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Abstract

Rationale—The Dorsal Mesenchymal Protrusion (DMP) is aprong of mesenchyme derived from
the Second Heart Field (SHF) located at the venous pole of the devel oping heart. Recent studies
have shown that perturbation of its development is associated with the pathogenesis of
atrioventricular septal defect (AV SD). Although the importance of the DMPto AV septation is
now established, the molecular and cellular mechanisms underlying its development are far from
fully understood. Prior studies have demonstrated that bone morphogenetic protein (BMP)
signaling is essential for proper formation of the AV endocardia cushions and the cardiac outflow
tract. A role for BMP signaling in regulation of DMP development remained to be elucidated.

Objective—To determine the role of BMP signaling in DM P devel opment.

Methods and Results—Conditional deletion of the BMP receptor Alk3 from venous pole SHF
cells leads to impaired formation of the DMP and a completely penetrant phenotype of ostium
primum defect, a hallmark feature of AV SDs. Analysis of mutants revealed decreased
proliferative index of SHF cells and, consequently, reduced number of SHF cells at the cardiac
venous pole. In contrast, volume and expression of markers associated with proliferation and
active BMP/TGFp signaling was not significantly altered in the AV cushions of SHF-AIk3
mutants.

Conclusions—BMP signaling is required for expansion of the SHF-derived DMP progenitor
population at the cardiac venous pole. Perturbation of Alk3-mediated BMP signaling from the
SHF results in impaired development of the DMP and ostium primum defects.
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INTRODUCTION

Proper formation of the septal structures at the atrioventricular (AV) junction is crucial to
the development of the four-chambered heart. Perturbation of this process can result in
cardiac malformations, including atrioventricular septal defect (AVSD). AV SDs, which
comprise approximately 5% of all congenital heart defects, are associated with genetic
disorders such as Down’ s syndrome and visceral heterotaxy syndromel. While all AVSDs
are characterized by the presence of acommon AV junction, two subtypes can be
distinguished based on the potential for shunting. In incomplete (or partial) AV SDs, this
potential is restricted to the atrial level viathe so-called ostium primum defect, whereasin
complete AV SDs shunting can occur at both atrial and ventricular levels?.

In the past, AV SDs were thought to arise solely from perturbed development and/or fusion
of the AV endocardial cushions3=>. A series of recently published studies, however, indicate
that abnormal development of tissues derived from the Second Heart Field (SHF), including
the primary atrial septum and the Dorsal Mesenchymal Protrusion (DMP), may also play a
rolein the pathogenesis of these defects®-14,

The SHF-derived DMP is abody of mesenchyme found at the venous pole that resembles a
structure originally described by His as the spina vestibule or, vestibular spine® 10. 15 The
development of the DMP isintrinsically related to remodeling events involving the dorsal
mesocardium? 10. 16 The walls of the dorsal mesocardium are formed by the mesocardial
reflections®-18, two structures that symmetrically flank the mid-pharyngeal endothelial
strand, the precursor of the pulmonary veinl® 20 21 The development of the DMPis
preceded by the accumulation of SHF cellsin the region sandwiched between the foregut
and the dorsal mesocardium. Around murine ED10.5, this cell population expands between
the right mesocardial reflection and the developing pulmonary vein and projects into the
cavity of the common atrium, thereby forming the DMP10. 9, Thisresultsin aleftward
displacement of the orifice of the pulmonary vein, a process crucia to its eventua
incorporation into the left atrium?2.

Fusion of the DMP with the mesenchymal cap of the primary atrial septum (PAS) and the
AV cushions resultsin closure of the ostium primum and formation of the AV mesenchymal
complex19: 20, Faijlure of these tissues to properly develop and/or interact with one another
can result in an ostium primum defect as well as other malformations characteristically
associated with AV SDs. Although compromised development of the endocardially-derived
AV cushions has long been implicated in the pathogenesis of AV SD, only relatively recently
has perturbation of SHF-derived tissues at the venous pole been linked to these

defects’: 9 11. 21. 23 Here, we contribute to the growing body of evidence that proper DMP
development isimportant, if not crucial, to AV septation. Specifically, we demonstrate that
Bone Morphogenetic Protein (BMP) signaling through the receptor Alk3 is of critical
importance for DM P development as its del etion from the SHF resultsin impaired DMP
formation and ostium primum defects. As the molecular mechanisms involved in expansion
and differentiation of SHF progenitors at the venous pole become more clearly defined, so
may understanding of the morphological and molecular basis of AVSD.

METHODS
Mice

Mef2c-AHF-cre and floxed Alk3 mice?4 25 were used to generate Mef2c-AHF-cre;Alk3/f
(SHF-AIk3) ckos, and control embryos. For cell fate studies, Mef2c-AHF-cre mice were
crossed with B6.129(Cg)-Gt(ROSA ) 26SortMA(ACTB-tdTomato, dTomatluo/ j reporter mice?®.
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Mef2cCRE: Alk3* and Alk37T:R26™MT mice were mated to generate SHF-AIk3 ckos that also
possess a GFP reporter allele (Mef2cCRE; Alk3:R26MC).

Proliferative index of dorsal mesocardium

Eight evenly-spaced 5pm sections from three Mef2cCRE; Alk3/F; R26MC and four
Mef2cCRE; Alk3+;R26™C [ittermates at ED10 were assessed using GFP, Ki67 and 1s/1 to
determine the proportion of actively dividing SHF cells. Average SHF proliferation was
calculated by dividing the number of 1511-positive;Ki67-positive or GFP-positive;Ki67-
positive cells by, respectively, the total number of 15l1-positive or GFP-positive cells.
Overadl proliferation was determined by dividing number of Ki67-positive cells by total cell
number. Number of GFP-positive cells expressing 1511 was determined by dividing by
number of GFP-positive;lsl 1-positive cells by total number of GFP-positive cells.
Significance was determined using a two-tailed student’ s t-test.

AMIRA 3D reconstruction

Twenty 5 um seria sections of the dorsal mesocardium between the primary atrial septum
and the bronchi were stained for Isl1 and GFP in Mef2cCRE; Alk3";R26™C and
Mef2cCRE: Alk3+:R26MC specimens. 1511 and GFP expression was recorded using a set
exposure time, after which AMIRA software was used to create threshold segmentation and
generate 3D-renderings.

AV cushion volume and proliferation

The AV cushions were assessed using images from the entire AV junction of three SHF-
Alk3 cko and three control specimens at ED11, 12 and 13.5. AMIRA was used to create 3D-
renderings and determine volume. Proliferation was assessed using six 5 pm sections from
themajor AV cushions of three SHF-AIk3 cko and 3 control specimensat ED11, 12 and
13.5. Number of cells expressing Ki67 was divided by total number of cells and significance
determined by two-tailed student’ st-test.

RESULTS

Expression of BMP signaling pathway components at the venous pole of the heart

While prior studies have unequivocally demonstrated the importance of BMPs to outflow
tract accretion and septation?”- 28, the role of BMP signaling in the development of the
venous pole has thus far garnered relatively little attention.

At ED9.5, two SHF-derived mesocardial reflections symmetrically flank the mid-pharyngeal
endothelial strand at the cardiac venous pole!® 20. 21 At this stage, the dorsal mesocardium
is sparsely populated and expression of 1811, atranscription factor characteristically
expressed in the SHF?®, islargely confined to the reflections (Fig. 1A, B). To define the
spatiotemporal expression patterns of BMP isoforms during this critical stage of venous pole
development, in situ hybridizations were performed on serial sections of ED9.5 embryos
with probes specific to BMP2, BMP4, and BMP7. This analysis showed that BMP7 is
expressed throughout the entire myocardium, including the myocardial mesocardial
reflections and the AV myocardium (data not shown). BMP2 is not expressed in the
mesocardial reflections (Fig. 1D) but, consistent with prior reports, is expressed within the
AV myocardium underlying the developing AV cushions® (Fig. 1D’). BMP4 expression, in
contrast, islargely confined to the mesocardial reflections (Fig. 1C, C').

BMPs may signal in a paracrine fashion. Due to the close proximity of the mesocardial
reflections to the SHF population that will form the DMP, this population was assessed for
expression of the receptor Alk3, known to interact with BMP4 and BMP73L, Consistent with
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BMP signaling through Alk3 in SHF cells at the venous pole of the heart, Alk3 expression
was observed in Isl1-expressing SHF cells of wild-type mouse embryos at ED10 (Fig. 2A).

Alk3-stimulated canonical BMP2,4,7 signal transduction is mediated through
phosphorylation of the downstream effectors Smad(s) 1, 5, and/or 83L. To determine
whether the canonical BMP pathway is active in SHF cells at the venous pole, the
expression of pPSMAD1/5/8 was immunofluorescently evaluated in mouse embryos at ED9.5
and ED10.5. Expression of pPSMAD1/5/8 was detected in both the DM P precursor
population at ED9.5 (Fig. 2B, B") and within the DMP itself at ED10.5 (Fig. 2C, C').

Deletion of Alk3 from the venous pole results in ostium primum defects

In the Mef2c-AHF-cre mouse, regulatory elements from the mouse mef2c gene drive
expression of Cre-recombinase exclusively in the AHF (or SHF)2® and its derivatives at both
the arterial2® and venous pole?! of the developing heart (Fig. 3B—F). The contribution of the
SHF to the venous pole can be traced by crossing Mef2c-AHF-cre mice with floxed
R26MT/MG reporter mice that express membrane-targeted tandem dimer Tomato (mT) prior
to cre-mediated excision and membrane-targeted green fluorescent protein (mG) after cre-
mediated excision32 33 (Fig. 3). At the venous pole, expression of the Mef2c-AHF-cre
transgene (Fig. 3D) paralelsthat of 11 (Fig. 3B); both 111 and the transgene are expressed,
prior to protrusion, by dorsal mesocardial SHF cells situated between the common atrium
and foregut and, following protrusion, by cells comprising the DMP. While the Mef2c-AHF-
cretransgene is also expressed by myocardium of the right ventricle and outflow tract, itis
not significantly expressed by AV cushion mesenchyme (Fig. 3E, F).

To determine whether BMP signaling is required for development of the DMP precursor
population, Alk3-dependent BMP signaling was abrogated from the SHF using an
established cre-loxp mating strategy. Mef2c-AHF-cre mice were mated with a) floxed Alk3
mice to generate Mef2c-AHF-cre;Alk37f (SHF-AIk3) ckos and b) combination floxed Alk3,
floxed R26MT/MG mice to generate Mef2cCRE; A1k31";R26MC ckos (Fig. 3A). Using this
approach, thirty-four litters ranging in age from ED9.5 to ED18 were collected. In
concordance with Mendelian inheritance, SHF-Alk3 cko specimens comprised
approximately 25% of offspring through ED13. At ED15, however, SHF-AIk3 cko
specimens comprise less than 10% of progeny. No SHF-AIk3 cko mice were recovered at
stages beyond ED15.5 (Fig. 4A). Inspection of external features associated with
developmental landmarks, such as closure of the posterior neuropore or lens vesicle, did not
indicate developmental delay in SHF-Alk3 cko specimens (cf. Fig. 4B and 4C). Although an
exact cause of death cannot be determined, features associated with hepatomegaly, portal
congestion, and abdominal distention (Online Figure I) were noted in

Mef2cCRE: Alk3!:R26MC and SHF-AIK3 ckos. These findings are consistent with hydrops
fetalis, afrequently fatal prenatal form of heart failure that can result from cardiac
malformations such as AV SD34 35,

To determine whether our experimental approach resulted in effective deletion of Alk3 from
the SHF, Alk3 expression was assessed in Mef2cCRE; Ak3f:R26™C and SHF-AIK3 ckos.
Expression of Alk3 was detected in SHF cells of contral littermates, but was absent from
SHF cellsin SHF-Alk3 and Mef2cCRE; Alk3F;R26MC ckos. In both groups, however, Alk3
expression was observed in dorsal mesocardial cells not derived from the SHF (Fig. 4D, E).

To determine how conditional deletion of Alk3 from the SHF affects formation of the AV
septal complex, SHF-AIk3 ckos and control specimens at stages ED13.5-15.5 were
examined (13 specimens from atotal of 7 litters). The AV septal complex was properly
formed in all control littermates inspected (Alk3"f, Mef2c-AHF-cre; Alk3+,

Mef2cCRE: Alk3+:R26MC; 8 specimens from 7 litters). In all SHF-Alk3 ckos, however, we
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observed an ostium primum defect with a common atrioventricular junction (Fig. 5D, D).
The histological analysis also showed that the AV cushions were fused to one another as
well as to the muscular ventricular septum.

The ventricular myocardium of Mef2cCRE; Alk3f:R26™MC and SHF-AIK3 ckos (Fig. 5F, H)
was thin when compared to control littermates (Fig. 5E, G). Immunofluorescent staining of
ventricular myocardium using the proliferation marker pHH3 did not, however, reveal a
gualitative difference in proliferation between SHF-AIk3 ckos and control littermates
(Online Figure 1).

Conditional deletion of Alk3 from the SHF leads to hypoplasia of the DMP-precursor
population and failure of the DMP to form

Impaired development of the DMP isimplicated in the pathogenesis of AVSDs™9.11.21 Tg
determine whether reduction in BMP signaling alters devel opment of the SHF-derived
DMP, SHF-AIk3 cko (n=3) and control Alk3f (n=3) specimens at stage ED10.5 were
histologically examined and immunohistochemically stained for 1sl1. Based on the Isl1
expression profile, a 3D-rendering of the venous pole SHF was generated (Online Figure
[11). Analysis of these datasets revealed that, when compared to I11). 1911 expression,
however, is not an ideal method of ng SHF contribution in SHF-AIk3 ckos, as the
experimental approach could hypothetically alter 11 expression within the SHF. Thus, we
used Mef2cCRE; A1k3*;R26MC and Mef2cCRE; Alk3::R26MC mice in order to trace the
SHF lineage at the venous pole in an Il 1-independent fashion. Specimens at ED10.5 were
stained for GFP and Isl1 (Fig. 6B, F) to generate 3D-renderings of the venous pole (Fig. 6C,
G, D, H). Thisanalysis confirmed that conditional deletion of Alk3 from the SHF resultsin
decreased SHF expansion and failure of the DMP to properly form (Fig. 6G, G'H, H').

pSMAD1/5/8 is reduced in DMP-precursors of SHF-Alk3 cko embryos

To assess whether deletion of Alk3 compromises BMP signaling in the SHF, expression of
pSMAD1/5/8 was assessed in SHF-AIk3 cko specimens at ED10.5. Consistent with reduced
canonical BMP signaling resulting from decreased availability of the BMP receptor, SHF-
Alk3 cko specimens displayed reduced levels of pPSMAD1/5/8 in the DMP and nearby
dorsal mesocardium (Fig. 7C, D).

Reduction of number of DMP-precursors at the venous pole in SHF-AIk3 cko embryos

Previous studies have shown that proper formation of the DMP is dependent on proliferation
and expansion of the SHF DMP-precursor population located behind the dorsal
mesocardium?L, To determine whether reduction of BMP signaling affects SHF
proliferation, sections through the venous pole of ED10-10.5 Mef2cCRE: A|k3f/F;R26MC
specimens (n=3) and control Mef2cCRE; Alk3+;R26MC specimens (n=4) were labeled using
antibodies recognizing GFP, 11, and the proliferation marker Ki67. Cell counts revealed
that the proliferative index of venous pole SHF cells, irrespective of whether the SHF is
defined by 1911 expression or through use of a cell fate marker, is reduced by approximately
two-fold in Mef2cCRE; Alk3f:R26MC specimens when compared to control

Mef2cCRE: Alk3+:R26™C |ittermates (p=0.02, Fig. 7E-1). Consistently, the proportion of
SHF cells comprising the dorsal mesocardium was significantly reduced in

Mef2cCRE: Alk3;R26MC mutants (Fig. 7E). Finally, the proportion of dorsal mesocardial
GFP-positive cells expressing 1511 was not significantly different between

Mef2cCRE: Alk3;R26MC and M ef2cCRE; Alk3+;:R26™MC groups. This indicates that the
venous pole SHF hypoplasia we observed in SHF-AIk3 ckos does indeed reflect decreased
SHF cell number, and is not a consequence of decreased 1511 expression within the SHF
cells (Fig. 7E). Although reduced SHF size could have resulted from increased apoptosis,
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examination of SHF-AIk3 ckos and control littermates at stages ED9.5-13.5 did not reveal
any difference in number of apoptotic cells at the venous pole (data not shown).

SHF-Alk3 cko mice do not show premature myocardial differentiation of the SHF

Premature myocardialization of the SHF isimplicated in compromised development of the
DMP’. To determine whether premature myocardialization contributes to defective DMP
development found in SHF-AIk3 knockouts, we assessed the expression of genestypically
associated with myocardial differentiation: Nkx2.5, MF20, a-SMA, and a-sarcomeric
actin® 36 (Online Figure 1V). This analysis did not reveal premature myocardial
differentiation of mesenchymal cells within the SHF DM P-precursor population at any stage
examined (ED9.5-13.5).

Early development of the AV cushions is not perturbed in the SHF-AIk3 cko mice

Impaired development of the AV cushionsis associated with the pathogenesis of AVSD3-5.
Therefore, we examined the developing AV cushions at ED9.5-13.5. Histological analysis
of control and SHF-AIk3 cko specimens at ED9.5 did not reveal a difference regarding onset
of epithelial-to-mesenchymal transition (Online Figure V). Although ostium primum defects
were found in all SHF-AIk3 cko specimens, the overall AV cushion volume was not found
to be different in SHF-AIk3 cko specimens when compared to control littermates (Fig. 8E).
Consistent with this finding, we did not detect differencesin the proliferative index of AV
cushion cellsin SHF-AIk3 cko and control specimens at ED11, 12, or 13.5 (Fig. 8J).
Furthermore, apoptosis was not observed in the AV cushion mesenchyme in either group at
these stages investigated (data not shown). Finally, both groups exhibited similar levels of
expression of pPSMAD1/5/8 and pSMAD3 in the cushions (Online Figure V), indicating that
conditional deletion of Alk3 from the SHF does not perturb BMP/TGF signaling within the
AV cushions.

DISCUSSION

Proper septation of the four-chambered heart requires the coordinated interaction and
maturation of several structuresincluding the primary atrial septum with its mesenchymal
cap, and the endocardial cushions. More recently, studies of murine models of congenital
heart malformations have revealed that an additional structureis critical for prenatal closure
of the ostium primum: the DMP’: 9. 11, 21, 37 ‘\While the importance of the SHF-derived
DMPto AV septation is now established, the molecular pathways and cellular mechanisms
that underlie its formation and maturation are far from fully understood.

BMP signaling and development of the DMP

At least six BMP isoforms (BMP2,4,5,6,7, and 10) are expressed in the devel oping

heart38: 39, Individually, BMP5, 6, and 7 do not appear to have amajor role in cardiac
development as obvious cardiac malformations are not observed in single knock-outs*.
BMP7 is expressed in the devel oping myocardium®! while BMP6 expression is restricted to
the aortic valvar mesenchyme and endothelium of the pulmonary and aortic trunks. BMP2,
arguably the most frequently isoform studied, is expressed in the AV myocardium, where it
isindispensable for AV cushion formation#2. BMP2 deficient mice die before ED12.5 with
severe defectsin AV cushion morphogenesis®® 42, Loss of BMP10, which is predominantly
expressed in the ventricular trabecular myocardium during early heart development, results
in embryonic lethality around ED10.0-10.5 due to reduced ventricular mural thickness®,
BMP4 isalso critical for heart development; BM P4 knockout mice die relatively early in
devel opment#* while hypomorphic mice die within one week postnatally. BMP4
hypomorphs are characterized by 100% penetrance of AV SD with common atrioventricular
valves®™. Myocardial “deletion” of BMP4 through use of compound transgenic mice
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carrying a cardiac-TroponinT-cre (cTnT-cre) alele, aBMP4A™L null alele, and a
Bmp4!oxPlacZ 4| ele, also resulted in complete penetrance of the AV SD phenotype®. The
importance of BMP signaling to atrial and AV septation is aso supported by findingsin
humans as mutations in BM P4 and the BMP receptor Alk2 have been implicated in the
etiology of, respectively, atrial septal defects and AVSDs*648,

Given the emerging insight into the role of the DMP in AV septation, and our longstanding
interest in the devel opment of this structure, we sought to determine whether BMP signaling
could be involved in DMP development. Our expression studies of the venous pole
demonstrated that BMP7 is ubiquitously expressed in the myocardium, that expression of
BMP2 islargely absent, and that BMP4 is mainly confined to the mesocardial reflections
flanking the developing DMP. Furthermore, we found expression of both activated Smads
and Alk3, the BMP receptor known to interact with BMP4 and BMP749, within the SHF cell
population that is located in close proximity to the mesocardial reflections and gives rise to
the DMP. To determine the significance of BMP signaling in venous pole development, we
then conditionally deleted Alk3 from the SHF. This experimental approach resulted in
hypoplasia of the DMP and, consequently, afully penetrant ostium primum defect.

As mentioned earlier, impaired development of the AV endocardial cushions has been
associated with the etiology of AV SD3-5:90. 51, Fyrthermore, BMPs are known to be
involved in the development of the AV cushions®>. Specifically, myocardially-expressed
BMP2 has been shown to be essential for the induction of epithelial-to-mesenchymal
transition through its binding to endocardially-expressed Alk342. Therefore, although our
cell fate tracing revealed that neither the AV myocardium nor the AV cushion endocardium
are SHF-derived, we examined the developing AV cushions to ensure that the devel opment
of these structures was not perturbed as aresult of conditional deletion of Alk3 from the
SHF. Examination of the AV cushionsin our SHF-Alk3 knockout mice did not reveal any
difference with respect to onset of epithelial-to-mesenchymal transition or expression of
markers associated with proliferation, apoptosis, or TGFu signaling. Furthermore, the
volume of the mgjor AV cushions in SHF-AIk3 ckos did not significantly differ from that of
control groups at ED11, 12, or 13.5. These findings show that the ostium primum defects
observed in our model do not result from impaired formation and/or fusion of the
endocardially-derived AV cushions but rather, are a consequence of reduced SHF expansion
and malformation of the DMP.

Mechanisms leading to abnormal DMP development

Examination of all SHF-AIk3 cko mice at crucial stages of DMP development and
maturation (9.5-13ED) revealed hypoplasia of the SHF at the venous pole and failure of the
DMP to develop. Because proper formation and addition of the SHF to the venous poleis a
multi-step process, development of this structure may go awry at more than one

stage’- 10. 11,21 The region behind the dorsal mesocardium islargely acellular at ED9.5.
However, within less than one day, there is a drastic increase in the number of SHF cells,
virtually all of which are actively proliferating. Once these SHF cells protrude into the
common atrium and form the DM P, however, they largely become quiescent (not shown).
This stark contrast in mitotic activity over such a short developmental window indicates how
critical SHF cell-cycle regulation is for proper development of the DMP. In an elegant
study, Tian et al. demonstrated that global deletion of Wnt2 results in hypoplasia of the
posterior dorsal mesocardium, including the DMPL. Further analysis of the venous pole
SHF cellsin Wnt2 mutants revealed decreased expression of Lefl, acomponent of
canonical Wnt signaling. While BM P4 has been shown to positively regulate Lef1
expression®?, we did not detect a decrease in Lef1 expression in SHF progenitors at the
venous pole of SHF-AIk3 cko specimens when compared to control groups (data not
shown). From these observations, we infer that the Wnt(2)/B-catenin and BMP signaling
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pathways might independently regul ate development of the DMP by controlling the
proliferation and expansion of the population of DMP precursor cells.

A requirement for sonic hedgehog (Shh) signaling in AV development and septation has
also been demonstrated’ 8. Through utilization of Mef2c-AHF-cre and floxed Smoothened
mice, Goddeeris et al. demonstrated that deletion of the Shh-receptor Smoothened from the
SHF resultsin perturbation of DM P development and, consequently, AVSD’. In the SHF-
Smo cko, the compromised development of the DM P was attributed to failure of the DMP
precursor population to maintain a mesenchymal phenotype. Premature myocardial
differentiation of these cellsresulted in their inability to migrate into the common atrium.
We examined SHF cells at the venous pole in SHF-AIk3 ckos over the entire known course
of normal DMP development (9.5-13ED) but did not observe ectopic/premature expression
of genes associated with myocardium, such as Nkx2.5, MF20, a-SMA, and a-sarcomeric
actin, when compared to control specimens. Therefore, in our model, failure of venous pole
SHF expansion, rather than premature myocardial differentiation, appears to be the major
mechanism underlying DM P malformation.

The DMP and the pathogenesis of AVSD

As mentioned above, two morphological subtypes of AV SDs can be distinguished;
incomplete and complete AV SDs. Studies on humans with AV SD have shown
unequivocally that the AV junction is equally common in both defects?. The main difference
between the two subtypes isthat the bridging leaflets, which are derived from the major AV
cushions, are firmly fused to the crest of the muscular ventricular septum, as well asto each
other in most instances of the incomplete (or ostium primum) defect. Here, we demonstrate
that inhibition of DM P development by deleting Alk3 from the SHF leads to failure of the
base of the primary atrial septum to form and, consequently, the ostium primum to close. In
addition, we show that early AV cushion development and fusion is not affected by our
experimental approach. The AV septal complex consists of several components?® and
correct formation of the valvuloseptal structures depends on proper development of each of
them. The fact that perturbation of DMP devel opment in the SHF-AIk3 mouse did not
produce defects with shunting at ventricular level suggests that those using models that do
present with complete AV SD should pay extra attention to the development of the features
of the other components of the AV valvuloseptal complex, in particular the AV cushions.

In summary, our current observations show that the BMP signaling pathway at the venous
pole of the heart is required for proper formation of the DMP and, hence, the AV septal
complex. These results lend further support to the growing realization that perturbed
development of the DMP may play a significant role in the pathogenesis of congenital heart
malformations associated with AV SD. Additional research is needed to further unravel the
molecular and cellular mechanisms that mediate SHF development at the cardiac venous
pole, as these studies may provide invaluable insight into genetic and environmental causes
underlying the etiology of AV SD.
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Refer to Web version on PubMed Central for supplementary material.
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Nonstandard Abbreviations

AHF anterior heart field

ASD atrial septal defect

AV atrioventricular

AVSD atrioventricular septal defect

BMP bone morphogenetic protein

DMP dorsal mesenchymal protrusion

FG foregut

iIAVC inferior atrioventricular cushion

LA left atrium

LMR left mesocardial reflection

LV left ventricle

MPES midpharyngeal endothelial strand

PAS primary atrial septum

RA right atrium

RMR right mesocardial reflection

RV right ventricle

sAVC superior atrioventricular cushion

SHF second heart field

VSD ventricular septal defect
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Novelty And Significance
What |s Known?

» Atrioventricular septal defects (AV SDs) are congenital heart malformations
characterized by the presence of an ostium primum defect and a common
atrioventricular junction.

e AVSDs can result from impaired development of the dorsal mesenchymal
protrusion (DMP), aderivative of the second heart field (SHF).

e The molecular mechanisms orchestrating the development of the DMP are far
from fully understood.

What New | nfor mation Does This Article Contribute?

 BMPsignaing viathe BMP receptor Alk3 at the cardiac venous poleis
essential for the development of the DMP

o Lossof BMPsignaling in the SHF at the venous pole leads to DMP
malformation and complete penetrance of ostium primum defect

e Ostium primum defects can occur regardless of whether AV cushion
development is normal or not

Atrioventricular septal defects (AV SDs) are congenital heart malformations in which
communication between the left and right atrium is permitted via the so-called ostium
primum defect. More recently, studies using murine models have demonstrated an
association between ostium primum defects and malformation of the DMP. The findings
of this study not only emphasize the importance of the DMP to AV septation, but also
provide evidence that BMP signaling is required for DM P development. These results
show that loss of BMP signaling from this precursor population resultsin the
malformation of the DMP and a fully penetrant ostium primum defect phenotype. These
results provide additional insights into the etiology of cardiac malformations associated
with AV SD.
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Figure 1. BMP expression at the venous pole of the developing heart

Transverse sections of ED9.5 hearts at the level of the dorsal mesocardium were H& E
stained (A) and processed for immunofluorescent detection of the SHF-marker 111 (B) to
demonstrate SHF contribution to this region of the heart. In situ hybridization of transverse
seria sections with probes recognizing BMP4 (C, C') and BMP2 (D, D) demonstrate that
the mesocardial reflections of the dorsal mesocardium express BMP4 (C) but not BMP2 (D).
In contrast, little to no BMP4 isexpressed in AV junctional myocardium (C'), where BMP2
is abundantly expressed (arrow, D). FG, foregut; RMR, right mesocardia reflection; LMR,
left mesocardial reflection; RV, right ventricle; RA, right atrium; LA, left atrium; AV J,

atrioventricular junction.
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Figure 2. Expression of 191, Alk3 and pSMAD1,5,8 at the venous pole

Expression of the BMP receptor Alk3 (red, A) by Idl1-expressing SHF cells (green, A) at the
venous pole of awild-type specimen at ED10. Robust expression of phosphorylated
SMADL/5/8, amarker of active canonical BMP signaling, is present within this Isl1-positive
population prior to protrusion of the DMP into the common atrium (10ED, B, B’). Isl1 and
phosphorylated SMAD1/5/8 are also expressed within the DM P itself (10.5ED, 2C, C'). FG,
foregut; MPES, midpharyngeal endothelial strand; DMP, dorsal mesenchymal protrusion
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Figure 3. Genetic manipulation of Alk3 expression in the SHF through use of the M ef2c-AHF-
cretransgene

Males containing an Alk3 floxed allele and/or the Mef2c-AHF-cre transgene (A, blue ears)
were mated with floxed female mice (A, pink ears) to generate Mef2cCRE;R26MC reporter
embryos (A, top), SHF-AIk3 cko embryos (A, middle, red box), compound SHF-AIk3 cko/
Mef2cCRE:R26™MC reporter embryos (A, bottom, red box) and corresponding controls (A,
green). Within the splanchnic mesoderm at the venous pole, the Mef2c-AHF-cre transgene
(D) is expressed by the same SHF population that expresses |sl1 (B). Expression of the
transgene is absent from the nearby myocardium (C), the foregut endoderm (asterisk in B,
D), and from the AV cushion mesenchyme (E, F). FG, foregut; RMR, right mesocardial
reflection; LMR, left mesocardial reflection; RV, right ventricle; RA, right atrium; LV, left
ventricle; LA, left atrium; AVC, atrioventricular cushion; PAS, primary atrial septum
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Figure 4. Deletion of Alk3 from the SHF resultsin reduced recovery of conditional knockouts
The graph in panel A shows the percentage of control (green), heterozygous SHF-AIk3
mutants (blue), and homozygous SHF-AIk3 mutants (red) recovered in litters at stages ED9—
18 (A). No obvious signs of development delay was noted in SHF-AIk3 homozygous
mutants (C) when compared to control littermates (B). Immunofluorescent detection of GFP
(green) and Alk3 (red) in Mef2cCRE; Alk3+:R26™MC (control, D) and

Mef2cCRE: Alk3::R26MC (cko, E) embryos at ED11 shows decreased expression of Alk3in
GFP-positive cells of Mef2cCRE;AIk3;R26MC ckos. FG, foregut
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AT

Figure 5. Deletion of Alk3 from the SHF resultsin ostium primum defects

Histological analysis of control (A, C) and SHF-AIk3 cko (B, D) littermates at ED12 and
ED13.5 shows that, while the AV valvuloseptal complex is properly formed in controls,
SHF-AIk3 ckos are characterized by an ostium primum defect (asterisk, D'). In comparison
to control littermates (E, G), the ventricular myocardium of SHF-AIk3 ckos (F, H) isthin
(E-F, red MF20, green FLNA). RA, right atrium; LA, left atrium; RV, right ventricle; LV,
left ventricle; PAS, primary atrial septum; DMP, dorsal mesenchymal protrusion; AVC,
atrioventricular cushion
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Figure 6. Deletion of Alk3 from the SHF resultsin abnormal venous pole ar chitecture and
malformation of the DMP

The number of SHF (GFP-positive) cells is reduced in Mef2cCRE: Alk3/T;R26MC specimens
(F, G) when compared to Mef2cCRE: Alk3f*:R26MC control specimens (B, C) at ED10.5.
Based on GFP (green, B, F) and 191 expression (red, B, F), a 3D-rendering of SHF
contribution to the venous pole was generated using Mef2cCRE; Alk37+:R26MC (C, D) and
Mef2cCRE: Alk3F;R26MC (G, H) specimens at ED10.5. DMP, dorsal mesenchymal
protrusion; FG, foregut
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Figure 7. Reduced BMP signaling and proliferation in the SHF of SHF-Alk3 cko mutants
When compared to Alk3 control littermates (A, C), expression of pPSMAD1/5/8 (D) is
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reduced at the venous pole in SHF-AIk3 cko mice (B, D). Further analysis of venous pole
SHF cellsusing 191 (green, H, 1) as a SHF marker and the proliferation marker Ki67 (red,
H, 1) demonstrates significantly decreased SHF proliferation in Mef2cCRE; Alk3!/f:R26MC
mutants (1) when compared to control littermates (H). Proliferation was also significantly
reduced in Mef2cCRE: Alk3MT:R26MC mutants (G) when GFP was used as the SHF marker
(green, G) in combination with Ki67 (red, G). Furthermore, GFP-positive cells comprised a
significantly smaller portion of total cell number (E) in Mef2cCRE; Alk3::R26MC mutants.
Arrows in F point to a number of GFP-positive;Ki67-positive co-labeled cells, arrowsin H
point to Isl 1-positive;Ki67-positive co-labeled cells. FG, foregut; DMP, dorsal mesenchymal

protrusion
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Figure 8. AV cushion volume and praliferation of AV cushion mesenchyme is comparable
between SHF-AIk3 cko mutants and control specimens

The proportion of AV cushion cells expressing the proliferation marker Ki67 does not differ
between SHF-Alk3 cko mutants and control littermates at ED11 (C, D, J), ED12 (J), or
ED13.5 (G, H, J). The volume of the AV cushions also did not differ between the two
groups at ED11 (A, B, I), ED12 (1), or ED13.5 (E, F, 1). IAVC, inferior atrioventricular
cushion; sAVC, superior atrioventricular cushion; PAS, primary atrial septum
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