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Murine Model of Cardiac Defects Observed
in Adams-Oliver Syndrome Driven

by Delta-Like Ligand-4 Haploinsufficiency

Prashan De Zoysa,1,i Omar Toubat,1 Drayton Harvey,1 Jongkyu Choi,1,2 and S. Ram Kumar1,3

Heterozygous loss-of-function mutation in Delta-like ligand-4 (Dll4) is an important cause of Adams-Oliver
syndrome (AOS). Cardiac defects, in particular outflow tract (OFT) alignment defects, are observed in about one-
fourth of patients with this syndrome. The mechanism underlying this genotype-phenotype correlation has not yet
been established. Dll4-mediated Notch signaling is known to play a crucial role in second heart field (SHF)
progenitor cell proliferation. We hypothesized that the depletion of the SHF progenitor pool of cells due to partial
loss of Dll4 is responsible for the OFT alignment defects seen in AOS. To demonstrate this, we studied Dll4
expression by murine SHF progenitor cells around E9.5, a crucial time-point in SHF biology. We used SHF-
specific (Islet1-Cre) conditional knockout of Dll4 to bypass the early embryonic lethality seen in global Dll4 het-
erozygotes. Dll4-mediated Notch signaling is critically required for SHF proliferation such that Dll4 knockout
results in a 33% reduction in proliferation and a fourfold increase in apoptosis in SHF cells, leading to a 56%
decline in the size of the SHF progenitor pool. A reduction in SHF cells available for incorporation into the de-
veloping heart leads to underdevelopment of the SHF-derived right ventricle and OFT. Similar to the clinical syn-
drome, 32% of SHF-specific Dll4 heterozygotes demonstrate foreshortened and misaligned OFT, resulting in a
double outlet right ventricle. Our murine model provides a molecular mechanism to explain the cardiac defects
observed in AOS and establishes a novel clinical role for Dll4-mediated Notch signaling in SHF progenitor biology.

Keywords: cardiac development, outflow tract, second heart field, SHF, Notch signaling, Delta-like ligand-4,
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Introduction

During embryogenesis, the heart develops from bi-
lateral fields of progenitor cells in the lateral plate me-

soderm. The right and left first heart fields (FHF) fuse in the
anterior ventral midline to form the cardiac crescent and
the primitive heart tube [1]. A second set of progenitor cells
from the second heart field (SHF) located dorsal to the FHF
are then added to the arterial and venous poles, thereby fur-
ther elongating this heart tube [2]. In the fully developed
heart, whereas atria are developed with equal contributions
from FHF and SHF cells, the left ventricle (LV) primarily
consists of FHF cells, whereas the right ventricle (RV) and
both outflow tracts (OFT) are exclusively developed from
the SHF [2]. Initially, the OFT exits the primitive RV as a
single vessel, and is subsequently aligned across the two
ventricles, septated by neural crest cells that migrate from the
neuro-ectoderm and appropriately connected to the pulmo-
nary and systemic circulations [2].

Congenital heart defects (CHD) are the most common
birth defects, occurring in roughly 1% of all live newborns
[3,4]. Twenty-five percent of the newborns with CHD have
a critical lesion requiring intervention before 1 year of age
[3]. Given the intricate steps involved in OFT maturation, it
is no surprise that OFT anomalies are encountered in 30%
of all CHD [4]. One of the most common OFT abnormalities
is an alignment defect in which the aorta overrides the in-
terventricular septum [as in tetralogy of fallot (TOF)] or
arises entirely from the RV [double outlet right ventricle
(DORV)]. In both cases, an outlet malalignment ventricular
septal defect (VSD) is also present.

It has been suggested that a genetic etiology of CHD can
be determined in about 25% of patients [5]. A monogenic
etiology is more frequently encountered in the setting of
syndromic CHD. Adams-Oliver syndrome (AOS) is a rare
congenital defect characterized by aplasia cutis congenita
of the scalp and terminal transverse limb defects [6,7].
Other commonly associated anomalies include defects in the
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development of the central nervous system. CHD is present
in about 23% of patients with AOS, with TOF being the
most frequent [7]. Recently, it has been shown that muta-
tions in Notch pathway genes are causative in AOS [7], and,
in particular, heterozygous loss of Notch1 and Delta-like
ligand-4 (Dll4) is sufficient to cause the disease [8–10].
Notch signaling is an evolutionarily conserved pathway that
is crucial for various aspects of organ development. Dll4
was originally identified as an arterial endothelial-specific
Notch ligand, and we have shown that Dll4-mediated Notch
signaling plays an important role in early SHF biology [11].
We extend these findings here to show that heterozygous
loss of Dll4 in SHF cells reduces the pool of SHF progen-
itors available for incorporation into the developing OFT,
resulting in OFT alignment defects that mirror the clinical
defects encountered in AOS.

Methods

Mice

All animal experiments were carried out under protocols
approved by the Institutional Animal Care and Use Com-
mittee of the University of Southern California. Islet1-Cre
[12], and Mef2c-AHF-Cre [13] mouse lines have been pre-
viously described. The Cre gene was maintained on the
paternal side to eliminate risk of germline transmission.
Dll4F/F mice were generated in Duarte lab and previously
reported [14–16]. Wnt-1-Cre [17] and tdTomato [18] mouse
lines have also been previously described. Embryo dissec-
tion was carried out by standard methods. Genotyping was
undertaken by using standard PCR techniques, and the
specific primers used are listed in Supplementary Table S1.

Tissue analysis and histology

Immunofluorescence (IF), in situ hybridization (ISH),
X-gal staining and hematoxylin-eosin stains were performed

by using standard techniques. The antibodies used for stain-
ing are listed in Supplementary Table S2. Standard valida-
tion techniques included deletion of primary or secondary
antibody, or use of blocking peptide to validate antibody
specificity, as appropriate. The Dll4 probe used for ISH has
been previously described [14].

SHF proliferation and apoptosis were assessed by counting
the number of double-positive cells in multiple high-power
fields in control and mutant sections. The area in sections
positive for tdTomato staining was analyzed by using ImageJ
and normalized to control. In all cases, experiments were
repeated in multiple sections of multiple embryos from dif-
ferent litters with littermate controls. For India ink injections,
embryos were dissected in cold 1 · PBS at embryonic day
(E)10.5. Chest wall and pericardial tissues were carefully
dissected to expose the heart, and glass micropipettes were
used to inject ink into the primitive ventricle and OFT.
Embryos were incubated in 4% paraformaldehyde overnight
at 4�C. Whole-mount bright-field imaging was performed,
with frontal images taken to measure the size of the RV and
sagittal images taken to measure the length of the OFT in
control and mutant embryos.

For all measurements, two-tailed t-test was used to com-
pare significant differences at a P value <0.05.

Results

Dll4 is expressed at relevant sites and time-points
in the developing heart

We evaluated Dll4 expression in the developing murine
heart by using multiple modalities at embryonic stages E9.5
and E10.5, time-points of crucial relevance in SHF biology
(Fig. 1). Overall, there was good correlation between Dll4
protein (IF) and transcript (ISH) expression.

Between E9–11, progenitor cells in the SHF mesoderm
are rapidly proliferating and incorporating into the devel-
oping OFT. At E9.5, strong Dll4 expression was observed in

‰

FIG. 1. Dll4 is expressed by SHF progenitor cells and SHF-derived structures in the developing heart. Representative
images of E9.5 and E10.5 embryos are shown. Dll4 protein expression (IF) was studied in E9.5 transverse (A, B) and
sagittal (C) fixed-frozen sections. Dll4 is expressed in the pharyngeal mesoderm in the SHF progenitor cell region (A, C,
and higher magnification of upper boxed area of A in A’, and C in C’). Transverse sections demonstrate expression in RV
endocardium and myocardium (A, and higher magnification of lower boxed area of A in A’’) and developing OFT (B, and
higher magnification of boxed area of B in B’). E10.5 embryos also demonstrate a similar pattern of Dll4 expression on IF
(D–F). Dll4 transcript expression evaluated through ISH (G–I) also showed an expression pattern that was similar to the
Dll4 protein expression. DA (DA in D’, G’) expresses Dll4, whereas adjacent V does not. Transverse sections of SHF-
lineage traced (Islet1-Cre/R26R,tdT) embryos were stained for Dll4 at E10.5 in more caudal splanchnic (J) and cranial
pharyngeal (K) SHF mesoderm. Higher magnification of the upper boxed area in J and K is shown as Dll4 ( J1, K1),
lineage-traced SHF through tdT ( J2, K2), and merged images (J3, K3) indicating co-localization of Dll4 and SHF cells.
Similarly, higher magnification of the lower boxed area in J and K illustrates co-localization of Dll4 on SHF-derived RV
( J4–J6) and OFT (K4–K6). Transverse sections of an E10.5 embryo were co-stained for Dll4 and Islet1 (L), and Dll4 and
endothelial marker (CD31) (O). Higher magnification of boxed area in L, and O is shown as Dll4 expression (L1, O1),
Islet1 expression (L2), CD31 expression (O2), and merged image (L3, O3). Inset in L3 shows SHF cells with nuclear Islet1
expression and membranous Dll4 expression. There is co-localization of Dll4 and CD31 expression in (arterial) endothelial
elements in the pharyngeal mesoderm and DA. Adjacent V is CD31-positive (O2), but Dll4-negative (O1) confirming
specificity of Dll4 signal. Transverse sections of NCC lineage-traced (Wnt1-Cre/R26R, tdT) embryos were stained for Dll4
at E10.5 in the cranial pharyngeal (M) region. Higher magnification of the upper boxed area in M is shown as Dll4 (M1),
lineage-traced NCC through tdT (M2), and merged images (M3) indicating nonoverlapping expression of Dll4 and tdT.
Serial transverse sections of E9.5 embryo (N) were stained for Dll4 and Ap2a. Higher magnification of boxed area in N is
shown as Dll4 expression (N1), and Ap2a expression (N2) in serial sections. Scale bars: 100 mm (A’–C’, D’–F’, G’–I’, J1–
K6, L1–L3, M4–M6, O1–O3), 250mm (A–O), and 50 mm (M1–M3, N1, N2). DA, Dorsal Aorta; Dll4, delta-like ligand-4;
IF, immunofluorescence; ISH, in situ hybridization; OFT, outflow tract; PM, pharyngeal mesoderm; RV, right ventricle;
SHF, second heart field; V, cardinal vein.
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the splanchnic and pharyngeal mesodermal regions. IF
staining revealed broad Dll4 expression in the region of SHF
progenitors in both transverse (Fig. 1A, A’, B) and sagit-
tal (Fig. 1C, C’) sections. Continuing to E10.5, strong Dll4
expression could be demonstrated in the region of SHF
progenitors by IF (Fig. 1D, D’, E, F, F’), and ISH (Fig. 1G,
G’, H, I, I’). We then specifically studied expression in
SHF progenitors by using two modalities to label SHF—(1)
We lineage-traced SHF by breeding the Rosa26-tdTomato
(R26R,tdT) line into Islet1-Cre [12] background and (2) we
stained wild-type sections for Islet1, which at this stage is
expressed primarily in SHF [11]. Dll4 staining in sections
of E10.5 Islet1-Cre/R26R,tdT embryos indicated that tdT-
expressing SHF cells co-expressed Dll4 in the splanchnic
(Fig. 1J–J3) and pharyngeal (Fig. 1K–K3) mesodermal re-
gions. Similarly, there was significant overlap between nu-
clear Islet1 expression and membranous Dll4 expression by
SHF cells in the pharyngeal mesoderm (Fig. 1L–L3).

Neural crest cells travel down the pharyngeal region to
reach the developing OFT. We, therefore, evaluated Dll4
expression in neural crest cells again by using both lineage-
tracing (by breeding R26R,tdT line into Wnt1-Cre back-
ground) and co-staining sections with Ap2a, a marker of
migratory neural crest cells. At E10.5, tdT-expressing NCC
cells in the pharyngeal mesodermal region did not express
Dll4 (Fig. 1M–M3). Similarly, comparable sections showed
that Dll4 (Fig. 1N1) and Ap2a (Fig. 1N2) were expressed by
adjacent cells in the pharyngeal region and not co-localized,
indicating that the neural crest cells that are in the pharyn-
geal region at E9.5 do not express Dll4. Given that Dll4
is an arterial endothelial-specific protein [14], we stained
E10.5 sections for the endothelial-specific marker, CD31,
and Dll4. This confirmed co-expression of Dll4 and CD31 in
the dorsal aorta (DA in Fig. 1O3), but a lack of Dll4 ex-
pression in the adjacent CD31-positive cardinal vein (V in
Fig. 1O3), as expected. In addition, a distinct set of CD31-
positive endothelial cells (likely of arterial origin) in the
pharyngeal mesodermal region also expressed Dll4
(Fig. 1O–O3).

We also evaluated Dll4 expression in the developing RV
and OFT, both of which are derived from SHF progenitors.
At E9.5, the OFT showed prominent Dll4 expression in both
endocardium and myocardium by IF (Fig. 1B, B’, C, C’).
This expression pattern continued to E10.5, where OFT
displayed Dll4 expression by both modalities. Again, both
endocardium and myocardium expressed Dll4 protein
(Fig. 1E, E’, F, F’). Dll4 mRNA was expressed more
strongly in OFT endocardium, but some expression was
also seen in the myocardium (Fig. 1H, H’, I, I’). We studied
Dll4 expression in the OFT of lineage-traced embryos. At
E10.5, Islet1-Cre/R26R,tdT embryos showed that tdT-
expressing SHF cells in the OFT also expressed Dll4
(Fig. 1K, K4–K6). In contrast, in Wnt1-Cre/R26R,tdT
embryos, the Dll4-expressing cells were adjacent to, but
distinct from, the tdT-expressing NCC cells in the OFT
(Fig. 1M, M4–M6). At E9.5, RV endocardium and myo-
cardium expressed Dll4 by IF (Fig. 1 A, A’’). At E10.5, RV
endocardium and myocardium expressed Dll4 protein
(Fig. 1D, D’’, J, J4), but myocardial staining was less ro-
bust. Further, Islet1-Cre/R26R,tdT embryos showed that
tdT-expressing SHF cells in the RV also expressed Dll4
(Fig. 1J, J4–J6).

Dll4 mRNA was expressed more strongly in RV endocar-
dium, but some expression was also seen in the myocardium
(Fig. 1G, G’’).

Haploinsufficiency of Dll4 in SHF disrupts
OFT alignment

Global knockout of Dll4 is embryonically lethal by E9.5
due to vascular maturation arrest [15]. Interestingly, in the
same study, haploinsufficiency of Dll4 was also shown to
disrupt vascular maturation with variable penetrance. In the
context of SHF biology, our own previous work has shown
that conditional knockout of Dll4 expression bypasses the
early lethality, allowing evaluation of cardiac development.
SHF-specific Dll4 knockout results in a spectrum of defects
extending from severe lack of SHF-derived RV and OFT
to a fully penetrant DORV phenotype [11]. We, therefore,
wanted to study the impact of partial loss of Dll4 in SHF on
OFT development.

To that end, we evaluated heterozygous Dll4 mutation in
the Islet1 background (Islet1-Cre,Dll4F/wt). Embryos were
recovered in expected Mendelian numbers, indicating a lack
of embryonic lethality. We studied the cardiac phenotype at
E14.5 in 28 mutant embryos compared with 40 cre-negative
littermate controls (Fig. 2). Nineteen out of 28 mutants had a
normal cardiac phenotype. The remaining nine mutants (32%,
Fig. 2D) demonstrated OFT alignment defects. There was a
gradation noted in the severity of the alignment defect. Some
embryos demonstrated a prominent VSD (Fig. 2B3) and the
aortic valve arose entirely from the RV (Fig. 2B4 vs. A4),
resembling the clinical DORV. Other mutants displayed a
much shallower VSD (Fig. 2C3 compared to B3) and the
aorta was over-riding the VSD (Fig. 2C4), thus having inflow
from both ventricles. This lesion was reminiscent of the
clinical tetralogy-style defect. In both controls and mutants,
the OFT was appropriately septated. The pulmonary valve
arose more cranially (indicating a normal sub-pulmonary
conus) and exited the RV (Fig. 2A5, B5 and C5). There was a
normal connection between the posterior outflow vessel to the
systemic circulation and the cranial, anterior vessel to the
pulmonary circulation, indicating appropriate rotation. Thus,
our murine model phenocopies the variably penetrant align-
ment defect seen in patients with AOS.

A smaller subset of SHF cells expresses Mef2c as they
exit the mesoderm to enter the developing heart. Hetero-
zygous loss of Dll4 in Mef2c-expressing SHF cells does not
result in a cardiac phenotype (Fig. 2D), indicating that the
timing and degree of Dll4 loss plays a role in the ultimate
cardiac phenotype. Because Islet1-driven cre recombinase
may also be active in a subset of NCC, we wanted to confirm
that the observed defects in Islet1-Cre mice were not neural-
crest driven. To that end, we studied the effect of Dll4 loss in
Wnt1-Cre mice. Both heterozygous (Fig. 2E1, E2) and ho-
mozygous (Fig. 2F1, F2) loss of Dll4 in Wnt1-expressing
NCC does not result in a discernable cardiac phenotype,
consistent with a lack of expression of Dll4 in NCC.

To study the developmental defect resulting in the obser-
ved cardiac phenotype, we examined heterozygous mutant
embryos at E10.5 when early cardiac assembly is comple-
ted. We used the Islet1-Cre/R26R,tdT mice to label the RV
and OFT and also injected India ink into the RV of wildtype
embryos as a complementary technique to visualize the OFT

MOUSE MODEL OF HEART DEFECT IN ADAMS-OLIVER SYND 615



(Fig. 3). All embryos demonstrated appropriate early as-
sembly at this stage. We noticed a gradation in reduction in
RV size and OFT length in mutant embryos. Overall, India
ink filled RV was 42% smaller in mutants compared with
controls (Fig. 3A, A’, B), whereas the corresponding tdT-
labeled RV was 48% smaller in mutants compared with

controls (Fig. 3C, C’, D). Similarly, the percentage of ven-
tricular area occupied by tdT-labeled cells (indicating RV
portion of the ventricles indexed for LV) was 56% reduced
in mutant sections compared with control (Fig. 3E, E’, F).
The length of the OFT was 30% reduced in India ink labeled
whole mounts of mutants compared with control embryos

FIG. 2. Haploinsufficiency of Dll4 in SHF results in misalignment of OFT. Heterozygous conditional loss of Dll4
expression in SHF was achieved by using Islet1-mediated cre expression. Hematoxylin and eosin-stained transverse sections
of E14.5 cre-negative littermate control embryos and Dll4 heterozygous mutants (Islet1-Cre,Dll4F/wt) show properly de-
veloped T (A1, B1, C1) and M (A2, B2, C2) valves. A third of the mutants demonstrated an outlet VSD (Arrows in B3, C3)
compared to intact septum in controls (A3). The A arises entirely from the RV in a subset of mutant embryos (B4) and over-
rides the VSD in the other (C4). In both control and mutant embryos, the P exits the RV (A5, B5, C5). (D) Indicates the
number and phenotypes of embryos recovered among the different genotypes mentioned. Dll4 heterozygous and homo-
zygous mutants in Wnt1 background (Wnt1-Cre,Dll4F/wt, E1, E2 and Wnt1-Cre, Dll4F/F, F1, F2) demonstrate normal heart
phenotype at E14.5. Scale bar—300mm (A1–C5, E1–F2). A, aortic valve; M, mitral valve; P, pulmonary valve; T, tricuspid
valve; VSD, ventricular septal defect.
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(Fig. 3G, G’, H) and by 33% in sagittal sections of lineage-
traced mutants (Fig. 3I, I’, J). These data indicate that
haploinsufficiency of Dll4 in SHF leads to a reduction in the
size of SHF-derived RV and length of SHF-derived OFT.
This foreshortened OFT is unable to align itself over the
developing RV and LV, such that the ensuing phenotype is
an alignment defect, DORV.

Partial conditional loss of Dll4 expression leads
to reduction in SHF progenitor cell pool

The observed reduction in the RV size and OFT length in
mutants suggests that there is a reduction in the incorpora-
tion of SHF progenitor cells into the developing heart after
heterozygous loss of Dll4. This could result from a reduction
in the number of SHF progenitors available for incorpora-
tion or from an inability of available SHF cells to migrate
into the developing heart. To directly address this question,
we studied the size of the SHF progenitor pool. We lineage-
traced SHF cells (Islet1-Cre/R26R,tdT) and studied the area
occupied by tdT-positive cells in the SHF mesodermal re-
gion (Fig. 4A–C). Sagittal sections of mutant embryos
showed a 56% reduction in tdT-positive cells in the SHF
mesoderm. This would indicate that the observed reduction
in the size of SHF-derived structures in the heart results
from a loss of SHF progenitors available for incorporation
into the developing heart. We then studied proliferation in
lineage-traced SHF progenitors. To this end, control and
mutant embryos in Islet1-Cre/R26R,tdT background were
stained for pHH3. Double-positive cells in the region of the
pharyngeal mesoderm were counted in controls and mutants.
At E10.5 (Fig. 4D–F), heterozygous loss of Dll4 resulted
in a 33% reduction in proliferating SHF cells. Loss of pro-
liferative potential in these early progenitor cells directs
them toward apoptosis, and hence, we studied apoptosis in
SHF cells with TUNEL staining. Partial loss of Dll4 resulted
in a fourfold increase in SHF progenitor cell apoptosis at
E10.5 (Fig. 4G–I).

Discussion

Notch signaling is an evolutionarily conserved signaling
pathway that plays important roles in cell fate specification,
development, differentiation, and patterning in numerous
cell types in the body. In mammals, there are four transmem-
brane Notch receptors (Notch 1–4) and five trans-membrane

Notch ligands (Delta-like ligand 1, 3, 4 and Jagged 1 and 2)
[19]. During canonical Notch signaling, a Notch receptor
interacts in trans with its ligand expressed on a neighboring
cell, leading to proteolytic cleavage of the receptor and
subsequent nuclear translocation of the Notch intracellular
domain (NICD) [20]. NICD forms a complex with CBF1/
Suppressor of Hairless/LAG-1 (CSL) family of DNA bind-
ing proteins, which activates the transcription of cell-
specific downstream effector molecules [20]. We and others
have shown that Notch signaling plays a variety of different
roles in cardiac development, in particular, OFT maturation.
Early in heart development, Dll4 serves as the primary li-
gand of Notch 1 and plays a proliferative role in progenitor
cells [11,21], similar to the pro-proliferative role of Dll4
in other progenitor beds, such as retinal [22] or neural pro-
genitors [23]. Later in heart development, Dll4 expression
wanes and Jagged1 takes over as the primary Notch ligand.
Jagged-mediated Notch signaling regulates subsequent car-
diac patterning [21]and maturation events such as epithelial-
to-mesenchymal transformation in OFT cushions [24].

Notch pathway mutations have been implicated in sev-
eral clinical CHDs. With particular reference to the OFT,
Notch mutations have been identified in patients with bi-
cuspid aortic valve [25,26] and aortic valve calcification
[26]. Mutations in Jagged1 are causative in Alagille syn-
drome, which includes biliary malformations, and pulmo-
nary artery defects [27]. Animal studies of Dll4 have shown
that there is a dosage-sensitive requirement of Dll4 in ar-
terial maturation, such that more than half the embryos with
global Dll4 haploinsufficiency die in early gestation due to
a vascular maturation arrest [15]. Likely due to this criti-
cal requirement of Dll4 during development, Dll4 mutations
have been infrequently reported in human diseases.

Recent evidence suggests a role for Dll4 in patients with
AOS. Initial studies identified mutations in six genes in
AOS: Arhgap31, Dock6, Eogt, Rbpj, Notch1, and Dll4 [28].
Four of these genes (Eogt, Rbpj, Notch1, and Dll4) play a
critical role in the canonical Notch pathway. Although au-
tosomal recessive mutations in Eogt lead to AOS [28], the
other three genes are believed to play an autosomal domi-
nant role [8]. In a large study of targeted resequencing of
Dll4 gene with a custom enrichment panel in 89 independent
families, nine heterozygous loss-of-function mutations in
Dll4 were identified [9]. This included two nonsense and
seven missense mutations, all of which were thought to be
critical for maintaining structural integrity of the protein. An

‰

FIG. 4. Dll4 expression is required for SHF cell proliferation to maintain an adequate progenitor cell pool. The SHF cells
were lineage traced by crossing R26R,tdT mice into Islet1-Cre line. Sagittal sections of control (A, A’) and Dll4 hetero-
zygous mutant (Islet1-Cre,Dll4F/wt) (B, B’) embryos were evaluated at E10.5. The tdT-positive area (mean – SEM) within
the SHF mesodermal region (boxed) was normalized to control embryos (C). Mutants demonstrated a 56% reduction in the
SHF cell progenitor pool size compared with controls (P < 0.05). Transverse sections of Islet1 lineage-traced E10.5 control
(D) and Islet1-Cre,Dll4F/wtmutant (E) embryos were stained for pHH3 expression to study SHF proliferation in SHF cells.
Higher magnification of boxed area in D and E is shown as lineage-traced Islet1 expression through tdT (D’, E’), pHH3
expression (D’’, E’’) and merged image (D’’’, E’’’). Islet1 and pHH3 double-positive cells were counted in 5 control and
5 mutant fields (F, mean, SEM), showing a 33% reduction in proliferating SHF cells in mutants (P < 0.005). Similarly
transverse sections of Islet1 lineage-traced E10.5 control (G) and Islet1-Cre,Dll4F/wtmutant (H) embryos were stained
by TUNEL to study SHF apoptosis. Higher magnification of boxed area in G and H is shown as lineage-traced Islet1
expression through tdT (G’, H’), TUNEL staining (G’’, H’’), and merged image (G’’’, H’’’). Double-positive cells were
counted in 4 control and 6 mutant fields within the boxed region (I, mean, SEM), showing a fourfold increase in apoptosis in
SHF in mutants (P < 0.005). Scale bars: 100mm (A’, B’, D’–E’’’, G’–H’’’), 250mm (A, B, D, E, G, H).
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additional missense mutation in Dll4 that interferes with its
binding to Notch1 has also been described in a sporadic
Japanese patient [10]. However, no genotype–phenotype
correlations have been made in AOS to date [9].

Almost one quarter of patients with AOS harbor a CHD,
with the most common being outlet VSD or alignment de-
fect, primarily TOF [7], both defects that can result from
derangements in SHF contribution to the developing heart.
Based on our current understanding of Dll4 biology, we
submit that the cardiac defects seen in AOS are best ex-
plained by a somatic mutation acquired in mesodermal SHF
progenitor cells after the initial steps in embryogenesis
are effectively completed. We have previously shown that
knockout of Dll4 in SHF results in RV and OFT under-
development and early embryonic lethality [11]. The few
embryos that survive to mid-gestation display DORV.
We now wanted to model heterozygous Dll4 loss in car-
diac OFT-specific progenitor cells to establish a laboratory
model of CHD seen in AOS. Islet1 is expressed early in
heart development and globally by SHF progenitor cells
destined to contribute to the developing heart. We, there-
fore, generated heterozygous conditional loss of Dll4 in
Islet1-expressing SHF cells. Haploinsufficiency of Dll4 had
demonstrable effects on SHF, with a significant reduction
in SHF proliferation. The SHF progenitors incapable of pro-
liferation subsequently undergo apoptosis, ultimately lead-
ing to a reduction in pool of SHF progenitors. We have
previously shown that Dll4-mediated Notch signaling
regulates Fgf8 and Fgf10 expression in SHF, thereby af-
fecting SHF proliferation [11]. Loss of SHF progenitors
available for incorporation into the developing heart leads
to an underdeveloped RV and foreshortened OFT, leading to
its misalignment. The aortic alignment defects seen in our
model resemble the spectrum of defects seen in the clinic. In
milder cases, the aorta rides across the VSD as seen in TOF,
implying inadequate displacement to the LV. In more ex-
treme cases, the aorta arises completely from the RV re-
sembling TOF-style DORV. Thus, our model serves as the
first molecular demonstration of the genotype–phenotype
correlation of CHD observed in AOS.

The incomplete penetrance of CHD phenotype is consis-
tent with Dll4 biology. The penetrance of vascular defects in
global Dll4 heterozygotes was shown to be strain-dependent
[14], implying that there is likely epistatic regulation of
Dll4 function, such that some individuals are able to over-
come the impact of partial loss of Dll4. Our mouse model
had a greater prevalence of CHD than reported in the clinic.
One potential explanation is that the Islet1-Cre mouse used
in our model is a cre recombinase knock-in, in effect acting
as heterozygous loss of Islet1. This oligogenic mutation may
underlie the increased penetrance observed. Alternatively,
biological variability driven by the extent and degree of
Dll4 loss could also be in play. Heterozygous loss of Dll4
driven by Mef2c-AHF-Cre, a more restricted SHF marker,
had no phenotype lending further credence to this argument.
Lastly, our mouse model does not lend itself to studying
associated defects in other organ systems. It has been sug-
gested that the limb and scalp defects observed in AOS are a
result of a more general vasculopathy [8]. It is well estab-
lished that Dll4 plays a crucial role in vascular develop-
ment and, further, that common mesodermal progenitors
drive both vascular and cardiac development. Future studies

aimed at establishing a laboratory model that displays the
multi-organ system defects in AOS should shed more light
into these aspects of the disease process.

Conclusion

In summary, we have established a laboratory model to
explain the CHD observed in AOS due to heterozygous loss of
function of Dll4. Our data indicate that a later and more re-
gional loss of Dll4 in SHF progenitors inhibits their prolifer-
ation, leading to reduced SHF incorporation in the developing
OFT. A foreshortened OFT is incapable of proper alignment
and, therefore, results in the cardiac alignment defects ob-
served in the clinic. Our model would also imply that the RV
in these mutants shares these molecular defects. As such,
further studies would help us understand whether and how this
abnormal RV would behave in the long term in patients who
undergo surgical management of OFT CHD in AOS.
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