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Abstract

Distal outgrowth, maturation and remodeling of the endocardial cushion mesenchyme in the
atrioventricular (AV) canal are the essential morphogenetic events during four-chambered heart
formation. Mesenchymalized AV endocardial cushions give rise to the AV valves and the
membranous ventricular septum (VS). Failure of these processes results in several human
congenital heart defects. Despite this clinical relevance, the mechanisms governing how
mesenchymalized AV endocardial cushions mature and remodel into the membranous VS and AV
valves have only begun to be elucidated. The role of BMP signaling in the myocardial and
secondary heart forming lineage has been well studied; however, little is known about the role of
BMP2 expression in the endocardial lineage. To fill this knowledge gap, we generated Bmp2
endocardial lineage-specific conditional knockouts (referred to as Bmp2 cKO5) by crossing
conditionally-targeted Bmp20xX/flox mice with a Cre-driver line, Nfatc1€¢, wherein Cre-mediated
recombination was restricted to the endocardial cells and their mesenchymal progeny. Bmp2
cKOEM% mouse embryos did not exhibit failure or delay in the initial AV endocardial cushion
formation at embryonic day (ED) 9.5-11.5; however, significant reductions in AV cushion size
were detected in Bmp2 cKOF"™ mouse embryos when compared to control embryos at ED13.5
and ED16.5. Moreover, deletion of Bmp2from the endocardial lineage consistently resulted in
membranous ventricular septal defects (VSDs), and mitral valve deficiencies, as evidenced by the
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absence of stratification of mitral valves at birth. Muscular VSDs were not found in Bmp2
cKOF™0 mouse hearts. To understand the underlying morphogenetic mechanisms leading to a
decrease in cushion size, cell proliferation and cell death were examined for AV endocardial
cushions. Phospho-histone H3 analyses for cell proliferation and TUNEL assays for apoptotic cell
death did not reveal significant differences between control and Bmp2 cKOF"@ in AV endocardial
cushions. However, mRNA expression of the extracellular matrix components, versican, Has2,
collagen 9a1, and periostin was significantly reduced in Bmp2 cKOF@ AV cushions. Expression
of transcription factors implicated in the cardiac valvulogenesis, Snail2, Twist1 and Sox9, was also
significantly reduced in Bmp2 cKOF"@ AV cushions. These data provide evidence that BMP2
expression in the endocardial lineage is essential for the distal outgrowth, maturation and
remodeling of AV endocardial cushions into the normal membranous VS and the stratified AV
valves.
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1. Introduction

Valvuloseptal defects are among the most common and serious of congenital heart defects
(CHDs) (Loffredo, 2000). In the atrioventricular (AV) canal, endocardial endothelial cells
trans-differentiate into mesenchymal cells that populate into acellular AV endocardial
cushions. Mesenchymalized AV endocardial cushions undergo distal outgrowth, maturation
and remodeling into the membranous ventricular septum (VS) and the tricuspid and mitral
AV valves (Review: Eisenberg and Markwald, 1995; Anderson et al., 2014; de Vlaming et
al., 2012). The failure of these processes is thought to result in several human CHDs. Among
them, membranous ventricular septal defects (VSDs) are the most prevalent human VSDs,
comprising 75-80% of all VSDs (McCarty et a/., 2000). Despite the clinical relevance, the
mechanisms governing how mesenchymalized AV cushions mature and remodel into normal
valvuloseptal tissues have only begun to be elucidated.

Bone morphogenetic proteins (BMPs) are multifaceted regulators for cellular differentiation.
BMPs function via cognate Type | and Type Il receptors (Miyazono et a/., 2010). BMP
signaling is critical for various aspects of cardiac development and morphogenesis (Review:
Wang et al., 2011). The role of BMP signaling in the myocardial and secondary heart field
lineages has been extensively studied (Review: Wang et a/., 2011; Bai et al., 2013; Briggs et
al., 2013; Jiao, K. et al., 2003; Ma et al., 2005;McCulley et al., 2008;Thomas et al., 2014).
However, the role of BmpZ2expression in the endocardial cells and endocardial progeny
cushion mesenchymal cells has received little attention.

BmpZ2 conventional knockout mice die by ED 8.5 (Zhang and Bradley, 1996) before the
initial heart tube formation, which has hampered investigating the role of BmpZ2in the
cardiac development. Moreover, because myocardial BrmpZ2 conditional knockout (cKO)
mice die at ED 10.5 (Ma et al.,, 2005; Rivera-Ferciano and Tabin, 2006) and Bmprla (Alk3)
pan-endothelial cKO mice die at ED11.5 (Ma et al., 2005; Song et al., 2007; Park et al.,
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2006) at the endocardial-mesenchymal transformation (EMT) stage, the role of BMP2
signaling after EMT in the AV endocardial cushions cannot be investigated using these
models. Bmp2 mRNA (Abdelwahid et al., 2001), BMP2 protein (Sugi et. al,, 2004) and
BMP type | receptors, Bmprlaand Acvrl (Alk2) (Desgrosellier et al., 2005; Inai etal.,
2008; Wang et al., 2005) are expressed in the AV endocardium and cushion mesenchyme at
and after EMT stage. Based on the expression patterns of BMP ligands and their receptors,
we hypothesized that autocrine BMP signaling within endocardium and progeny endocardial
cushions regulates the maturation and remodeling of mesenchymalized AV cushions after-
EMT (Sugi et al,, 2016). The Cre driver Nfatc1¢"¢, which confers Cre-mediated
recombination in endocardial cells and their progeny (Wu et a/., 2012), has enabled us to
elucidate BMP signaling mechanisms in the endocardial lineage.

The requirement of BmpZ2expression in the myocardium (Ma et af., 2005; Luna-Zurita et al.,
2010) and the regulation of myocardial Bmp2 expression by the endocardium (Wang et al.,
2013) have been well documented for the initiation of AV endocardial cushion formation. In
this work, we have studied the role of BmpZ2expression in the endocardial lineage by
generating Nfatc1": Bmp2™°%'~ mouse embryos (or mice). Deletion of Bmp2 from the
endocardial lineage consistently resulted in membranous VVSDs, and mitral valve dysplasia
which was evidenced by the absence of stratification of mitral valves at birth, indicating that
BMP2 expression in the endocardial lineage is required for AV endocardial cushion
maturation and remodeling into the normal membranous VS and the stratified AV valves.

2. Materials and methods

2.1. Mouse lines

Generation of Bmp2floxed mice (Bmp2i™ Y™ has been described elsewhere (Singh et al.,
2008). The neo resistant cassette was removed from the targeted locus to avoid phenotypes
caused by hypomorphic functions caused by the cassette (Singh et a/., 2008; Yang et al.,
2013). B6;129S4- Bmp2imLJimyy ( Bmp2oxneoy mice (Ma and Martin, 2005) were also used
to confirm that two independently generated conditional BmpZ2alleles resulted in the same
phenotype (See Results 3.4). In these targeted mice, presence of the neo resistant cassette
does not compromise gene function (Ma and Martin, 2005). Generation of NfatcI¢" mice
has been described elsewhere (Wu et al., 2012). B6.129S4-Gt (ROSA) 2650r'™m15011 (R26R)
reporter mice (Jax #0034741), and Gt(ROSA)26Sorm# (ACTB-tdTomato, -EGFF) Loy
(ROSA26™TMG) reporter mice (Jax #00756) were purchased from Jackson laboratory.
Generation of Bmp2*/~, R26R, and ROSA26™ MG mice has been described elsewhere,
respectively (Zhan and Bradley,1996; Soriano,1999; Muzumdar et al., 2007). To produce
Bmp2 conditional knockout mice for the endocardial lineage, Nfatc1C"e: Bmp2iox/~
(referred to as Bmp2 cKOF@) were generated by using the breeding strategy shown in
Supplementary Fig. 1. For the final crossing, Nfatc1¢:Bmp2*/~ males were bred with
Bmp2/ox/flox females to avoid potential reduction of maternal BMP2. In some cases,
Bmp2ox/flox. p26R double homozygous females or Bmp2foX/flox. ROSA26™TMG double
homozygous females were used instead of Bmp270x/flox females. For genotyping, DNA was
extracted from the yolk sacs or tails of mouse embryos and the tails or ears of mice
afterbirth, respectively.
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All experiments involving mice were carried out under our protocol (#2765) reviewed and
approved by the Medical University of South Carolina Institutional Animal Care and Use
Committee (IACUC) in adherence to the NIH guidelines. Noontime on the day of detecting
vaginal plugs was designated as embryonic day (ED) 0.5.

2.2. General Histological analysis

Hearts from Bmp2 cKOF™0 mouse embryos and postnatal mice were processed for general
histology, whole mount LacZ staining and immunohistochemical analysis as described
below and compared with control (Bmp270¥/#) littermate hearts.

For general histological analysis, ED8.5-13.5 mouse embryos and ED14.5-18.5 and
postnatal day (PD) 1-6 mouse hearts were fixed with either 4% paraformaldehyde in
phosphate buffered saline (PBS, pH. 7.4) or cold 100% methanol, depending on procedural
necessity.

2.3. Whole mount p-galactosidase (LacZ) staining

ED8.5-13.5 mouse embryos and hearts from ED14.5-18.5 and postnatal mice were fixed
with 4% paraformaldehyde in PBS for 15-40 min depending on the size of the tissues.
Samples were rinsed overnight with 0.02% sodium deoxycholate, 0.01% NR-40/PBS for
permeabilization. Samples were treated with X-gal solution for 1-3 days at 37°C with gentle
rotation to detect the presence of p-galactosidase, as previously described (Snarr et al.,
2007). After post-fixation with 4% paraformaldehyde, samples were rinsed and dehydrated
with a series of ethanol and Xylen, and embedded in paraffin.

2.4. Immunohistochemistry and histochemical localization

Paraffin sections were rehydrated and processed for immunohistochemistry as previously
described (Sugi et al., 2004). For localization of Twistl, Sox9, and Snail2, a standard antigen
unmasking procedure (Vector Laboratories, Inc. Burlington, CA) was performed according
to the manufacturer’s recommendations.

Commercially available primary antibodies, anti-Collagen Type | (Col I) (Millipore,
#ABT765P), anti-Collagen Type IX (Col 1X) (Millipore, # MAB3304), anti-versican
(Chemicon, # AB1033), anti-Twistl (abcam, #ab50887), anti-Sox9 (Santa Cruz, #SC20095)
and anti-Snail2 (abcam, #ab27568) were used according to the manufacturers’
recommendations. Anti-BMP2 was kindly provided by Genetics Institute (Boston) and used
as previously described (Sugi et al.,, 2004). Anti-mouse periostin antibodies were a kind gift
from Drs. Hoffman and Krug (Medical University of South Carolina) and
immunohistochemistry was performed as previously described (Sugi et a/., 2012). For the
secondary antibody, either fluorescein conjugated goat anti-mouse IgG (MP Biomedicals,
#55514) or -rabbit IgG (MP Biomedicals, # 55662) was used.

Hyaluronan deposition was histochemically detected with a specific hyaluronan binding
protein (HABP) by following the previously described procedure (Toole et a/., 2001; Inai et
al., 2013). Biotinylated HABP (bHABP) was purchased from Seikagaku America (East
Falmouth, MA).
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For all immunohistochemical and histochemical localization, sections were immunostained
with MF20 (Developmental Studies Hybridoma Bank) for the myosin heavy chain followed
by Rhodamine-conjugated goat anti-mouse 1gG (MP Biomedicals, #55539). TO-PRO-3
(Invitrogen, #T3605) was used for nuclear staining. Stained sections were examined with a
Leica SP5 confocal microscope.

2.5. Cell proliferation

Cell proliferation ratio was determined by Phospho-histone (pHistone) H3
immunohistochemistry. Paraffin sections of ED13.5 septal AV cushions (fused superior and
inferior AV cushions) from Bmp2 cKOF™0 and control mice were subjected to
immunohistochemistry with anti-pHistone H3 (Millipore, # 06-570). All nuclei were stained
with TO-PRO-3. Stained samples were observed with a Leica SP5 confocal microscope and
photographs were used for quantitative analysis by analyzing 500 cells/sample collected
from 4-5 frontal sections of the AV septal cushions spaced 24um apart for 5 samples each of
Bmp2 cKOF% and control specimens.

2.6. Apoptosis

The TUNEL assay was performed to detect cell death in AV septal cushions. Paraffin
sections from ED13.5 AV septal cushions from Bmp2 cKOF and control mice were
subjected to the TUNEL assay using In the Situ Cell Death Detection Kit, Fluorescein
(Roche, # 1168479591). All nuclei were stained with TO-PRO-3. Stained samples were
observed with a Leica SP5 confocal microscope and photographs were used for quantitative
analysis by analyzing 500 cells/sample collected from 4-5 frontal sections of the AV septal
cushions spaced 24um apart for 5 samples each of Bmp2 cKOF% and control specimens.

2.7 Cell Density

Cell density was analyzed at ED13.5 in paraffin sections of septal AV cushions from Bmp2
cKOEN and control mouse embryos. Nuclei were stained with TO-PRO-3. Stained samples
were observed with a Leica SP5 confocal microscope and photographs were used for
quantitative analysis. AV cushion area was measured with ImageJ processing program and
nuclei were counted manually in 5 frontal sections of the AV septal cushions spaced 24pum
apart in each of 5 samples from each group. Cell density was calculated as the number of
nuclei divided by AV cushion area.

2.8. Amira three-dimensional (3-D) reconstruction and volumetric analysis

Amira™ software (version 6.1.1, FEI, Hillsboro, OR) was used for three-dimensional (3-D)
reconstruction of septal AV endocardial cushions (fused inferior and superior AV cushions)
and cardiac walls from LacZ-stained ED13.5 and ED16.5 Nfatc1¢: Bmp2™'~ R26R (Bmp2
cKOF0) mouse embryos and littermates, Nifatc1€": Bmp2”/* R26R embryos. Serial
sections (6um) were cut from LacZ-stained, paraffin-embedded samples and counter stained
with eosin. Digital photographs of heart sections taken with an Olympus BX40 microscope
were entered sequentially into Amira and aligned using the sum of least squares alignment
algorithm. Additional alignment corrections were made visually by using the outlines of the
LacZ positive septal mesenchyme as landmarks.
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To assess the volumetric effects of the reduction of BMP2 in the endocardial linage for
septal AV cushions, volumetric analyses were performed using 5 independent
reconstructions each for the Bmp2 cKOF% and Nfatc1°ré; Bmp2™* mice from two sets of
ED13.5 and ED16.5 litters. Results at each stage were compared using a two-tailed
Student’s t-test.

2.9. Quantitation of valve thickness

The thickness of the widest portion of the anterior (septal) leaflets of mitral valves was
measured at POS5 in paraffin sections from Bmp2 cKO and control mouse hearts. Using
ImageJ, 3 measurements per leaflet in 7-10 frontal sections spaced 36um apart in each were
taken in 5 samples from each group.

2.10. Quantitative RT-PCR

RNA extraction was performed on two-three pooled septal portions of AV canals from two-
three litters each of ED13.5 Bmp2 cKOF% and control mouse embryos. Because ECM
components and transcription factors examined in this work are predominantly localized in
the cushion mesenchyme but not in the associated myocardium, the results obtained from the
quantitative RT-PCR are expected to represent their expression in the cushion mesenchyme.
Reverse transcription and real-Time PCR were performed as described previously for AV
cushion mesenchymal cells (Inai et al., 2008; 2013). Briefly, total RNA was extracted with
RNA STAT- 60 (Tel-Test. Inc) and purified using the Arcuturus™ PicoPure™ RNA Isolation
Kit (Applied Biosystems). Complementary DNA was prepared by using the iScript cDNA
synthesis kit (Bio-Rad) according to the manufacturer’s recommendations. Real time PCR
was performed using SsoAdvanced Universal SYBR Green Supermix with the Bio-Rad
CFX96 Real-Time PCR detection system (Bio-Rad). PCR primers used for the quantitative
RT-PCR (qRT-PCR) in this study are listed in the Supplementary Table 1. Amplification of
each listed genes were normalized to mouse B-actin amplification. No-reverse transcription
controls were included in each reaction. Melting curve analysis indicating a single peak was
performed to confirm that the PCR reaction was specific for each gene of interest.
Quantification was performed using the relative standard curve method; controls were
assigned a value of 1 and experimental values were calculated based on the Cy values,
relative to the control standard curve. qRT-PCR results represent at least three independent
RNA samples, with each reaction performed in triplicate.

2.11. Collagen gel assay for endocardial cushion mesenchymal cell formation

The preparation of hydrated collagen gels was essentially the same as described previously
(Sugi et al., 2004). The AV regions of hearts were dissected out from ED9.5 mouse embryos.
Each AV region was cut longitudinally to expose the lumen and placed on the hydrated and
drained collagen gels (Img/ml, type I rat-tail tendon collagen, BD Biosciences) that had
been saturated with OptiMEM medium (Invitrogen) supplemented with 1% heat-inactivated
fetal bovine serum (Hyclone), ITS (5 pg/ml insulin, 5 pg/ml transferrin, 5ng/ml selenium,
BD Biosciences), and streptomycin/penicillin (Invitrogen). Media were added to the culture
2 hours after placement of AV explants. Mesenchymal formation was assessed by counting
the number of mesenchymal cells that migrated out from the explants with an inverted
microscope (Leica DMIRB) with Hoffman optics. Cell numbers were normalized by
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measuring the area of the each explant from photographs with Amira™ software as
previously described (Harikrishnan et al., 2015).

2.12. Statistical analyses

Statistical data are presented as the mean + standard error of the mean (SEM). For the
quantitative analyses, mean values were compared using a two-tailed Student’s t-test to
determine if each difference was statistically significant. Differences were considered
significant if p<0.05.

3. Results

3.1. Nfatc1Cr®-mediated recombination is restricted to endocardial cells and their
transformed progeny mesenchymal cells

Whole mount LacZ staining showed endocardial-specific Cre-mediated recombination
specifically in hearts from ED9.5 to ED11.5 (Fig. 1A-D). LacZ staining was visible as early
as ED9.0 (not shown) and distinct after ED 9.5 in X-gal-treated Nfatc1¢"¢; R26R mouse
embryos (Fig. 1A). Recombination was restricted to endocardial cells and their transformed
mesenchymal progeny (Fig. 1D). There was no detectable recombination in the vascular
endothelial cells (Fig. 1D), which was consistent with the previous findings (Wu et a/,
2012). Importantly, proximal outflow tract (pOFT) cushions as well as superior and inferior
AV cushions were populated with LacZ-positive mesenchymal cells that were derived from
Nfatcl positive endocardium (Fig. 1D). These results indicate that the NVfatc2¢edriver line
can delete BmpZ2 specifically from endocardial cells and their progeny mesenchymal cells
during early cardiac development. This notion is critical because BMP signaling is known to
be required for the formation of the vascular endothelium (Cai et al, 2012; Morrell et al.,
2016); therefore, the usage of an endocardial-specific but not pan-endothelial Cre driver line
is critical for addressing the role of BmpZ2 expression exclusively in the endocardial lineage
during cardiac development.

3.2. Deletion of Bmp2 from the endocardial lineage leads to early postnatal lethality

Bmp2 mRNA (Abdelwahid et al,, 2001) and BMP2 protein (Sugi et al., 2004, also see Fig. 2
for ED13.5) are expressed in AV endocardial cushions during AV cushion maturation and
remodeling. To delete BmpZ2from endocardial lineage, including endocardial cells and
endocardial progeny cushion mesenchymal cells, we generated Bmp2 cKOENI by using the
breeding strategy indicated in Supplementary Fig. 1. Deletion of BmpZ2 from the endocardial
lineage led to early postnatal lethality (Fig. 3A, B). Bmp2 cKO™P mouse embryos survived
until birth without significant loss, at the expected Mendelian frequency of 25% (Fig. 3B
and Table 1). Immediately after birth, Bmp2 cKO"% mice began to die. Bmp2 cKO5%0
mice did not survive beyond PD6. Heterozygous deletion of Bmp2 (Bmp2*/) did not affect
survival rate (Table 1). Bmp2*~ mice were viable and did not exhibit cardiac defects in
consistence with the previous observations (Goldman et al., 2009; Uchimura et al., 2009).
These data indicate that BmpZ2in the endocardial lineage plays critical roles in the survival
of Bmp2 cKOEN mice after birth.
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3.3. Deletion of Bmp2 from the endocardial lineage does not affect initial AV endocardial
cushion formation

Endocardial cushion mesenchymal cells are formed through endocardial epithelial-
mesenchymal transformation (EMT) (Armstrong and Bischoff, 2004; Combs and Yutzey,
2009; Eisenberg and Markwald, 1995; Person et al., 2005). Mesenchymal cell formation
commences in the AV and outflow tract at around ED9.5 and ED10.5, respectively in mice
(Camenisch et al., 2002; Sugi et al., 2004). Myocardial deletion of BmpZ2leads to formation
of hypoplastic AV cushions at ED9.5 and embryonic lethality at ED10.5 (Ma et a/., 2005;
Rivera-Ferciano and Tabin, 2006). However, Bmp2 cKO¥ mouse embryos were
indistinguishable from control littermates at ED9.5 and10.5 by morphological analyses (not
shown). Moreover, EMT assays using collagen gel cultures did not reveal any delay or
reduction of mesenchymal cell formation from Bmp2 cKOE% AV explants that were
cultured in the presence of adjacent AV myocardium (Fig. 4A-C). By ED11.5, fully
developed superior and inferior AV cushions were observed in the AV canal in control
mouse embryos (Fig. 4D). We compared AV endocardial cushions in Bmp2 cKOF"0
(Nfatc1€® Bmp2%~) mouse embryos with those in littermate control (Bmp20x/%),
conventional BMP2 heterozygous (Bmp27°%~), and endocardial lineage-specific BMP2
heterozygous (NfatcI€e Bmp2™0%*) mouse embryos (Fig. 4D-G). Histological analysis did
not reveal any discernible abnormalities in AV endocardial cushions of Bmp2 cKOF or
conventional and endocardial lineage specific BmpZ2 heterozygous mouse embryos as
compared to control embryos at ED11.5 (Fig. 4D-G). These results indicate that deletion of
BmpZ2 from the endocardial lineage do not either delay or reduce initial formation of AV
endocardial cushions, suggesting that myocardially expressed BmpZ2 is sufficient for initial
cushion formation through EMT, and indicating that BmpZ2 expression in the endocardial
lineage is dispensable for the initial formation of AV endocardial cushions.

3.4. Deletion of Bmp2 from the endocardial lineage consistently results in (peri)-
membranous ventricular septal defects (VSDs)

Histological analysis revealed that Bmp2 cKOF® mouse embryos consistently exhibited
membranous VSDs at ED15.5/16.5 with nearly complete penetrance (92%, n=13) (Fig. 5B,
D). By ED15.5/16.5, control mouse embryos showed fully formed membranous VS that was
filled with Alcian Blue-positive, glycosaminoglycan-enriched extracellular matrix (ECM)
(Fig. 5A, C), whereas Bmp2 cKOF¥ mouse embryos exhibited loss or significant reduction
of Alcian Blue-positive, glycosaminoglycan enriched-ECM (Fig. 5D). Membranous VSDs
observed in Bmp2 cKOF"% mouse embryos were isolated and other significant cardiac
defects such as atria septal defects (ASD), myocardial VSDs, double outlet right ventricle
(DORV), or persistent truncus arteriosus (PTA) were not found in Bmp2 cKOF® mouse
embryos. Tissue examination of lung, liver and pancreas after birth did not reveal discernible
defects (not shown). Although 92% (n=13) of Bmp2 cKO"% mouse embryos exhibited
membranous VSDs at ED15.5/16.5, Bmp2 cKO% embryos were recovered at normal
Mendelian frequencies of 25% until birth (Table 1), suggesting that maternal blood flow
supported survival of the embryos. Many of the most severely affected Bmp2 cKO%0
newborn mice were lost immediately after birth and some of them were not able to be
morphologically analyzed; however, all Bmp2 cKOF"@ newborn mice that were obtained
and analyzed showed membranous VVSDs (n=5, Supplementary Fig. 2). Myocardial
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deficiencies, such as muscular VVSDs, were not evident in the Bmp2 cKO% mouse
embryos (Fig. 5B, D). Control, BmpZ2 heterozygous and BmpZ2 endocardial lineage specific
heterozygous deletion did not reveal any cardiac defects including membranous VVSDs at
ED15.5/16.5, consistent with previous findings with BmpZ2 heterozygous knockout mice
(Goldman et al., 2009; Uchimura et al., 2009). We further examined the independently
generated conditional mouse line for Bmp2 (Ma and Martin, 2005) for comparison. Resulted
Nfatc1€e, Bmp2foxneo/~ mouse embryos consistently showed the same phenotypes, i. e.,
membranous VSDs at ED15.5/16.5 (Supplementary Fig. 3). Taken together, our data
indicate that BmpZ2 expression in the endocardial lineage is required for proper formation of
the membranous VS.

3.5. Three-dimensional (3-D) reconstruction and volumetric analysis reveal that the
reduction of Bmp2 from the endocardial lineage results in a decrease of AV endocardial
cushion size as early as ED13.5

Superior and inferior AV cushions fuse to form a septal AV cushion in the middle of the AV
canal by ED13.5 in mouse embryos (Anderson et al., 2014). To find the effect of reducing
Bmp2 within the endocardial linage, septal AV endocardial cushions in Bmp2 cKOF@
(Nfatc1C7e: Bmp2oX/~ - R26R) mouse embryos were compared with those in littermates
Nfatc1€re; Bmp2oX* - R26R mouse embryos. Specifically in this experiment, LacZ-positive
septal AV cushions and their derivative, membranous VS were traced for 3D reconstruction.
Fusion of the superior and inferior AV endocardial cushions commenced at ED12.5 in
control Nfatc1€e; Bmp2foX* - R26R mouse embryos. Although there was a slight delay in
fusion of AV endocardial cushions in Bmp2 cKOF™0 (Nfatc1C'e: Bmp2°%'~; R26R) mouse
embryos when compared to controls (data not shown), the majority of the central portion of
the superior and inferior AV endocardial cushions were fused in both Aifatc1€": Bmp2fox/*;
R26R and Bmp2 cKO mouse embryos by ED 13.5. 3D reconstruction and volumetric
analysis revealed significant reductions in the size of fused septal AV cushions at ED13.5 in
Bmp2 cKOF™0 mouse embryos as compared to those in control mouse embryos (Fig. 6A—
G). At ED16.5, 3D reconstruction and volumetric analysis revealed loss of the central
portion of the membranous VS and significant reductions in the size of the membranous VS
in Bmp2 cKOF0 embryos as compared to control mouse embryos (Fig. 6H-N). These data
indicate that reducing BmpZ2 within the endocardial lineage significantly decreases the size
of AV endocardial cushions and suggest that the reduction of AV endocardial cushion size
results in loss of membranous VS.

3.6. Cell proliferation and cell death are not significantly affected by deletion of Bmp2 from
the endocardial lineage

To examine whether changes in proliferation and/or apoptosis were the underlying
morphogenetic mechanisms leading to the decrease of endocardial cushion size,

proliferation and apoptotic cell death were examined in Bmp2 cKOF"@ and control septal
AV cushions at ED13.5. Phospho-histone (pHistone) H3 immunohistochemistry was
performed to analyze cell proliferation in AV endocardial cushions (Fig. 7A-C). A slight
reduction of pHistone H3-positive cell numbers was observed; however, there was no
statistically significant decrease of cell proliferation in septal AV cushions in Bmp2 cKOF%0
mouse embryos as compared to controls (p=0.67). As determined by TUNEL assay, there
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was no significant change in apoptotic cell death ratio in the septal AV cushions of Bmp2
cKOF™0 mouse hearts as compared to controls (p=0.84) (Fig. 7D-F).

We further examined cell density in the septal AV cushions at ED13.5 (Fig. 8). Bmp2
cKOE mouse AV endocardial cushions showed a significant increase in cell density (Fig.
8C). Size of the AV endocardial cushion was reduced in the Bmp2 cKOF"% mouse embryos
at ED13.5 (Fig. 6G). Therefore, an increase of cell density in Bmp2 cKOF™° mouse
embryos is consistent with the idea that cell number in the endocardial cushion is not
significantly reduced. Taken together, these data provide supportive evidence that cell
proliferation and apoptosis did not critically associated with the decrease of AV endocardial
cushion size.

To determine whether insufficient growth of the muscular portion of the ventricular septum
(muscular VS) contributed to the membranous VSDs observed in Bmp2 cKOF™¥ mouse
embryos, proliferation and apoptotic cell death were examined in Bmp2 cKOF% and
control muscular VS at ED13.5 (Supplementary Fig. 5). There were no significant changes
in cell proliferation (p=0.45) or apoptotic cell death ratio (p=0.56) in the muscular VS of
Bmp2 cKOF™0 mouse hearts as compared to controls (Supplementary Fig. 5C, F). These
data provide supportive evidence that insufficient growth of the muscular VS is not
associated with the decrease of AV endocardial cushion size and membranous VSDs found
in Bmp2 cKOF™0 mice.

3.7. Expression of Proteoglycans and a matricellular protein, periostin is reduced by
deletion of Bmp2 from the endocardial lineage

To examine whether changes in the expression of ECM components, versican, hyaluronan
and matricellular protein, periostin were associated with the decrease of endocardial cushion
size, quantitative RT-PCR was performed for the septal portions of AV canals in Bmp2
cKOFM0 and control mouse embryos at ED13.5. ECM components, versican, hyaluronan
and periostin were localized in the septal AV cushions of control and Bmp2 cKOF"% mouse
embryos at ED13.5 (Fig. 9A, B, E, G, H). Hyaluronan synthase 2 (Has2) is the only known
Has responsible for hyaluronan (HA) production in the heart (Camenisch et a/., 2000).
Therefore, Has2 mMRNA expression was used as an index of HA production. Quantitative RT-
PCR revealed that the mRNA expression of versican, Has2and periostin was significantly
reduced (p<0.05) in Bmp2 cKOF"% mouse AV canals as compared to controls (Fig. 9. C, F,
I). These data indicate that decreases in expression of these ECM components are associated
with a decrease in size of AV endocardial cushions in Bmp2 cKO™¥ mouse embryos.

3.8. Expression of Col9al is reduced by deletion of Bmp2 from the endocardial lineage

To examine whether changes in the expression of ECM components Collal or Col 9al were
associated with the decrease of endocardial cushion size, qRT-PCR was performed for the
septal portions of AV canals in Bmp2 cKOF"@ and control mouse embryos at ED13.5. Col |
and Col IX proteins were localized in the septal AV cushions of control and Bmp2 cKOF@
mouse embryos at ED13.5 (Fig. 10A, B, D, F). Quantitative RT-PCR revealed that mMRNA
expression of Col9a1 was significantly reduced (p<0.05) in the Bmp2 cKOF@ mouse AV
canals as compared to controls (Fig. 10F). Co/1al expression was slightly reduced; however
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a statistically significant decrease of Col/Zal was not evident in the AV canal (Fig. 10C).
These data indicate that the reduction of Co/9a1 expression is associated with a decrease in
size of AV cushions in Bmp2 cKOF"® mouse embryos. Taken together, these data provide
evidence that BmpZ2 expression in the endocardial lineage is required for the proper
expression of ECM components and suggest that decreases in expression of these ECM
components can be the one of the underlying mechanisms that leads to a decrease in size of
AV endocardial cushions in Bmp2 cKO™ mouse embryos.

3.9. Expression of cardiac transcription factors, Twistl, Sox9 and Snail2 is reduced in the
AV canal of Bmp2 cKOENd® mouse embryo hearts

To further explore the underlying mechanisms of the reduction of AV endocardial cushion
size, expression levels of transcription factors that are known to be expressed and potentially
regulated by BMP signaling pathways in the hearts were analyzed by qRT-PCR for the
septal portions of AV canals in Bmp2 cKOF@ and control mouse embryos at ED13.5.
Twistl, Sox9 and Snail2 were localized in the septal AV cushions of control and Bmp2
cKOF™0 mouse embryos at ED13.5 (Fig. 11A, B, D, E, G, H). Significant reductions in the
MRNA expression of 7wistl, Sox9and Snail2 were detected in the AV canal of Bmp2
cKOEM% mouse embryos as compared to controls (Fig. 11C, F, 1). These data indicate that
deletion of BmpZ2 from the endocardial lineage lead to significant reductions of the cardiac
transcription factors, 7Twistl, Sox9and SnailZ, providing evidence that Bmp2 expression in
the endocardial lineage is required for the normal expression of 7wist1, Sox9and Snail2in
the septal AV cushions.

3.10. Bmp2 cKOE"40 mice exhibit mitral valve dysplasia and loss of stratification

Mitral valve defects were not clearly evident at ED18.5 (not shown) but became prominent
afterbirth in Bmp2 cKOF"% mice (Figs. 12 and 13, Supplementary Fig. 4). Tricuspid valves,
on the other hand, did not exhibit discernible abnormalities (supplementary Fig. 4B).
Presumably due to the presence of BMP4 in the outflow tract (OFT) (Bai et al., 2013),
significant defects were not found in the OFT valves (not shown). More distinct defects were
observed in the septal (aortic) leaflets than the left parietal (mural) leaflets of the mitral
valves. Bmp2 cKOF% mice showed variable severity of mitral valve phenotypes. Some of
the most severely affected Bmp2 cKOF™ mice exhibited enlarged septal (aortic) leaflets of
mitral valves (Supplementary Fig. 4); however, statistical analysis did not reveal a significant
increase in the mitral valve thickness from moderately affected Bmp2 cKOF mice at PD5
(Supplementary Fig. 6).

Normal human mitral valves are stratified into three well-defined tissue layers--the atrialis,
spongiosa and fibrosa/ventricularis (Review: Levine et al., 2015, Lincoln and Garg, 2014).
In mice, the ECM stratification is less prominent; however, we found two identifiable layers;
the fibrosa with a dense fibrous layer of collagens and the thicker spongiosa which is
enriched with proteoglycans in the neonatal mouse mitral valves. To examine whether the
stratification remained normal, immunohistochemistry was performed to localize
proteoglycans, versican and hyaluronan (Fig. 12A-D), and Collagens, Col I and Col X, and
a matricellular protein, periostin (Fig. 13A-F) in control and Bmp2 cKO"% mitral valves at
PD5. Versican and hyaluronan were intensely deposited in the spongiosa in control valves
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(Fig. 12A, C); however, Bmp2 cKOF% valves exhibited loss of stratification and showed
expansion of the spogiosa (Fig. 12B, D). Col I and Col IX were intensely expressed in the
fibrosa of control mitral valves (Fig. 13A, C), whereas dispersed expression of Col 1X and
Col I was seen in the expanded spongiosa of Bmp2 cKOF™ mitral valves (Fig. 13B, D).
Periostin appeared deposited in the fibrosa in a pattern similar to that of collagen deposition
in the control (Fig. 13E) but was found entirely dispersed in the enlarged valve leaflets (Fig.
13F). Loss of stratification in the septal (aortic) leaflets of mitral valves was seen all Bmp2
cKOF™0 mice we examined regardless of the severity of valve phenotypes (n=6). Taken
together, these data lead us to conclude that BMP2 expression in the endocardial lineage
during embryonic valvulogenesis plays critical roles for the normal stratification of mitral
valves after birth.

4. Discussion

Requirement of BmpZ2 expression by the myocardium (Ma et a/., 2005) and the importance
of a endocardial-myocardial interaction (Wang et al., 2013) have been demonstrated for the
initial AV cushion formation. In this work, we studied the role of BMP2 expressed in the AV
endocardial cells and endocardial progeny cushion mesenchymal cells by deleting Bmp2
specifically from the endocardial lineage using the NifatcI€"e driver line. Deletion of Bmp2
from the endocardial lineage did not delay or reduce the initial formation of AV endocardial
cushions, suggesting that myocardial expression of BMP2 is sufficient for initial cushion
formation through EMT. Expression of Bmp2and BMP?2 is restricted to the AV canal
myocardium before and during initial endocardial cushion formation (-ED11.5); however,
myocardial Bmp2/BMP2 expression is diminished after ED11.5 (Sugi et al., 2004; Ma et al.,
2005). On the contrary, BmpZ2 (Abdelwahid et a/., 2001) and BMP2 (Sugi et al., 2004) are
expressed in the AV endocardial cushions during the maturation/remodeling stage at
ED13.5. In addition, as seen in Figs. 610, septal AV endocardial cushions become
structurally distant from parietal AV canal myocardium by ED13.5. These spatial and
temporal expression patterns may explain why BMP2 expression in the endocardial lineage
is not required for the initial formation of AV endocardial cushions but is essential for their
later maturation and remodeling. Our data revealed that BMP2 expression in the endocardial
lineage is essential for the formation of the membranous ventricular septum and the
stratified mitral valves, indicating that BMP2 expression in the endocardial lineage is
required for proper AV endocardial cushion maturation and remodeling.

There are four AV cushions formed in the AV canal. In the AV canal of mice, superior and
inferior AV cushions are formed first, at around ED 9.0-9.5, and much smaller right and left
lateral cushions are formed later, at around ED 12.5. After endocardial endothelial cells
trans-differentiate into cushion mesenchymal cells which populate into acellular AV
cushions, mesenchymalized AV endocardial cushions fuse, mature and remodel into the
membranous ventricular septum and the tricuspid and mitral AV valves (Review: Eisenberg
and Markwald, 1995). Septation of the AV canal is the essential morphogenetic event for
four-chambered heart formation. Secondary heart field derived dorsal mesenchymal
protrusion (DMP) (Snarr et al., 2007), also called spina vestibuli (Tasaka et al., 1996), or
vestibular spine (Webb et a/, 1998), forms an essential component of the AV septal complex
in which fused AV endocardial cushions (septal AV cushions) make the major contributions
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(Snarr et al., 2008). Several recent papers have shown that DMP defects result in primary
atrial septal defects (pASD) or incomplete AV septal defects (AVSDs), indicating the critical
roles of DMP in AV septal morphogenesis (Review: Burns et a/., 2016). On the other hand,
AV endocardial cushions have been documented to form the primordia of the membranous
atrioventricular/ventricular septum and therefore, AV endocardial cushions are the structures
that close embryonic interventricular communication (Anderson et af., 2014). In the present
work, by using Nfatc1¢"-mediated endocardial lineage tracing, we provide evidence that the
membranous VS is indeed derived from AV endocardial cushions (Fig. 6). Moreover, we
demonstrate that endocardial lineage-specific deletion of BmpZ2results in significant
reductions in the AV cushion volume and causes membranous VSDs in mice (Figs. 5, 6).
Our data indicate that regulation of AV endocardial cushion growth by BMP2 expression in
the endocardial lineage is crucial for membranous VS formation. Regarding the significance
of the membranous VSDs that comprise 75-80% of human VSDs (McCarthy et a/., 2000),
there is no doubt that AV endocardial cushions play an essential and indispensable role in
four-chambered heart formation.

BmpZ2and Bmp4 genes are highly conserved with over 90% similarity between the mature
proteins. Previous work using conventional compound heterozygous mice for BmpZ2and
Bmp4 has revealed several morphogenetic failures including VSDs and abnormalities in the
AV valve leaflets of the compound heterozygous hearts (Goldman ef a/., 2009; Uchimura et
al., 2009). Although the half of the compound heterozygous mice dies soon after birth, mice
lacking a single copy of BmpZ2or Bmp4 are viable and have little cardiac defects (Goldman
et al., 2009; Uchimura et al., 2009). Consistent with these findings, we did not observe
cardiac defects, such as AV endocardial cushion defects in heterozygous mutant mice for a
null allele of Bmp2 (Bmp2™~) (n=6 at ED15.6/16.5). Bmp2 heterozygous mutant mice
were viable while their littermate Bmp2 cKOEN (Nfatc1€; Bmp2 70%~) embryos
exhibited profound defects, membranous VSDs (92% penetrance n=13 at ED15.6/16.5) and
mitral valve dysplasia (n=5 afterbirth). These data indicate that the defects we observed in
the Bmp2 cKOF% mice cannot be compensated by the presence of Bmp4 and are specific
for BmpZ2 deletion from the endocardial lineage.

ECM components are deposited in the maturing AV endocardial cushions and reported to
play significant roles in valvulogenesis and valve disease development (Review: de Vlaming
et al., 2012; Camenisch et al., 2000; Camenisch et al,, 2002; Dupuis et al., 2011; Hinton et
al., 2006; Hinton and Yutzey, 2011; Lincoln et al,, 2006b; Norris et al., 2008; Peacock et al.,
2008; Sugi et al., 2012; Yamamura et al., 1997). Furthermore, our previous work with 3-D
chick AV cushion mesenchymal cell aggregate cultures has indicated that BMP2 induces
MRNA expression and deposition of ECM components, periostin (Inai et al., 2008),
hyaluronan and versican (Inai et al., 2013). Consistent with our previous findings with /n
vitro 3-D AV cushion mesenchymal cell cultures, Bmp2 cKO5% mouse embryos exhibited
decreases in expression of versican, Has2 and periostinin AV endocardial cushions at
ED13.5 (Fig. 9). Our present work, for the first time, indicates the requirement of BMP2
expression in the endocardial lineage for ECM expression during AV cushion maturation
and remodeling /n7 vivo. Moreover, our present study reveals that collagen expression is
decreased; specifically, there is a significant reduction of Co/9a1in AV endocardial cushions
of Bmp2 cKOF¥ mouse embryos (Fig. 10). Because cell proliferation and apoptotic cell
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death are not significantly altered in the Bmp2 cKOF" (Fig. 7), the reduction of expression
and deposition of ECM components explains the reasons why AV endocardial cushion
volume is reduced as documented in Fig. 6 in the Bmp2 cKOF™P mouse hearts. Taken
together, our data provide the insight into the underlying mechanisms regulating AV cushion
maturation and remodeling.

In mature cardiac valves, ECM organization is thought to be conserved across species.
Developmental studies have demonstrated that ECM stratification in semilunar and AV
valves begins during the late embryonic stages and continues into the postnatal stages
(Aikawa et al., 2006; Hinton et al., 2006). Diseased valves from pediatric patients are
characterized by thickened valve leaflets with increased and disorganized collagens and
proteoglycans, and decreased and fragmented elastic fibers (Hinton et a/, 2006). In the adult
human AV valve leaflets, three distinct layers are identified (Review: Levine et al., 2015).
During AV valve development, the endocardial cushion mesenchyme matures and remodels
into stratified AV valve leaflets in human (Review: de VIaming et a/., 2012). In mice, the
ECM stratification is less prominent; however, we identified at least two layers, a collagen-
enriched fibrosa and a proteoglycan-enriched spongiosa in neonatal mouse mitral valves
(Fig. 12A, C and Fig. 13A, C, E). Bmp2 cKOF"% mice exhibited the absence of ECM
stratification, which was characterized by the expansion of the spongiosa and dispersed
collagens, especially Col 1X, in the fibrosa of the mitral valves (Fig. 12B, D and Fig. 13B,
D, F). Although there was no statistically significant increase in valve leaflet thickness in
surviving moderately affected mice (Supplementary Fig. 6), Bmp2 cKOF% mitral valves
that lacked normal stratification structurally resembled degenerative human mitral valves
(Fig. 12B, D, Fig. 13B, D, F). The structural deficiencies in Bmp2 cKOF"@ valves were not
obvious during embryonic development but became prominent after birth. Dramatic changes
in the circulatory system and hemodynamics at birth results in stronger sheer stress on the
mitral valves. Our present data suggest that lack of BMP2 in the endocardial lineage during
development renders valve interstitial cells more susceptible to the hemodynamic sheer
stress, which leads to degenerative changes in the mitral valves. Our data in this study
indicate that BMP2 expression in the endocardial lineage during embryonic development is
essential for proper ECM remodeling and stratification and potentially prevents degenerative
changes in the mitral valves.

Deletion of Type 1 BMP receptor, BMP receptor 1A, Bmpria (Alk3), from epicardial cells
and their progeny epicardially derived parietal AV valve mesenchymal cells, is reported to
result in AV valve abnormalities and myxomatous valve degeneration (Lockhart et af.,
2014). However, a recent paper has shown that deletion of Bmpriawith a PostnCre
(Lindsley et al., 2007) mesenchymal lineage driver line do not cause aortic or mitral valve
defects at PD1 (Gomez-Stallons et al., 2016). In the present study, we demonstrate that
Bmp2 KO0 mice consistently exhibit membranous VSDs (Fig. 5, 6) and mitral valve
dysplasia (Figs. 12, 13). Bmp2 cKO mouse embryos do not exhibit defects or delay in
the initial endocardial cushion formation at ED11.5 (Fig. 4) and therefore, defects found in
the Bmp2 cKO% mice are likely derived from deficiencies in the AV cushions after EMT
stage. In the AV endocardial cushions in PostnCre; Bmpria™*/flox mouse embryos, another
Type | BMP receptor, activin receptor I, ACVR1 (ALK2), which plays an essential role in
AV cushion maturation (Wang et al., 2005), might compensate for the loss of BMPR1A-
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mediated BMP signaling. The defects we found in the Bmp2 cKOF% mice can be resulted
from the loss of BMP2 in the endocardium or endocardial cushion mesenchyme, as Bmp2
and BMP2 are expressed in the AV endocardium and AV endocardial cushions during AV
cushion maturation (Abdelwahid et af, 2001; Sugi et al., 2004). Future experiments
dissecting the role of endocardial BMP2 versus endocardial cushion-expressed BMP2 might
answer these intriguing questions.

In our present study, we found that expression of transcription factors, Snail2 (Slug), Sox9
and Twist1 is significantly reduced in Bmp2 cKOF@ mouse AV cushions (Fig. 11). Snail2
is expressed in AV endocardial cushion cells right after mesenchymal cell formation at ED
9.5; expression continues in fused septal AV cushions and is known to induce cell migration
(Niessen et al., 2008). Twist1 is also expressed in septal AV cushions during mouse
development at ED13.5 (Chakraborty et al., 2008;Shelton and Yutzey, 2008) but no longer
detected in the ED17.5 or PD7 AV valves. Twist] is reported to function in cell migration
and proliferation (Lee and Yutzey, 2011) and increases gene expression of ECM proteins
such as the collagens, Collal,; Col2al, Col3al, and periostin as well as matrix remodeling
enzymes, MmpZ2and Mmp13in developing AV valve leaflets (Chakraborty et al., 2010).
Sox9is another transcription factor known to be expressed in the AV endocardial cushions
(Lincoln et al., 2007) and shown to be required for normal deposition and organization of
ECM components, such as Collagen 11, cartilage link protein, tenascin and elastin (Lincoln
et al., 2007). Sox9is also known to suppress matrix mineralization (Peacock et al., 2011)
and regulate heart valve calcification (Peacock et al., 2010). /n vitro culture assays have
shown that BMP2 can promote expression of 7wistZ (Inai et al., 2008; Shelton and Yutzey;
2008) and Sox9 (Lincoln et al., 2006a). BMP4 is shown to directly target Sna/il2 (Slug) in
human embryonic stem cells (Richter et al., 2013). Moreover, a recent study revealed that
Sox9 modulates other key transcription factors required for heart valve development
(Garside et al., 2015). In this work, by using conditionally targeted mouse models, we
present for the first time that BMP2 expression in the endocardial lineage is required for the
normal expression of Snail2, Twist1 and Sox9 in vivo, suggesting that BMP2 expression in
the endocardium and cushion mesenchyme plays crucial roles in AV cushion maturation and
remodeling by regulating these critical transcription factors in cardiac valvuloseptal
morphogenesis.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

N?‘athC’e; RZ26R mouse embryos stained with X-gal show Cre-mediated recombination
exclusively in the heart during early heart development (A-D). Whole mount preparation of
mouse embryos from ED9.5 to ED11.5 (A-C) shows Cre-mediated recombination
exclusively in the heart (blue color, arrows in A—C). Cre-mediated recombination is
restricted to endocardial cells and their transformed progeny mesenchymal cells at ED 11.5
(D). There is no detectable recombination in other vasculature (arrows in D). Note that
proximal OFT (pOFT) as well as superior and inferior AV (SAV and iAV) cushion
mesenchymal cells are all Lac-Z positive (blue color), indicating that these mesenchymal
cells are derived from the Nfatc1-positive endocardium. In contrast, mesenchymal cells in
the distal outflow tract (dOFT) are not LacZ-positive, which indicates that these
mesenchymal cells do not have endocardial origin. V, ventricle. Scale bars=200um.
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Fig. 2.
Reduction of BMP2 in AV endocardial cushions is detected in a Bmp2 cKOF"@ mouse

embryo at ED13.5. BMP2 is immunohistochemically localized in the AV endocardial
cushions in a Bmp2™’* control mouse embryo at ED13.5 (arrows in A). Significant
reduction of BMP2 is detected in the AV endocardial cushions in a littermate Bmp2
cKOF™0 mouse AV cushions (arrows in B) when compared to the control. 1VS,
interventricular septum. Scale bars=200um.
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Fig. 3.

B?npz cKOE0 mice survive until birth but die shortly after birth. Some of the most affected
one die within the first day after birth. Other Bmp2 cKOE© mice that exhibit milder
phenotypes start showing loss of body weight and mobility (A) and die within several days
after birth. Bmp2 cKOF™ mouse survival rate is around 25%, as predicted by Mendelian
frequencies until birth, but drops sharply after birth (B). Error bars represent standard error
of the mean (SEM). The number in parenthesis indicates the number of litters that were
evaluated.
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Fig. 4.

Dgletion of BmpZin the endocardial lineage does not reduce or delay AV cushion formation.
A and B show migration of endocardial cushion mesenchymal cells from AV explants of
Nfatc1 €r; Bmp2 ™*: ROSA26™C (A) and Nfatcl ¢; Bmp2 ™~ ROSA26™C (Bmp2
cKOFM0) (B) mouse embryos. Endocardial cells and endocardial progeny mesenchymal
cells that express NfatcI€® are marked by green fluorescent protein (GFP) (green color). A
and B show AV endocardial cushions with associated AV myocardium (Myo, GFP-negative)
cultured on collagen gels from ED9.5 littermate mouse embryos. Arrows indicate migrating
endocardial cushion mesenchymal cells. C shows a histogram showing the numbers of
mesenchymal cells migrated out from the explants per unit area, indicating that there is no
significant difference (p=0.74). DG are sagittal sections from littermates, Bmp2™*
(control) (D), Bmp2™~ (Bmp2 heterozygous) (E), NfatcIC; Bmp2™*; R26R (Bmp2
endocardial conditional heterozygous) (F) and Nfatc1€: Bmp2™~: R26R (Bmp2 cKOF0)
(G) mouse embryos at ED11.5. AV and pOFT endocardial cushions are formed normally in
a Bmp2 cKOEN® mouse heart (G) when compared to a control (D). Bmp2 Heterozygous (E)
and conditional heterozygous (F) embryos do not exhibit reduction of endocardial cushion
formation, either. Sections are stained with LacZ and counter stained with Eosin. A, atrium;
V, ventricle; 1AV, inferior AV cushion; sAV, superior AV cushion; pOFT, proximal outflow
tract cushion. Scale bars=100um.
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Control (Bmp2°**) Bmp2 cKOE"®°

Fig. 5.
Bmp2 cKOEN® mouse embryos consistently exhibit (peri)-membranous ventricular septal

defects (VSD) at ED16.5 with nearly complete penetrance (92%, n=13). Bmp2”’* (control)
(A and C) and Nfatc1C"e; BMP2X/'~ (Bmp2 cKOF) (B and D). A and B are stained with
hematoxylin and eosin (H &E) and C and D are stained with Alcian Blue (ALB) and counter
stained with Nuclear Fast Red (NFR). Arrows show membranous ventricular septum in A
and C and membranous VSD in B and D. C and D are higher magnification views. Ao,
aorta, TV, tricuspid valves; MV, mitral valves; IVS, interventricular septum; MS,
membranous septum. Scale bars in A and B=200pm. Scale bars in C and D=100pm.
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Fig. 6.

B/%;pz cKOFM% mouse embryos exhibit decreased AV septal cushion size at ED13.5 and
ED16.5. Three dimensional (3D) reconstructions were generated from frontal sections of
Nrfatc1Ce, Bmp2™oX*, R26R (A-C) and Nfatc1€e, Bmp2'10X~, R26R (Bmp2 cKOF%0)(D-
F) mouse hearts at ED13.5 and Nfatc17e: BMP211oX/*, p26R (H-J) and Nfatc1C™:
BMP2M10X/~: p26R (Bmp2 cKOE@) (K-M) hearts at ED16.5. Amira 3D volumetric analysis
reveals a significant decrease in size of septal AV cushions at ED13.5 (asterisk in G, p<0.05)
as well as at ED16.5 (asterisk in N, p<0.05). An arrowhead in | indicates membranous
ventricular septum (VS) in a control and an arrow in L indicates partial loss of membranous
ventricular septum in a Bmp2 cKOF"¥ mouse embryo.

LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; VS, ventricular
septum. Green collar indicates septal AV cushions. Error bars represent SEM (n=5).
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Fig. 7.

Bmp2 cKOF™0o mouse embryos do not exhibit a significant reduction of proliferation or an
increase of cell death in AV septal cushions at ED13.5. Phospho-histone H3 (pHistone H3)
immunohistochemistry was performed to detect proliferation ratio for AV endocardial
cushions in control (Bmp2™%) (A) and Bmp2 cKOF™° (B) mouse embryos. All nuclei were
stained with TO-PRO-3 (blue). pHistone H3 staining does not show significant differences
between control and Bmp2 cKOF (C) (p=0.67). TUNEL assay was performed to detect
cell death for AV endocardial cushions in control (BMP2 ™*) (D) and Bmp2 cKOF% (E)
mouse embryos. There is no significant difference between control and Bmp2 cKOF (F)
(p=0.84). White line marks AV endocardial cushions. IVS, interventricular septum. Error

bars represent SEM (n=5). Scale bars=100um.
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Page 27
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Bmp2 cKOF™ mouse embryos show a significant increase in cell density in AV septal
cushions at ED13.5. All nuclei were stained with TO-PRO-3 in AV septal cushions at
ED13.5 in control (Bmp2™*) (A) and Bmp2 cKO5"% (B) mouse embryos. White line
marks AV endocardial cushions. IVS, interventricular septum. There is a significant increase
(asterisk in C, p<0.05) in cell density of Bmp2 cKOF™0 mouse AV septal cushions as
compared to controls (C), suggesting a decrease in intercellular space in Bmp2 cKOF%
mouse AV septal cushions. IVS, interventricular septum. Error bars represent SEM (n=5).

Scale bars=200um.
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Fig. 9.

B?ﬂpZ cKOF™0 mouse embryos show significant reductions in mMRNA expression of
proteoglycans, versicanand HasZ2, and matricellular protein, periostinin the septal portion of
the AV canal. Versican, hyaluronan and periostin are localized in the control (A, D and G)
and Bmp2 cKOF° (B, E and H) septal AV cushions at ED13.5. mRNA expression of
versican (C), Has2 (F) and periostin (1) is significantly reduced in the Bmp2 cKOF% mouse
AV canals at ED13.5 (asterisks, p<0.05) as compared to controls. IVS, interventricular
septum. Error bars represent SEM (n=5). Scale bars=200pum.
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Bmp2 cKOF™0 mouse embryos show a significant reduction in mRNA expression of
Collagen 9al1 (Col 9al) in the septal portion of the AV canal at ED13.5. Collagen I (Col I)
and Col IX are expressed in control (A and D) and Bmp2 cKOF"% (B and E) septal AV
cushions at ED13.5. mRNA expression of Co/ 1a1 (C) is slightly reduced but not
significantly (p=0.096); however, Cof 9a1 (F) is significantly reduced (p=0.032) in the Bmp2
cKOF™0 mouse AV canals as compared to controls. VS, interventricular septum. Error bars

represent SEM (n=5). Scale bars=200um.
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Bmp2 cKOF¥ mouse embryos exhibit significant reductions in mRNA expression of
transcription factors, 7wistl, Sox9, and Snail2in the septal portion of the AV canal at
ED13.5. Twistl, Sox9 and Snaill are expressed in the control (A, D and G) and BmpZ2
cKOFM0 (B, E and H) septal AV cushions at ED13.5. mRNA expression of 7wist1 (C), Sox9
(F) and Snail2 (1) is significantly reduced (asterisks, p<0.05) in the Bmp2 cKO"% mouse
AV canals as compared to controls. Error bars represent SEM (n=5). Scale bars=200um.
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Fig. 12.
Immunohistochemical localization of versican (A, B), hyaluronan (C, D) in control (A, C)

and Bmp2 cKOF"% (B, D) mouse mitral valves at postnatal day 5 (PD) 5. Versican (A) and
hyaluronan (C) are intensely expressed in the spongiosa (S) in the control valves; however,
Bmp cKOF™ valves (B, D) exhibit loss of stratification and expansion of the spogiosa (B,
D). Scale bars=200um.
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Fig. 13.
Immunohistochemical localization of Collagen 1X (Col 1X) (A, B), Collagen I (Col 1) (C, D)

and periostin (E, F) in control (A, C, E) and Bmp2 cKOF"% (B, D, F) mouse mitral valves at
PD5. Collagens are intensely expressed in the fibrosa (F) but not in the spongiosa (S) in the
control valves (A, C); however, Bmp cKO™ valves (B, D) exhibit loss of stratification and
expansion of the spogiosa (B, D). Periostin is deposited in the fibrosa in a pattern similar to
that of collagen deposition in the control (E) but is entirely dispersed in the enlarged Bmp2
cKOEN mitral valve leaflets (F). Scale bars=200pm.
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