN)

AD 15%-21%

Mowat-Wilson syndrome ZEB2 AD Moderate

Timothy syndrome CACNA1C AD Moderate?

Loeys-Dietz syndrome SMAD2, SMAD3, TGFB2, TGFB3, TGFBR1,
or TGFBR2

AD Low

McKusick-Kaufman syndrome MKKS AR Low

3q29 recurrent deletion hg38 chr3:195998129-197623129 AD 12%

Heritable thoracic aortic aneurysms and
dissections

ACTA2, MYH11,TGFBR2 AD Variable

Warsaw syndrome DDX11 AR Low

X-linked Opitz G/BBB syndrome MID1 XL Low

Weill-Marchesani syndrome ADAMTS10 AR Low

FLNA-related periventricular nodular
heterotopia

FLNA XL Low

MED12-related disorders MED12 XL Low

Roberts syndrome ESCO2 AR Low

Fanconi anemia FANCA,-B,-C,-D2,-E,-F,-G,-I;BRCA2, BRIP1 AR (mainly) Low

Treacher Collins syndrome TCOF1 or POLR1D AD (mainly) Low

Phelan-McDermid syndrome 22q13.3 deletion (SHANK3) AD Low

1q21.1 recurrent microdeletion 1.35 Mb [hg36 @145-146.35 Mb] AD Low

EZH2-related overgrowth EZH2 AD Low

Mandibulofacial dysostosis with
microcephaly

EFTUD2 AD Low

G6PC3 deficiency G6PC3 AR Low

Burn-McKeown syndrome TXNL4A AR Low

SUCLG1-related mtDNA depletion SUCLG1 AR Low

FBXL4-related mtDNA depletion syndrome FBXL4 AR Low

Xq28 duplication syndrome 0.5 Mb [Hg19@154.1 Mb to 154.6 Mb] XL Low

Simpson-Golabi-Behmel syndrome type 1 GPC3 XL Low

Rubinstein-Taybi syndrome CREBBP, EP300 AD Low

Heritable Pulmonary arterial hypertension BMPR2 AD Low

Feingold syndrome 1 MYCN AD Low

KAT6B disorders KAT6B AD Low

Coffin-Siris syndrome ARID1A, ARID1B, SMARCA4, SMARCB1,
SMARCE1, SOX11

AD Low

Cranioectodermal dysplasia IFT122 (previously WDR10), WDR35 (IFT121),
WDR19 (IFT144), or IFT43
(previously C14orf179)

AR Low

16p12.2 recurrent deletion 520-kb @16p12.2 AD Low

17q12 recurrent deletion syndrome 1.4 Mb [chr17: 34,815,072-36,192,492] AD Low
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high confidence PPI in our interaction network
(Figure 2). Interspecies gene comparison is compli-
cated by irregular naming conventions and orthologue
conservation, which prevents direct comparisons.
However, using functional annotation tools, we
observed notable overlap between mouse models and
human PDA syndromes in GO Biological Process
(41.6%) (Figure 4), GO Cellular Component (37.5%),
GO Molecular Function (48.0%), KEGG (66.7%), and
UniProt (UP) Keywords (37.9%) (Table S5). While
strong matches in GO Biological Process terms associ-
ated with heart and vascular development, patterning,
or morphogenesis were expected, the number of GO
terms related to RNA and DNA regulation coupled
with “nucleoplasm” and “nucleus” lends more support

to the idea that DA closure is a conserved, developmen-
tally programmed event.

Although concordance between mouse and human
PDA-associated genes was modest (10/28) (Table S4),
clinical data suggest the 18 noncorrelated mouse models
may prove informative for human PDA. For example,
while no known PTGS (1 or 2) or PTGER4 mutations are
associated with human PDA, the pharmacologic inhibi-
tion of COX enzymes in utero is linked to PDA in new-
borns.50,51,96,112,113 Similarly, while the mutations of
platelet genes Itga2b and Nfe2 confer PDA in mice but
not humans, thrombocytopenia and various platelet indi-
ces correlate with PDA in preterm infants.42,114 Informa-
tion from some mouse models is even contradictory.
While compound mutations in mouse Gja5;Gja1 gap

FIGURE 4 “Tornadogram” of top 20 GO molecular function (MF) terms common between known mouse models of patent ductus

arteriosus (PDA) and human single-gene syndromes with PDA. Genes known to be associated with PDA in mouse models (blue) and genes

associated with PDA single-gene syndromes in humans (orange) were categorized by GO MF (DAVID), plotted by P value, and compared

across platforms. The number of genes represented in each category is displayed at the end of each bar. Like terms (n = 9) are connected by

green lines

TABLE 1 (Continued)

Syndrome Gene(s)
Inheritance
mode

PDA
frequency

EED-related overgrowth EED AD Low

Weiss-Kruszka syndrome ZNF462 AD Low

Aymé-Gripp syndrome MAF AD Low

Emanuel syndrome duplication of 22q10-22q11 and duplication of
11q23-qter

AD Low

Sotos syndrome NSD1 AD Low

Abbreviation: PDA, patent ductus arteriosus.
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junction genes result in premature DA constriction,
humans with GJA1 mutations have PDA. Despite incon-
sistencies, deeper examination of candidate genes from
mouse models will likely be informative for human PDA.

Our strategy comparing mouse KO models to human
single-gene syndromes with PDA has limitations. PDA
may be polygenic or occur through epigenetic
misregulation. Our search focused on the coding region
mutations of single genes, but recent cardiovascular
genetic studies suggest noncoding de novo variants may
be important for CHD.115 PDA might also be secondary,
resulting from the abnormal hemodynamics of complex
CHD. Although enumerable human disorders have been
modeled with KO mice, genetic dissimilarities exist in
DA development between mice and humans.43 Screening
strategies based on KO genes may overlook other single-
gene regulatory mechanisms. For example, Cantú syn-
drome patients, frequently affected by PDA, have
monoallelic activating mutations in ABCC9 or KCNJ8,
which form KATP channels. Mouse models mimicking
constitutive activation of Abcc9 and Kcnj8 have not been
evaluated for PDA, although pharmacologic studies in
mice correlate to the Cantú PDA phenotype.116 In other
cases, a genetically defined PDA phenotype in humans
may be overlooked in mice. TBX1 mutations associated
with 22q11 deletions and DiGeorge or velocardiofacial
syndrome correlate with PDA. However, DA patency was
not assessed in Tbx1 KO mice despite the cyanosis and
neonatal lethality common in mouse models of PDA.117

Of the 214 human single-gene syndromes, which lack a
corresponding mouse PDA model, 68 genes display
embryonic lethality when deleted in mice and an addi-
tional 61 genes lack mouse models altogether. More
importantly, mice with the targeted deletion of one of
26 genes corresponding to a human single-gene syn-
drome exhibit neonatal lethality, consistent with PDA;
however, their DA status was not reported. We also rec-
ognize that compensation for genetic mutations is
species-specific and genotype-phenotype correlations
may vary in mice and humans. For example, several
mouse models lack PDA despite a corresponding human
single-gene syndrome with PDA, including ACTA2,118

MKKS,119 SLC25A24,120 and others. Furthermore, KO
mice created to study PDA sometimes lack a phenotype,
including KOs for endothelin ET-A receptor,121 cyto-
chrome P450 enzyme Cyp3a,122 PGE synthetic enzyme
mPGES1,123 and Prx1 and Prx2 homeobox genes.124 Our
comparisons may also suffer from the limiting nature of
database searches. OMIM and other resources are not
constantly curated, leading to possible omissions of
human single-gene syndromes associated with PDA that
are too recent for inclusion, precluding an exhaustive
compendium.

Our focus on KO mice is also complicated by strain-
selective modifiers, which alter penetrance or severity of
some cardiovascular phenotypes,125 possibly including
PDA. Furthermore, 4/28 mouse models of PDA had
decreased phenotype severity on different backgrounds
(Ptger4�/�, Itgα5�/�;Itgαv+/�, Hand2�/�, and Asxl2�/�).
For unknown reasons, mice on C57Bl/6 backgrounds
seem particularly susceptible to PDA phenotypes
(Table S1). Many KO mice are never outcrossed to wholly
different backgrounds, concealing potential PDA pheno-
types. Finally, our comparison of mouse KO models to
human single-gene syndromes does not separate isolated
PDA from PDA coexisting with complex CHD since our
goal was a broad-based and inclusive screen.

In addition to single-gene syndromes, single nucleotide
polymorphisms (SNPs) and single-gene variants can indi-
cate susceptibility to PDA. SNPs in TFAP2B, tumor necro-
sis factor (TNF) receptor associated factor 1 (TRAF1),126

angiotensin II receptor type 1 (AGTR1),127 elastin,128

methylenetetrahydrofolate reductase (MTHFR),129 and
multiple other genes predispose infants to PDA. In addi-
tion, genetic variants in the CYP2C9 enzyme are associ-
ated with increased risk of indomethacin treatment failure
in preterm neonates.130 SNPs, generally defined as occur-
ring in >1% of the population, and rare variants occurring
in <1% of the population certainly contribute to syndromic
disorders, although distinctions between these are conten-
tious and vary between populations.131 The involvement
of SNPs and variants in PDA is a rapidly evolving field of
research.132 While our search for single-gene syndromes
did identify several SNPs and rare variants, there is insuffi-
cient information to interpret their contributions to DA
biology or pharmacogenomics133 at this time.

In summary, the expanding number of the mouse
models of PDA, while not a perfect proxy for human vas-
cular development, provides valuable information on
vascular transition at birth and much-needed research
tools to study the mechanisms of DA development.134

Mouse models of PDA implicate important gene networks
and multiple pathways that may be involved in human
PDA. Comparison and functional analyses of mouse and
human PDA-associated genes will provide a better under-
standing of key regulatory steps that may serve as poten-
tial therapeutic targets for the management of PDA.

ACKNOWLEDGMENTS
We are grateful to Jean-Philippe Cartailler, Ph.D., of the
Vanderbilt Creative Data Solutions (CDS) shared
resource for his contributions to protein-protein interac-
tion analysis, data interpretation, and figure construction.
Graphical abstract PDA illustrations were adapted with
permission134; the images of human 25-week fetus and
mouse newborn pup were adapted from BioRender.com

438 YARBORO ET AL.

http://biorender.com


(2021); molecular interactions were modeled using
OmicsNet. This work was supported by the National
Institutes of Health (HL128386 to J. R., T32 HD007502 to
M. T. Y.) and the American Heart Association
(18PRE34060243 to M. T. Y.).

CONFLICT OF INTEREST
The authors declare no conflicts of interest either person-
ally or financially.

AUTHOR CONTRIBUTIONS
Michael Yarboro: Conceptualization; data curation;
funding acquisition; investigation; methodology; valida-
tion; visualization; writing - original draft; writing-
review & editing. Srirupa Gopal: Data curation; formal
analysis; methodology; writing - original draft; writing-
review & editing. Rachel Su: Data curation; methodol-
ogy; writing - original draft. Thomas Morgan: Data
curation; methodology; visualization; writing - original
draft. Jeff Reese: Conceptualization; data curation; for-
mal analysis; funding acquisition; methodology; supervi-
sion; validation; visualization; writing - original draft;
writing-review & editing.

DATA AVAILABILITY STATEMENT
Supporting data are available in the article and online
supplementary material.

ETHICS STATEMENT
No human or animal subjects were recruited or used in
the creation of this review.

ORCID
Jeff Reese https://orcid.org/0000-0001-8751-6146

REFERENCES
1. Lloyd TR, Beekman RH 3rd. Clinically silent patent ductus

arteriosus. Am Heart J. 1994;127(6):1664-1665. https://doi.org/
10.1016/0002-8703(94)90415-4

2. Hammerman C. Patent ductus arteriosus. Clinical relevance
of prostaglandins and prostaglandin inhibitors in PDA patho-
physiology and treatment. Clin Perinatol. 1995;22(2):457-479.

3. Gillam-Krakauer M, Reese J. Diagnosis and management of
patent ductus arteriosus. NeoRev. 2018;19(7):e394-e402.
https://doi.org/10.1542/neo.19-7-e394

4. Hamrick SEG, Sallmon H, Rose AT, et al. Patent ductus arte-
riosus of the preterm infant. Pediatrics. 2020;146(5):
e20201209. https://doi.org/10.1542/peds.2020-1209

5. Crockett SL, Berger CD, Shelton EL, Reese J. Molecular and
mechanical factors contributing to ductus arteriosus patency
and closure. Congenit Heart Dis. 2019;14(1):15-20. https://doi.
org/10.1111/chd.12714

6. Siegel RE. Galen's experiments and observations on pulmo-
nary blood flow and respiration. Am J Cardiol. 1962;10:738.

7. Cassels DE. In: Thomas CC, ed. The Ductus Arteriosus. Spring-
field, IL: Charles C Thomas; 1973.

8. Hornblad PY. Embryological observations of the ductus arteri-
osus in the Guinea-pig, rabbit, rat and mouse. Studies on clo-
sure of the ductus arteriosus. IV. Acta Physiol Scand. 1969;
76(1):49-57. https://doi.org/10.1111/j.1748-1716.1969.tb04450.x

9. Smith GC. The pharmacology of the ductus arteriosus.
Pharmacol Rev. 1998;50(1):35-58.

10. Phifer-Rixey M, Nachman MW. Insights into mammalian
biology from the wild house mouse Mus musculus. Elife. 2015;
4. https://doi.org/10.7554/eLife.05959

11. Nguyen M, Camenisch T, Snouwaert JN, et al. The prosta-
glandin receptor EP4 triggers remodelling of the cardiovascu-
lar system at birth. Nature. 1997;390(6655):78-81. https://doi.
org/10.1038/36342

12. Segi E, Sugimoto Y, Yamasaki A, et al. Patent ductus arteri-
osus and neonatal death in prostaglandin receptor
EP4-deficient mice. Biochem Biophys Res Commun. 1998;
246(1):7-12. https://doi.org/10.1006/bbrc.1998.8461

13. Stoller JZ, Demauro SB, Dagle JM, Reese J. Current perspec-
tives on pathobiology of the ductus arteriosus. J Clin Exp Car-
diolog. 2012;8(1):S8-001. https://doi.org/10.4172/2155-9880.
S8-001

14. Lamy M, De Grouchy J, Schweisguth O. Genetic and non-
genetic factors in the etiology of congenital heart disease: a
study of 1188 cases. Am J Hum Genet. 1957;9(1):17-41.

15. Polani PE, Campbell M. Factors in the causation of persistent
ductus arteriosus. Ann Hum Genet. 1960;24:343-357. https://
doi.org/10.1111/j.1469-1809.1960.tb01747.x

16. Lavoie PM, Pham C, Jang KL. Heritability of bron-
chopulmonary dysplasia, defined according to the consensus
statement of the national institutes of health. Pediatrics. 2008;
122(3):479-485. https://doi.org/10.1542/peds.2007-2313

17. Bhandari V, Zhou G, Bizzarro MJ, et al. Genetic contribution to
patent ductus arteriosus in the premature newborn. Pediatrics.
2009;123(2):669-673. https://doi.org/10.1542/peds.2008-1117

18. Mani A, Meraji SM, Houshyar R, et al. Finding genetic contri-
butions to sporadic disease: a recessive locus at 12q24 com-
monly contributes to patent ductus arteriosus. Proc Natl Acad
Sci USA. 2002;99(23):15054-15059. https://doi.org/10.1073/
pnas.192582999

19. Khau Van Kien P, Mathieu F, Zhu L, et al. Mapping of famil-
ial thoracic aortic aneurysm/dissection with patent ductus
arteriosus to 16p12.2-p13.13. Circulation. 2005;112(2):200-206.
https://doi.org/10.1161/CIRCULATIONAHA.104.506345

20. Mani A, Radhakrishnan J, Farhi A, et al. Syndromic patent
ductus arteriosus: evidence for haploinsufficient TFAP2B
mutations and identification of a linked sleep disorder. Proc
Natl Acad Sci USA. 2005;102(8):2975-2979. https://doi.org/10.
1073/pnas.0409852102

21. Waleh N, Hodnick R, Jhaveri N, et al. Patterns of gene expression
in the ductus arteriosus are related to environmental and genetic
risk factors for persistent ductus patency. Pediatr Res. 2010;68(4):
292-297. https://doi.org/10.1203/PDR.0b013e3181ed8609

22. Loftin CD, Trivedi DB, Tiano HF, et al. Failure of ductus arte-
riosus closure and remodeling in neonatal mice deficient in
cyclooxygenase-1 and cyclooxygenase-2. Proc Natl Acad Sci
USA. 2001;98(3):1059-1064. https://doi.org/10.1073/pnas.
031573498

YARBORO ET AL. 439

https://orcid.org/0000-0001-8751-6146
https://orcid.org/0000-0001-8751-6146
https://doi.org/10.1016/0002-8703(94)90415-4
https://doi.org/10.1016/0002-8703(94)90415-4
https://doi.org/10.1542/neo.19-7-e394
https://doi.org/10.1542/peds.2020-1209
https://doi.org/10.1111/chd.12714
https://doi.org/10.1111/chd.12714
https://doi.org/10.1111/j.1748-1716.1969.tb04450.x
https://doi.org/10.7554/eLife.05959
https://doi.org/10.1038/36342
https://doi.org/10.1038/36342
https://doi.org/10.1006/bbrc.1998.8461
https://doi.org/10.4172/2155-9880.S8-001
https://doi.org/10.4172/2155-9880.S8-001
https://doi.org/10.1111/j.1469-1809.1960.tb01747.x
https://doi.org/10.1111/j.1469-1809.1960.tb01747.x
https://doi.org/10.1542/peds.2007-2313
https://doi.org/10.1542/peds.2008-1117
https://doi.org/10.1073/pnas.192582999
https://doi.org/10.1073/pnas.192582999
https://doi.org/10.1161/CIRCULATIONAHA.104.506345
https://doi.org/10.1073/pnas.0409852102
https://doi.org/10.1073/pnas.0409852102
https://doi.org/10.1203/PDR.0b013e3181ed8609
https://doi.org/10.1073/pnas.031573498
https://doi.org/10.1073/pnas.031573498


23. Coggins KG, Latour A, Nguyen MS, Audoly L, Coffman TM,
Koller BH. Metabolism of PGE2 by prostaglandin dehydroge-
nase is essential for remodeling the ductus arteriosus. Nat
Med. 2002;8(2):91-92. https://doi.org/10.1038/nm0202-91

24. Chang HY, Locker J, Lu R, Schuster VL. Failure of postnatal
ductus arteriosus closure in prostaglandin transporter-
deficient mice. Circulation. 2010;121(4):529-536. https://doi.
org/10.1161/CIRCULATIONAHA.109.862946

25. Huang J, Cheng L, Li J, et al. Myocardin regulates expression
of contractile genes in smooth muscle cells and is required for
closure of the ductus arteriosus in mice. J Clin Invest. 2008;
118(2):515-525. https://doi.org/10.1172/JCI33304

26. Yajima I, Colombo S, Puig I, et al. A subpopulation of smooth
muscle cells, derived from melanocyte-competent precursors,
prevents patent ductus arteriosus. PLoS One. 2013;8(1):
e53183. https://doi.org/10.1371/journal.pone.0053183

27. Morano I, Chai GX, Baltas LG, et al. Smooth-muscle contrac-
tion without smooth-muscle myosin. Nat Cell Biol. 2000;2(6):
371-375. https://doi.org/10.1038/35014065

28. Feng X, Krebs LT, Gridley T. Patent ductus arteriosus in mice
with smooth muscle-specific Jag1 deletion. Development.
2010;137(24):4191-4199. https://doi.org/10.1242/dev.052043

29. Baeten JT, Jackson AR, McHugh KM, Lilly B. Loss of Notch2
and Notch3 in vascular smooth muscle causes patent ductus
arteriosus. Genesis. 2015;53(12):738-748. https://doi.org/10.
1002/dvg.22904

30. Krebs LT, Norton CR, Gridley T. Notch signal reception is
required in vascular smooth muscle cells for ductus arteriosus
closure. Genesis. 2016;54(2):86-90. https://doi.org/10.1002/
dvg.22916

31. Levet S, Ouarne M, Ciais D, et al. BMP9 and BMP10 are nec-
essary for proper closure of the ductus arteriosus. Proc Natl
Acad Sci USA. 2015;112(25):E3207-E3215. https://doi.org/10.
1073/pnas.1508386112

32. Zhao F, Bosserhoff AK, Buettner R, Moser M. A heart-hand
syndrome gene: Tfap2b plays a critical role in the develop-
ment and remodeling of mouse ductus arteriosus and limb
patterning. PLoS One. 2011;6(7):e22908. https://doi.org/10.
1371/journal.pone.0022908

33. Winnier GE, Kume T, Deng K, et al. Roles for the winged
helix transcription factors MF1 and MFH1 in cardiovascular
development revealed by nonallelic noncomplementation of
null alleles. Dev Biol. 1999;213(2):418-431. https://doi.org/10.
1006/dbio.1999.9382

34. Quintero-Rivera F, Xi QJ, Keppler-Noreuil KM, et al. MATR3
disruption in human and mouse associated with bicuspid aor-
tic valve, aortic coarctation and patent ductus arteriosus. Hum
Mol Genet. 2015;24(8):2375-2389. https://doi.org/10.1093/
hmg/ddv004

35. Tamura M, Hosoya M, Fujita M, et al. Overdosage of Hand2
causes limb and heart defects in the human chromosomal dis-
order partial trisomy distal 4q. Hum Mol Genet. 2013;22(12):
2471-2481. https://doi.org/10.1093/hmg/ddt099

36. Staiculescu MC, Kim J, Mecham RP, Wagenseil JE. Mechani-
cal behavior and matrisome gene expression in the aneurysm-
prone thoracic aorta of newborn lysyl oxidase knockout mice.
Am J Physiol Heart Circ Physiol. 2017;313(2):H446-H456.
https://doi.org/10.1152/ajpheart.00712.2016

37. Shen D, Li J, Lepore JJ, et al. Aortic aneurysm generation in
mice with targeted deletion of integrin-linked kinase in

vascular smooth muscle cells. Circ Res. 2011;109(6):616-628.
https://doi.org/10.1161/CIRCRESAHA.110.239343

38. van der Flier A, Badu-Nkansah K, Whittaker CA, et al. Endo-
thelial alpha5 and alphav integrins cooperate in remodeling
of the vasculature during development. Development. 2010;
137(14):2439-2449. https://doi.org/10.1242/dev.049551

39. Ito S, Yokoyama U, Nakakoji T, et al. Fibulin-1 integrates sub-
endothelial extracellular matrices and contributes to anatomi-
cal closure of the ductus arteriosus. Arterioscler Thromb Vasc
Biol. 2020;40(9):2212-2226. https://doi.org/10.1161/
ATVBAHA.120.314729

40. Zhang M, Chen M, Kim JR, et al. SWI/SNF complexes con-
taining Brahma or Brahma-related gene 1 play distinct roles
in smooth muscle development. Mol Cell Biol. 2011;31(13):
2618-2631. https://doi.org/10.1128/MCB.01338-10

41. McGinley AL, Li Y, Deliu Z, Wang QT. Additional sex combs-
like family genes are required for normal cardiovascular
development. Genesis. 2014;52(7):671-686. https://doi.org/10.
1002/dvg.22793

42. Echtler K, Stark K, Lorenz M, et al. Platelets contribute to
postnatal occlusion of the ductus arteriosus. Nat Med. 2010;
16(1):75-82. https://doi.org/10.1038/nm.2060

43. Yarboro MT, Durbin MD, Herington JL, et al. Transcriptional
profiling of the ductus arteriosus: comparison of rodent
microarrays and human RNA sequencing. Semin Perinatol.
2018;42(4):212-220. https://doi.org/10.1053/j.semperi.2018.
05.003

44. Yokoyama U, Iwatsubo K, Umemura M, Fujita T, Ishikawa Y.
The prostanoid EP4 receptor and its signaling pathway.
Pharmacol Rev. 2013;65(3):1010-1052. https://doi.org/10.1124/
pr.112.007195

45. Schneider A, Guan Y, Zhang Y, et al. Generation of a condi-
tional allele of the mouse prostaglandin EP4 receptor. Genesis.
2004;40(1):7-14. https://doi.org/10.1002/gene.20048

46. Ivey KN, Srivastava D. The paradoxical patent ductus arteri-
osus. J Clin Invest. 2006;116(11):2863-2865. https://doi.org/10.
1172/JCI30349

47. Yokoyama U, Minamisawa S, Quan H, et al. Chronic activa-
tion of the prostaglandin receptor EP4 promotes hyaluronan-
mediated neointimal formation in the ductus arteriosus.
J Clin Invest. 2006;116(11):3026-3034. https://doi.org/10.1172/
JCI28639

48. Vane JR, Bakhle YS, Botting RM. Cyclooxygenases 1 and 2.
Annu Rev Pharmacol Toxicol. 1998;38:97-120. https://doi.org/
10.1146/annurev.pharmtox.38.1.97

49. Reese J, Paria BC, Brown N, Zhao X, Morrow JD, Dey SK.
Coordinated regulation of fetal and maternal prostaglandins
directs successful birth and postnatal adaptation in the mouse.
Proc Natl Acad Sci USA. 2000;97(17):9759-9764. https://doi.
org/10.1073/pnas.97.17.9759

50. Norton ME, Merrill J, Cooper BA, Kuller JA, Clyman RI. Neo-
natal complications after the administration of indomethacin
for preterm labor. N Engl J Med. 1993;329(22):1602-1607.
https://doi.org/10.1056/NEJM199311253292202

51. Hammerman C, Glaser J, Kaplan M, Schimmel MS, Ferber B,
Eidelman AI. Indomethacin tocolysis increases postnatal pat-
ent ductus arteriosus severity. Pediatrics. 1998;102(5):E56.
https://doi.org/10.1542/peds.102.5.e56

52. Loftin CD, Trivedi DB, Langenbach R. Cyclooxygenase-
1-selective inhibition prolongs gestation in mice without

440 YARBORO ET AL.

https://doi.org/10.1038/nm0202-91
https://doi.org/10.1161/CIRCULATIONAHA.109.862946
https://doi.org/10.1161/CIRCULATIONAHA.109.862946
https://doi.org/10.1172/JCI33304
https://doi.org/10.1371/journal.pone.0053183
https://doi.org/10.1038/35014065
https://doi.org/10.1242/dev.052043
https://doi.org/10.1002/dvg.22904
https://doi.org/10.1002/dvg.22904
https://doi.org/10.1002/dvg.22916
https://doi.org/10.1002/dvg.22916
https://doi.org/10.1073/pnas.1508386112
https://doi.org/10.1073/pnas.1508386112
https://doi.org/10.1371/journal.pone.0022908
https://doi.org/10.1371/journal.pone.0022908
https://doi.org/10.1006/dbio.1999.9382
https://doi.org/10.1006/dbio.1999.9382
https://doi.org/10.1093/hmg/ddv004
https://doi.org/10.1093/hmg/ddv004
https://doi.org/10.1093/hmg/ddt099
https://doi.org/10.1152/ajpheart.00712.2016
https://doi.org/10.1161/CIRCRESAHA.110.239343
https://doi.org/10.1242/dev.049551
https://doi.org/10.1161/ATVBAHA.120.314729
https://doi.org/10.1161/ATVBAHA.120.314729
https://doi.org/10.1128/MCB.01338-10
https://doi.org/10.1002/dvg.22793
https://doi.org/10.1002/dvg.22793
https://doi.org/10.1038/nm.2060
https://doi.org/10.1053/j.semperi.2018.05.003
https://doi.org/10.1053/j.semperi.2018.05.003
https://doi.org/10.1124/pr.112.007195
https://doi.org/10.1124/pr.112.007195
https://doi.org/10.1002/gene.20048
https://doi.org/10.1172/JCI30349
https://doi.org/10.1172/JCI30349
https://doi.org/10.1172/JCI28639
https://doi.org/10.1172/JCI28639
https://doi.org/10.1146/annurev.pharmtox.38.1.97
https://doi.org/10.1146/annurev.pharmtox.38.1.97
https://doi.org/10.1073/pnas.97.17.9759
https://doi.org/10.1073/pnas.97.17.9759
https://doi.org/10.1056/NEJM199311253292202
https://doi.org/10.1542/peds.102.5.e56


adverse effects on the ductus arteriosus. J Clin Invest. 2002;
110(4):549-557. https://doi.org/10.1172/JCI14924

53. Reese J, Anderson JD, Brown N, Roman C, Clyman RI. Inhi-
bition of cyclooxygenase isoforms in late- but not
midgestation decreases contractility of the ductus arteriosus
and prevents postnatal closure in mice. Am J Physiol Regul
Integr Comp Physiol. 2006;291(6):R1717-R1723. https://doi.
org/10.1152/ajpregu.00259.2006

54. Reese J, Waleh N, Poole SD, Brown N, Roman C, Clyman RI.
Chronic in utero cyclooxygenase inhibition alters
PGE2-regulated ductus arteriosus contractile pathways and
prevents postnatal closure. Pediatr Res. 2009;66(2):155-161.
https://doi.org/10.1203/PDR.0b013e3181aa07eb

55. Loftin CD, Tiano HF, Langenbach R. Phenotypes of the COX-
deficient mice indicate physiological and pathophysiological
roles for COX-1 and COX-2. Prostaglandins Other Lipid
Mediat. 2002;68–69:177-185. https://doi.org/10.1016/s0090-
6980(02)00028-x

56. Yu Y, Fan J, Chen XS, et al. Genetic model of selective COX2
inhibition reveals novel heterodimer signaling. Nat Med.
2006;12(6):699-704. https://doi.org/10.1038/nm1412

57. Kulmacz RJ, Wang LH. Comparison of hydroperoxide initia-
tor requirements for the cyclooxygenase activities of prosta-
glandin H synthase-1 and -2. J Biol Chem. 1995;270(41):24019-
24023. https://doi.org/10.1074/jbc.270.41.24019

58. Kulmacz RJ. Regulation of cyclooxygenase catalysis by hydro-
peroxides. Biochem Biophys Res Commun. 2005;338(1):25-33.
https://doi.org/10.1016/j.bbrc.2005.08.030

59. Roizen JD, AsadaM, TongM, Tai HH,Muglia LJ. Preterm birth
without progesterone withdrawal in 15-hydroxyprostaglandin
dehydrogenase hypomorphic mice. Mol Endocrinol. 2008;
22(1):105-112. https://doi.org/10.1210/me.2007-0178

60. Sinha GP, Curtis P, Haigh D, Lealman GT, Dodds W,
Bennett CP. Pachydermoperiostosis in childhood. Br J
Rheumatol. 1997;36(11):1224-1227. https://doi.org/10.1093/
rheumatology/36.11.1224

61. Eling TE, Anderson MW. Studies on the biosynthesis, metabo-
lism and transport of prostaglandins by the lung. Agents
Actions. 1976;6(4):543-546. https://doi.org/10.1007/bf01973277

62. Hawkins HJ, Wilson AG, Anderson MW, Eling TE. Uptake
and metabolism of prostaglandins by isolated perfused lung:
species comparisons and the role of plasma protein binding.
Prostaglandins. 1977;14(2):251-259. https://doi.org/10.1016/
0090-6980(77)90170-8

63. Zhang Z, Xia W, He J, et al. Exome sequencing identifies
SLCO2A1 mutations as a cause of primary hypertrophic oste-
oarthropathy. Am J Hum Genet. 2012;90(1):125-132. https://
doi.org/10.1016/j.ajhg.2011.11.019

64. Pipes GC, Creemers EE, Olson EN. The myocardin family of
transcriptional coactivators: versatile regulators of cell growth,
migration, and myogenesis. Genes Dev. 2006;20(12):1545-1556.
https://doi.org/10.1101/gad.1428006

65. Parmacek MS. Myocardin-related transcription factors: critical
coactivators regulating cardiovascular development and adap-
tation. Circ Res. 2007;100(5):633-644. https://doi.org/10.1161/
01.RES.0000259563.61091.e8

66. Pfaltzgraff ER, Shelton EL, Galindo CL, et al. Embryonic
domains of the aorta derived from diverse origins exhibit dis-
tinct properties that converge into a common phenotype in
the adult. J Mol Cell Cardiol. 2014;69:88-96. https://doi.org/10.
1016/j.yjmcc.2014.01.016

67. Ji Y, Hao H, Reynolds K, McMahon M, Zhou CJ. Wnt signal-
ing in neural crest ontogenesis and oncogenesis. Cells. 2019;
8(10):1173. https://doi.org/10.3390/cells8101173

68. Kim HS, Aikawa M, Kimura K, et al. Ductus arteriosus.
Advanced differentiation of smooth muscle cells demon-
strated by myosin heavy chain isoform expression in rabbits.
Circulation. 1993;88(4 Pt 1):1804-1810. https://doi.org/10.
1161/01.cir.88.4.1804

69. Bergwerff M, DeRuiter MC, Gittenberger-de Groot AC. Com-
parative anatomy and ontogeny of the ductus arteriosus, a
vascular outsider. Anat Embryol (Berl). 1999;200(6):559-571.
https://doi.org/10.1007/s004290050304

70. Glancy DL, Wegmann M, Dhurandhar RW. Aortic dis-
section and patent ductus arteriosus in three generations.
Am J Cardiol. 2001;87(6):813-815, A9. https://doi.org/10.1016/
s0002-9149(00)01515-0

71. Pannu H, Tran-Fadulu V, Papke CL, et al. MYH11 muta-
tions result in a distinct vascular pathology driven by
insulin-like growth factor 1 and angiotensin II. Hum Mol
Genet. 2007;16(20):2453-2462. https://doi.org/10.1093/hmg/
ddm201

72. Sanchez-Angulo JI, Benitez-Roldan A, Castro-Fernandez A,
Ruiz-Campos J. Alagille syndrome and isolated persistent
ductus arteriosus. Gastroenterol Hepatol. 1997;20(8):418-421.

73. Rosser EM, Mann NP, Hall CM, Winter RM. Serpentine fibula
syndrome: expansion of the phenotype with three affected sib-
lings. Clin Dysmorphol. 1996;5(2):105-113. https://doi.org/10.
1097/00019605-199604000-00002

74. Gripp KW, Robbins KM, Sobreira NL, et al. Truncating muta-
tions in the last exon of NOTCH3 cause lateral meningocele
syndrome. Am J Med Genet A. 2015;167A(2):271-281. https://
doi.org/10.1002/ajmg.a.36863

75. Holtwick R, Gotthardt M, Skryabin B, et al. Smooth muscle-
selective deletion of guanylyl cyclase-a prevents the acute but
not chronic effects of ANP on blood pressure. Proc Natl Acad
Sci USA. 2002;99(10):7142-7147. https://doi.org/10.1073/pnas.
102650499

76. Ng A, Wong M, Viviano B, et al. Loss of glypican-3 function
causes growth factor-dependent defects in cardiac and coro-
nary vascular development. Dev Biol. 2009;335(1):208-215.
https://doi.org/10.1016/j.ydbio.2009.08.029

77. Yano S, Baskin B, Bagheri A, et al. Familial Simpson-Golabi-
Behmel syndrome: studies of X-chromosome inactivation and
clinical phenotypes in two female individuals with GPC3
mutations. Clin Genet. 2011;80(5):466-471. https://doi.org/10.
1111/j.1399-0004.2010.01554.x

78. Satoda M, Zhao F, Diaz GA, et al. Mutations in TFAP2B cause
char syndrome, a familial form of patent ductus arteriosus.
Nat Genet. 2000;25(1):42-46. https://doi.org/10.1038/75578

79. Khetyar M, Syrris P, Tinworth L, Abushaban L, Carter N.
Novel TFAP2B mutation in nonsyndromic patent ductus arte-
riosus. Genet Test. 2008;12(3):457-459. https://doi.org/10.1089/
gte.2008.0015

80. Chen YW, Zhao W, Zhang ZF, et al. Familial nonsyndromic
patent ductus arteriosus caused by mutations in TFAP2B.
Pediatr Cardiol. 2011;32(7):958-965. https://doi.org/10.1007/
s00246-011-0024-7

81. Moser M, Pscherer A, Roth C, et al. Enhanced apoptotic cell
death of renal epithelial cells in mice lacking transcription
factor AP-2beta. Genes Dev. 1997;11(15):1938-1948. https://
doi.org/10.1101/gad.11.15.1938

YARBORO ET AL. 441

https://doi.org/10.1172/JCI14924
https://doi.org/10.1152/ajpregu.00259.2006
https://doi.org/10.1152/ajpregu.00259.2006
https://doi.org/10.1203/PDR.0b013e3181aa07eb
https://doi.org/10.1016/s0090-6980(02)00028-x
https://doi.org/10.1016/s0090-6980(02)00028-x
https://doi.org/10.1038/nm1412
https://doi.org/10.1074/jbc.270.41.24019
https://doi.org/10.1016/j.bbrc.2005.08.030
https://doi.org/10.1210/me.2007-0178
https://doi.org/10.1093/rheumatology/36.11.1224
https://doi.org/10.1093/rheumatology/36.11.1224
https://doi.org/10.1007/bf01973277
https://doi.org/10.1016/0090-6980(77)90170-8
https://doi.org/10.1016/0090-6980(77)90170-8
https://doi.org/10.1016/j.ajhg.2011.11.019
https://doi.org/10.1016/j.ajhg.2011.11.019
https://doi.org/10.1101/gad.1428006
https://doi.org/10.1161/01.RES.0000259563.61091.e8
https://doi.org/10.1161/01.RES.0000259563.61091.e8
https://doi.org/10.1016/j.yjmcc.2014.01.016
https://doi.org/10.1016/j.yjmcc.2014.01.016
https://doi.org/10.3390/cells8101173
https://doi.org/10.1161/01.cir.88.4.1804
https://doi.org/10.1161/01.cir.88.4.1804
https://doi.org/10.1007/s004290050304
https://doi.org/10.1016/s0002-9149(00)01515-0
https://doi.org/10.1016/s0002-9149(00)01515-0
https://doi.org/10.1093/hmg/ddm201
https://doi.org/10.1093/hmg/ddm201
https://doi.org/10.1097/00019605-199604000-00002
https://doi.org/10.1097/00019605-199604000-00002
https://doi.org/10.1002/ajmg.a.36863
https://doi.org/10.1002/ajmg.a.36863
https://doi.org/10.1073/pnas.102650499
https://doi.org/10.1073/pnas.102650499
https://doi.org/10.1016/j.ydbio.2009.08.029
https://doi.org/10.1111/j.1399-0004.2010.01554.x
https://doi.org/10.1111/j.1399-0004.2010.01554.x
https://doi.org/10.1038/75578
https://doi.org/10.1089/gte.2008.0015
https://doi.org/10.1089/gte.2008.0015
https://doi.org/10.1007/s00246-011-0024-7
https://doi.org/10.1007/s00246-011-0024-7
https://doi.org/10.1101/gad.11.15.1938
https://doi.org/10.1101/gad.11.15.1938


82. Wang J, Ji W, Zhu D, et al. Tfap2b mutation in mice results in
patent ductus arteriosus and renal malformation. J Surg Res.
2018;227:178-185. https://doi.org/10.1016/j.jss.2018.02.038

83. Ivey KN, Sutcliffe D, Richardson J, Clyman RI, Garcia JA,
Srivastava D. Transcriptional regulation during development
of the ductus arteriosus. Circ Res. 2008;103(4):388-395. https://
doi.org/10.1161/CIRCRESAHA.108.180661

84. Winnier GE, Hargett L, Hogan BL. The winged helix tran-
scription factor MFH1 is required for proliferation and pat-
terning of paraxial mesoderm in the mouse embryo. Genes
Dev. 1997;11(7):926-940. https://doi.org/10.1101/gad.11.7.926

85. Baruch AC, Erickson RP. Axenfeld-Rieger anomaly, hyper-
telorism, clinodactyly, and cardiac anomalies in sibs with an
unbalanced translocation der(6)t(6;8). Am J Med Genet. 2001;
100(3):187-190. https://doi.org/10.1002/ajmg.1256

86. Lai HL, Wang QT. Additional sex combs-like 2 is required for pol-
ycomb repressive complex 2 binding at select targets. PLoS One.
2013;8(9):e73983. https://doi.org/10.1371/journal.pone.0073983

87. Sallmon H, Timme N, Atasay B, et al. Current controversy on
platelets and patent ductus arteriosus closure in preterm
infants. Front Pediatr. 2021;9:612242. https://doi.org/10.3389/
fped.2021.612242

88. Sallmon H, Weber SC, Dirks J, et al. Association between
platelet counts before and during pharmacological therapy for
patent ductus arteriosus and treatment failure in preterm
infants. Front Pediatr. 2018;6:41. https://doi.org/10.3389/fped.
2018.00041

89. Sallmon H, Weber SC, Huning B, et al. Thrombocytopenia in
the first 24 hours after birth and incidence of patent ductus
arteriosus. Pediatrics. 2012;130(3):e623-e630. https://doi.org/
10.1542/peds.2012-0499

90. Fujioka K, Morioka I, Miwa A, et al. Does thrombocytopenia
contribute to patent ductus arteriosus? Nat Med. 2011;17(1):
29-30; author reply 30-1. https://doi.org/10.1038/nm0111-29

91. Shah NA, Hills NK, Waleh N, et al. Relationship between cir-
culating platelet counts and ductus arteriosus patency after
indomethacin treatment. J Pediatr. 2011;158(6):919-923 e1-2.
https://doi.org/10.1016/j.jpeds.2010.11.018

92. Kumar J, Dutta S, Sundaram V, Saini SS, Sharma RR,
Varma N. Platelet transfusion for PDA closure in preterm
infants: a randomized controlled trial. Pediatrics. 2019;143(5).
https://doi.org/10.1542/peds.2018-2565

93. Donovan MJ, Hahn R, Tessarollo L, Hempstead BL. Identifi-
cation of an essential nonneuronal function of neurotrophin
3 in mammalian cardiac development. Nat Genet. 1996;14(2):
210-213. https://doi.org/10.1038/ng1096-210

94. Reaume AG, de Sousa PA, Kulkarni S, et al. Cardiac malfor-
mation in neonatal mice lacking connexin43. Science. 1995;
267(5205):1831-1834. https://doi.org/10.1126/science.7892609

95. Kirchhoff S, Kim JS, Hagendorff A, et al. Abnormal cardiac
conduction and morphogenesis in connexin40 and con-
nexin43 double-deficient mice. Circ Res. 2000;87(5):399-405.
https://doi.org/10.1161/01.res.87.5.399

96. Souter D, Harding J, McCowan L, O'Donnell C, McLeay E,
Baxendale H. Antenatal indomethacin—Adverse fetal effects
confirmed. Aust N Z J Obstet Gynaecol. 1998;38(1):11-16.
https://doi.org/10.1111/j.1479-828x.1998.tb02949.x

97. Vucovich MM, Cotton RB, Shelton EL, et al. Aminoglycoside-
mediated relaxation of the ductus arteriosus in sepsis-associated

PDA. Am J Physiol Heart Circ Physiol. 2014;307(5):H732-H740.
https://doi.org/10.1152/ajpheart.00838.2013

98. Cotton RB, Shah LP, Poole SD, et al. Cimetidine-associated
patent ductus arteriosus is mediated via a cytochrome P450
mechanism independent of H2 receptor antagonism. J Mol
Cell Cardiol. 2013;59:86-94. https://doi.org/10.1016/j.yjmcc.
2013.02.010

99. Marissen J, Erdmann H, Bockenholt K, et al. Aminoglycosides
were associated with higher rates of surgical patent ductus arte-
riosus closure in preterm infants. Acta Paediatr. 2021;110(3):
826-832. https://doi.org/10.1111/apa.15541. Epub 2020 Sep 7.

100. Cotton RB, Hazinski TA, Morrow JD, et al. Cimetidine does
not prevent lung injury in newborn premature infants. Pediatr
Res. 2006;59(6):795-800. https://doi.org/10.1203/01.pdr.
0000219397.35473.5f

101. Bokenkamp R, DeRuiter MC, van Munsteren C, Gittenberger-
de Groot AC. Insights into the pathogenesis and genetic back-
ground of patency of the ductus arteriosus. Neonatology. 2010;
98(1):6-17. https://doi.org/10.1159/000262481

102. Hajj H, Dagle JM. Genetics of patent ductus arteriosus suscep-
tibility and treatment. Semin Perinatol. 2012;36(2):98-104.
https://doi.org/10.1053/j.semperi.2011.09.019

103. Reese J, Veldman A, Shah L, Vucovich M, Cotton RB. Inad-
vertent relaxation of the ductus arteriosus by pharmacologic
agents that are commonly used in the neonatal period. Semin
Perinatol. 2010;34(3):222-230. https://doi.org/10.1053/j.
semperi.2010.02.007

104. Reese J, Laughon MM. The patent ductus arteriosus problem:
infants who still need treatment. J Pediatr. 2015;167(5):954-
956. https://doi.org/10.1016/j.jpeds.2015.08.023

105. Evans N. Preterm patent ductus arteriosus: a continuing
conundrum for the neonatologist? Semin Fetal Neonatal Med.
2015;20(4):272-277. https://doi.org/10.1016/j.siny.2015.03.004

106. Leonhardt A, Glaser A, Wegmann M, Schranz D, Seyberth H,
Nusing R. Expression of prostanoid receptors in human
ductus arteriosus. Br J Pharmacol. 2003;138(4):655-659.
https://doi.org/10.1038/sj.bjp.0705092

107. Gruzdev A, Nguyen M, Kovarova M, Koller BH. PGE2 through
the EP4 receptor controls smooth muscle gene expression pat-
terns in the ductus arteriosus critical for remodeling at birth.
Prostaglandins Other Lipid Mediat. 2012;97(3–4):109-119.
https://doi.org/10.1016/j.prostaglandins.2012.02.001

108. Coceani F, Baragatti B. Mechanisms for ductus arteriosus clo-
sure. Semin Perinatol. 2012;36(2):92-97. https://doi.org/10.
1053/j.semperi.2011.09.018

109. Yokoyama U, Minamisawa S, Katayama A, et al. Differential
regulation of vascular tone and remodeling via stimulation of
type 2 and type 6 adenylyl cyclases in the ductus arteriosus.
Circ Res. 2010;106(12):1882-1892. https://doi.org/10.1161/
CIRCRESAHA.109.214924

110. Yokoyama U, Minamisawa S, Quan H, et al. Prostaglandin
E2-activated Epac promotes neointimal formation of the rat
ductus arteriosus by a process distinct from that of cAMP-
dependent protein kinase A. J Biol Chem. 2008;283(42):28702-
28709. https://doi.org/10.1074/jbc.M804223200

111. Yokoyama U, Minamisawa S, Shioda A, et al. Prostaglandin
E2 inhibits elastogenesis in the ductus arteriosus via EP4 sig-
naling. Circulation. 2014;129(4):487-496. https://doi.org/10.
1161/CIRCULATIONAHA.113.004726

442 YARBORO ET AL.

https://doi.org/10.1016/j.jss.2018.02.038
https://doi.org/10.1161/CIRCRESAHA.108.180661
https://doi.org/10.1161/CIRCRESAHA.108.180661
https://doi.org/10.1101/gad.11.7.926
https://doi.org/10.1002/ajmg.1256
https://doi.org/10.1371/journal.pone.0073983
https://doi.org/10.3389/fped.2021.612242
https://doi.org/10.3389/fped.2021.612242
https://doi.org/10.3389/fped.2018.00041
https://doi.org/10.3389/fped.2018.00041
https://doi.org/10.1542/peds.2012-0499
https://doi.org/10.1542/peds.2012-0499
https://doi.org/10.1038/nm0111-29
https://doi.org/10.1016/j.jpeds.2010.11.018
https://doi.org/10.1542/peds.2018-2565
https://doi.org/10.1038/ng1096-210
https://doi.org/10.1126/science.7892609
https://doi.org/10.1161/01.res.87.5.399
https://doi.org/10.1111/j.1479-828x.1998.tb02949.x
https://doi.org/10.1152/ajpheart.00838.2013
https://doi.org/10.1016/j.yjmcc.2013.02.010
https://doi.org/10.1016/j.yjmcc.2013.02.010
https://doi.org/10.1111/apa.15541
https://doi.org/10.1203/01.pdr.0000219397.35473.5f
https://doi.org/10.1203/01.pdr.0000219397.35473.5f
https://doi.org/10.1159/000262481
https://doi.org/10.1053/j.semperi.2011.09.019
https://doi.org/10.1053/j.semperi.2010.02.007
https://doi.org/10.1053/j.semperi.2010.02.007
https://doi.org/10.1016/j.jpeds.2015.08.023
https://doi.org/10.1016/j.siny.2015.03.004
https://doi.org/10.1038/sj.bjp.0705092
https://doi.org/10.1016/j.prostaglandins.2012.02.001
https://doi.org/10.1053/j.semperi.2011.09.018
https://doi.org/10.1053/j.semperi.2011.09.018
https://doi.org/10.1161/CIRCRESAHA.109.214924
https://doi.org/10.1161/CIRCRESAHA.109.214924
https://doi.org/10.1074/jbc.M804223200
https://doi.org/10.1161/CIRCULATIONAHA.113.004726
https://doi.org/10.1161/CIRCULATIONAHA.113.004726


112. Eronen M. The hemodynamic effects of antenatal indometha-
cin and a beta-sympathomimetic agent on the fetus and the
newborn: a randomized study. Pediatr Res. 1993;33(6):615-
619. https://doi.org/10.1203/00006450-199306000-00017

113. Suarez VR, Thompson LL, Jain V, et al. The effect of in utero
exposure to indomethacin on the need for surgical closure of
a patent ductus arteriosus in the neonate. Am J Obstet
Gynecol. 2002;187(4):886-888. https://doi.org/10.1067/mob.
2002.127464

114. Simon SR, van Zogchel L, Bas-Suarez MP, Cavallaro G,
Clyman RI, Villamor E. Platelet counts and patent ductus
arteriosus in preterm infants: a systematic review and meta-
analysis. Neonatology. 2015;108(2):143-151. https://doi.org/10.
1159/000431281

115. Richter F, Morton SU, Kim SW, et al. Genomic analyses
implicate noncoding de novo variants in congenital heart dis-
ease. Nat Genet. 2020;52(8):769-777. https://doi.org/10.1038/
s41588-020-0652-z

116. Shelton EL, Singh GK, Nichols CG. Novel drug targets for
ductus arteriosus manipulation: looking beyond prostaglan-
dins. Semin Perinatol. 2018;42(4):221-227. https://doi.org/10.
1053/j.semperi.2018.05.004

117. Merscher S, Funke B, Epstein JA, et al. TBX1 is responsible
for cardiovascular defects in velo-cardio-facial/DiGeorge syn-
drome. Cell. 2001;104(4):619-629. https://doi.org/10.1016/
s0092-8674(01)00247-1

118. Schildmeyer LA, Braun R, Taffet G, et al. Impaired vascular
contractility and blood pressure homeostasis in the smooth
muscle alpha-Actin null mouse. FASEB J. 2000;14(14):2213-
2220. https://doi.org/10.1096/fj.99-0927com

119. Fath MA, Mullins RF, Searby C, et al. Mkks-null mice have a
phenotype resembling Bardet-Biedl syndrome. Hum Mol
Genet. 2005;14(9):1109-1118. https://doi.org/10.1093/hmg/
ddi123

120. Urano T, Shiraki M, Sasaki N, Ouchi Y, Inoue S. SLC25A24 as
a novel susceptibility gene for low fat mass in humans and
mice. J Clin Endocrinol Metab. 2015;100(4):E655-E663.
https://doi.org/10.1210/jc.2014-2829

121. Coceani F, Liu Y, Seidlitz E, et al. Endothelin A receptor is
necessary for O(2) constriction but not closure of ductus arte-
riosus. Am J Physiol. 1999;277(4):H1521-H1531. https://doi.
org/10.1152/ajpheart.1999.277.4.H1521

122. Baragatti B, Ciofini E, Scebba F, et al. Cytochrome P-450
3A13 and endothelin jointly mediate ductus arteriosus con-
striction to oxygen in mice. Am J Physiol Heart Circ Physiol.
2011;300(3):H892-H901. https://doi.org/10.1152/ajpheart.
00907.2010

123. Baragatti B, Sodini D, Uematsu S, Coceani F. Role of microsomal
prostaglandin E synthase-1 (mPGES1)-derived PGE2 in patency
of the ductus arteriosus in the mouse. Pediatr Res. 2008;64(5):
523-527. https://doi.org/10.1203/PDR.0b013e318184d29c

124. Bergwerff M, Gittenberger-de Groot AC, Wisse LJ, et al. Loss
of function of the Prx1 and Prx2 homeobox genes alters archi-
tecture of the great elastic arteries and ductus arteriosus.
Virchows Arch. 2000;436(1):12-19. https://doi.org/10.1007/
pl00008193

125. Barrick CJ, Dong A, Waikel R, et al. Parent-of-origin effects
on cardiac response to pressure overload in mice.
Am J Physiol Heart Circ Physiol. 2009;297(3):H1003-H1009.
https://doi.org/10.1152/ajpheart.00896.2008

126. Dagle JM, Lepp NT, Cooper ME, et al. Determination of
genetic predisposition to patent ductus arteriosus in preterm
infants. Pediatrics. 2009;123(4):1116-1123. https://doi.org/10.
1542/peds.2008-0313

127. Treszl A, Szabo M, Dunai G, et al. Angiotensin II type 1 recep-
tor A1166C polymorphism and prophylactic indomethacin
treatment induced ductus arteriosus closure in very low birth
weight neonates. Pediatr Res. 2003;54(5):753-755. https://doi.
org/10.1203/01.PDR.0000088016.67117.39

128. Jan SL, Chan SC, Fu YC, Lin SJ. Elastin gene study of infants
with isolated congenital ductus arteriosus aneurysm. Acta
Cardiol. 2009;64(3):363-369. https://doi.org/10.2143/AC.64.3.
2038023

129. Zhu WL, Li Y, Yan L, Dao J, Li S. Maternal and offspring
MTHFR gene C677T polymorphism as predictors of congeni-
tal atrial septal defect and patent ductus arteriosus. Mol Hum
Reprod. 2006;12(1):51-54. https://doi.org/10.1093/molehr/
gah252

130. Rooney SR, Shelton EL, Aka I, et al. CYP2C9*2 is associated
with indomethacin treatment failure for patent ductus arteri-
osus. Pharmacogenomics. 2019;20(13):939-946. https://doi.org/
10.2217/pgs-2019-0079

131. Karki R, Pandya D, Elston RC, Ferlini C. Defining "mutation"
and "polymorphism" in the era of personal genomics. BMC
Med Genomics. 2015;8:37. https://doi.org/10.1186/s12920-015-
0115-z

132. Dagle JM, Ryckman KK, Spracklen CN, et al. Genetic variants
associated with patent ductus arteriosus in extremely preterm
infants. J Perinatol. 2019;39(3):401-408. https://doi.org/10.
1038/s41372-018-0285-6

133. Lewis TR, Shelton EL, Van Driest SL, Kannankeril PJ,
Reese J. Genetics of the patent ductus arteriosus (PDA) and
pharmacogenetics of PDA treatment. Semin Fetal Neonatal
Med. 2018;23(4):232-238. https://doi.org/10.1016/j.siny.2018.
02.006

134. Reese J. Towards a greater understanding of the ductus arteri-
osus. Semin Perinatol. 2018;42(4):199-202. https://doi.org/10.
1053/j.semperi.2018.05.001

SUPPORTING INFORMATION
Additional supporting information may be found in the
online version of the article at the publisher's website.

How to cite this article: Yarboro MT, Gopal SH,
Su RL, Morgan TM, Reese J. Mouse models of
patent ductus arteriosus (PDA) and their relevance
for human PDA. Developmental Dynamics. 2022;
251(3):424-443. doi:10.1002/dvdy.408

YARBORO ET AL. 443

https://doi.org/10.1203/00006450-199306000-00017
https://doi.org/10.1067/mob.2002.127464
https://doi.org/10.1067/mob.2002.127464
https://doi.org/10.1159/000431281
https://doi.org/10.1159/000431281
https://doi.org/10.1038/s41588-020-0652-z
https://doi.org/10.1038/s41588-020-0652-z
https://doi.org/10.1053/j.semperi.2018.05.004
https://doi.org/10.1053/j.semperi.2018.05.004
https://doi.org/10.1016/s0092-8674(01)00247-1
https://doi.org/10.1016/s0092-8674(01)00247-1
https://doi.org/10.1096/fj.99-0927com
https://doi.org/10.1093/hmg/ddi123
https://doi.org/10.1093/hmg/ddi123
https://doi.org/10.1210/jc.2014-2829
https://doi.org/10.1152/ajpheart.1999.277.4.H1521
https://doi.org/10.1152/ajpheart.1999.277.4.H1521
https://doi.org/10.1152/ajpheart.00907.2010
https://doi.org/10.1152/ajpheart.00907.2010
https://doi.org/10.1203/PDR.0b013e318184d29c
https://doi.org/10.1007/pl00008193
https://doi.org/10.1007/pl00008193
https://doi.org/10.1152/ajpheart.00896.2008
https://doi.org/10.1542/peds.2008-0313
https://doi.org/10.1542/peds.2008-0313
https://doi.org/10.1203/01.PDR.0000088016.67117.39
https://doi.org/10.1203/01.PDR.0000088016.67117.39
https://doi.org/10.2143/AC.64.3.2038023
https://doi.org/10.2143/AC.64.3.2038023
https://doi.org/10.1093/molehr/gah252
https://doi.org/10.1093/molehr/gah252
https://doi.org/10.2217/pgs-2019-0079
https://doi.org/10.2217/pgs-2019-0079
https://doi.org/10.1186/s12920-015-0115-z
https://doi.org/10.1186/s12920-015-0115-z
https://doi.org/10.1038/s41372-018-0285-6
https://doi.org/10.1038/s41372-018-0285-6
https://doi.org/10.1016/j.siny.2018.02.006
https://doi.org/10.1016/j.siny.2018.02.006
https://doi.org/10.1053/j.semperi.2018.05.001
https://doi.org/10.1053/j.semperi.2018.05.001
info:doi/10.1002/dvdy.408

	Mouse models of patent ductus arteriosus (PDA) and their relevance for human PDA
	1  INTRODUCTION
	2  MOUSE MODELS OF PDA
	2.1  Prostaglandin signaling
	2.1.1  Ptger4 KO
	2.1.2  Ptgs1;Ptgs2 double KO
	2.1.3  Ptgs2 KO
	2.1.4  Hpgd KO
	2.1.5  Slco2a1 KO

	2.2  Smooth muscle cell specific
	2.2.1  Myocd KO
	2.2.2  Ctnnb1 KO
	2.2.3  Myh11 KO

	2.3  Developmental signaling
	2.3.1  Jag1 SMC conditional KO
	2.3.2  Notch2 KO/Notch3 Het
	2.3.3  Rbpj SMC conditional KO
	2.3.4  Gdf2 KO anti-Bmp10
	2.3.5  Gpc3 KO

	2.4  Transcription
	2.4.1  Tfap2b KO
	2.4.2  Foxc1 KO
	2.4.3  Matr3 KO
	2.4.4  Hand2 trisomy; Rim4 mouse

	2.5  Matrix/cytoskeleton
	2.5.1  Lox KO
	2.5.2  Ilk KO
	2.5.3  Itgα5 and Itgαv KOs
	2.5.4  Fbln1 KO

	2.6  Chromatin
	2.6.1  Smarca4 KO
	2.6.2  Asxl2 KO

	2.7  Platelet aggregation
	2.7.1  Itga2b KO
	2.7.2  Nfe2 KO


	3  MOUSE MODELS OF PREMATURE DA CLOSURE
	3.1  Ntf3 KO
	3.2  Gja5 KO; Gja1 Heterozygous

	4  PHARMACOLOGICAL MODELS IN MICE
	5  PDA IN HUMAN GENETIC SYNDROMES
	6  DISCUSSION
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  AUTHOR CONTRIBUTIONS
	  DATA AVAILABILITY STATEMENT

	  ETHICS STATEMENT
	REFERENCES


