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The ang1-tyrosine kinase with immunoglobulin-like and EGF-like domains 2 (Tie2) pathway

is required for normal vascular development, but its molecular effectors are not well-defined
during cardiac ontogeny. Here, we show that endocardial-specific attenuation of Tie2 results in
midgestation lethality due to heart defects associated with a hyperplastic but simplified trabecular
meshwork (fewer but thicker trabeculae). Reduced proliferation and production of endocardial
cells following endocardial loss of Tie2 results in decreased endocardial sprouting required for
trabecular assembly and extension. The hyperplastic trabeculae result from enhanced proliferation
of trabecular cardiomyocytes, which is associated with upregulation of bone morphogenetic protein
10, increased retinoic acid (RA) signaling, and extracellular signal-regulated protein kinases 1and

2 hyperphosphorylation in the myocardium. Intriguingly, myocardial phenotypes in conditional
knockout hearts could be partially rescued by inhibiting in utero RA signaling with pan-RA receptor
antagonist BMS493. These findings reveal 2 complementary functions of endocardial Tie2 during
ventricular chamber formation: ensuring normal trabeculation by supporting endocardial cell
proliferation and sprouting and preventing hypertrabeculation via suppression of RA signaling in
trabecular cardiomyocytes.

Introduction

In vertebrates, the heart is the first organ to form and function during embryogenesis. Ventricular chamber
formation is one of the key development processes in cardiac development, and alterations in this process
can cause severe human heart defects. One of the first signs of chamber development is the formation of
trabeculae. Trabeculation is the process by which ventricular cardiomyocytes (CMs) grow toward the ven-
tricular lumen, forming a complex sponge-like meshwork (1, 2). Trabeculation begins in the mouse around
E9.0 when clusters of myocardial cells delaminate from the outer curvature of the ventricle and invaginate
into the cardiac jelly or extracellular matrix (ECM), separating the myocardium from the endocardium
(3). It is believed that trabeculae increase cardiac output and facilitate oxygen and nutrient exchange in
the embryonic myocardium prior to the development of the coronary circulation (1). Progressively, the
ventricular myocardium differentiates into 2 distinct layers: the outer proliferative compact myocardium
and the inner, more differentiated, trabecular myocardium. Around E14.5, trabeculae growth subsides with
subsequent remodeling or “compaction” (3). Lack of trabeculation frequently causes embryonic lethality in
mice, and excess trabeculation causes cardiomyopathy and heart failure in humans (4). The molecular and
cellular mechanisms controlling trabeculation are not fully understood, however.

A number of signaling molecules from myocardium, endocardium, and cardiac ECM have been impli-
cated in trabeculation, and an intimate communication between endocardium and myocardium promotes
CM proliferation and differentiation, leading to trabeculae formation (2, 4). The Notch signaling pathway
has been the most intensely investigated in this process. Global or endothelial-specific abrogation of Notchl,
or the Notchl receptor Delta-like ligand 4 (D114), causes ventricular hypoplasia and trabeculation defects
(5, 6). Alternatively, accentuated expression of Notchl via suppression of Numb (7) or Fkbpla (8) leads to
ventricular hypertrabeculation. Notch signaling abrogation affects the expression of 3 signaling pathways
required for trabeculation: bone morphogenetic protein 10 (Bmp10), neuregulin 1 (Nrgl)-ErbB2/4, and
EphrinB2/EphB4. Bmp10, Nrgl, and EphrinB2 signaling are downstream targets of Notch signaling during
trabeculation (5). Bmp10 is transiently enriched in the trabecular CMs between E9.0 and E13.5. Bmp10-
deficient mice have hypoplastic ventricular walls and form only primitive trabeculation, consequently dying
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at around E10.5 (9). Nrgl is produced in endocardial cells (ECs) and acts through myocardial receptors
ErbB2 and ErbB4. Null mutations of Nrgl, ErbB2, and ErbB4 all display similar phenotypes of a hypoplastic
ventricular wall, lacking normal trabeculation and lethality between E10.5 and E11.5 in mice (10). Mice
null for Efinb2, encoding EphrinB2, and its specific receptor EphB4 both display failure to form ventricular
trabeculae and lethality between E10.5 and E11.0 (11).

Retinoic acid (RA) signaling represents an additional key contributor to ventricular trabeculation. RA
is a vitamin A—derived, nonpeptidic, small lipophilic molecule that acts as a ligand for nuclear RA recep-
tors on the nuclear membrane, converting them from transcriptional repressors to activators. The distribu-
tion and levels of RA in embryonic tissues are tightly controlled by regulated synthesis through the action
of specific retinol and retinaldehyde dehydrogenases and by degradation via specific cytochrome P450s.
Both vitamin A deficiency and exposure of embryos to excess vitamin A lead to cardiac defects (12, 13).
Gene knockout studies confirmed the crucial functions of RA signaling in mouse development. For exam-
ple, Rxra~’~ mice died at E13.5-E16.5 with cardiac outflow tract, large vessel abnormalities, and myocardial
hypoplasia (14). Retinol dehydrogenase 10-mutant (Rd/k!0-mutant) mice died at E10.5-E14.5 with abnor-
mal heart tube formation (15). Raldh2-mutant mice died at E9.5-E10.5 with impaired heart looping and
chamber differentiation (16).

Tyrosine kinase with immunoglobulin-like and EGF-like domains 2 (Tie2) is an endothelial-specific
type 1 transmembrane protein receptor tyrosine kinase that mediates angiopoietin signaling for endothe-
lial cell survival, vascular remodeling, and integrity (17, 18). Tie2-deficient mouse embryos die at E10.5
due to vessel remodeling defects and lack of trabeculation (19, 20). Deficiency of angiopoietin-1 (Angl),
a Tie2 agonist, results in marked simplification of the cardiac trabeculation and lethality at E11-E12.5
(21, 22), which is a phenotype similar to the phenotype of Tie2-deficient mice, although not as severe.
Myocardial overexpression of Angl under the control of the tetracycline promoter also results in reduced
trabeculation and lethality at E12.5-E15.5 (23). Thus, Angl from the myocardium likely signals via Tie2
on the endocardium to regulate ventricular trabeculation, although it is not clear how Angl/Tie2 sig-
naling controls this process. A major impediment to defining the role of Tie2 in cardiac trabeculation
has been early lethality in mutant mice due to diffuse vascular defects. Thus, any cardiac abnormalities
seen could be merely secondary to vascular pathology. To circumvent this problem and to allow temporal
and tissue-specific gene inactivation, we have developed a conditional allele of the mouse T7e2 gene and
utilized an endocardial-specific nuclear factor of activated T cells, cytoplasmic, calcineurin-dependent 1;
endonuclease-mediated mutation 1, Bin Zhou (Nfatc1°%) allele to delete Tie2 exclusively in the endocardi-
um, thus bypassing the vascular requirement for Tie2 (24). We find that loss of endocardial Tie2 results in
embryonic heart failure characterized by impaired endocardial growth and hyperplastic trabeculation. The
endocardial phenotype is caused by decreased EC proliferation and impaired migration, which are asso-
ciated with a dramatic change of expression of several endocardial genes, including antibodies to Notch1
intracellular domain (N1ICD) and vascular endothelial growth factor receptor 2 (Flk1/VEGFR2). The
thicker trabeculae phenotype results from enhanced trabecular CM proliferation, which is caused by down-
regulation of cyclin-dependent kinase inhibitor 1C (p57) in the endocardium, upregulation of Bmpl0,
increased RA signaling, and hyperphosphorylation of extracellular signal-regulated kinase 1/2 (Erk1/2)
in trabecular myocardium. Thus, these studies reveal 2 complementary functions of Tie2 in regulating
trabeculation: autocrine support of EC proliferation and sprouting and paracrine prevention of hypertra-
beculation through inhibition of trabecular CM proliferation. These studies provide further experimental
evidence that endocardial sprouting and touchdown are critical for ventricular trabeculation.

Results

Tie2 is essential for ventricular chamber development. To circumvent the potential early requirement for Tie2
signaling in systemic vascular endothelium and investigate the role of Tie2 signaling specifically in the
heart, mice with a floxed Tie2 allele (Supplemental Figure 1; supplemental material available online with
this article; https://doi.org/10.1172/jci.insight.96002DS1) were crossed with the NfatcI“ line to drive
expression of Cre throughout the embryonic atrial and ventricular endocardium from E9.0 but not in the
endothelial cells of the peripheral vasculature (refs. 24, 25, and data not shown). We refer to Nfatc1* Tie2"
/" mice as Tie2 conditional knockout (77e2-cko). Immunostaining of E9.5, E10.5 (data not shown), and
E11.5 heart sections detected only minimal and sporadic Tie2 staining in the endocardium and confirmed
the specific deletion of Tie2 in the endocardium of Tie2-cko without a change of normal expression of
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Tie2 in epicardial blood vessel endothelial cells (Supplemental Figure 2, A and B). Consistently, loss of
Tie2 expression in E9.5, E10.5, and E11.5 Tie2-cko hearts was 75.5%, 84.4%, and 85.1%, respectively as
determined by quantitative PCR (qPCR) (Supplemental Figure 2C), indicating that the efficiency of Tie2
deletion via Nfatc1 reached a peak from E10.5 and persisted throughout the period of investigation.

Similar to global deletion of Tie2, none of the endocardial Tie2-cko animals from 22 litters survived to
birth. Tie2-cko embryos were grossly indistinguishable from their littermates until E12.5, at which point most
began to show dorsal edema that increased until demise (Figure 1, A and B). In addition, enlarged right
atria, widespread hemorrhage (69%, 22 out of 32), and severe pulmonary congestion (56%, 18 out of 32)
as well as liver congestion were frequently seen, suggesting heart failure and hemodynamic dysfunction. All
mutants developed pericardial effusions and died at E13.0-E13.5. Hearts isolated from these E13.5 Tie2-cko
embryos lacked the normal ventricular groove, an indication of abnormal ventricle chamber development
(Figure 1, C and D). Histological analysis (Figure 1, E and F) and dual-fluorescence immunostaining of
heart sections (E9.5-E13.5) with antibodies for troponin T (myocardial marker) and endomucin (which
identifies ECs) (Figure 1, G-J and Supplemental Figure 2D) confirmed abnormal trabeculation, thin com-
pact myocardium, and ventricular septum defects compared with littermate controls (772" or Tie2"").
Quantification of trabecular complexity and compact myocardium thickness revealed that, most strikingly,
Tie2-cko hearts displayed fewer trabeculae per unit length as early as E9.75, but thicker trabeculae from E11.5
when compared with controls (increased by 53.3%) (Figure 1, K and L). These changes were more apparent
at E12.5 (increased by 84.4%) and at E13.5 (increased by 87.4%). There was no significant difference in
overall trabecular area or the average thickness of the trabecular layer between control and Tie2-cko, because
the compact zone of Tie2-cko became thinner than that of the control from E12.5 (Figure 1M). However, the
ratio of overall trabecular area versus the compact wall thickness (data not shown) and the ratio of trabecular
layer thickness versus the compact wall thickness were significantly higher in T7e2-cko hearts than those in
control hearts (Figure 1N). Thus, endocardial attenuation of Tie2 leads to hyperplastic trabeculation.

Endocardial-specific deletion of Tie2 results in an abnormal endocardial network. One of the most striking phe-
notypes of Tie2-cko embryos was their abnormal endocardial network. The endocardial network, visualized
by immunostaining for endomucin, was simplified in T7e2-cko ventricles compared with controls (Figure 2,
A-D and Supplemental Figure 3). Quantification of endocardial complexity in the left ventricles revealed
that the number of endocardial branch points, the total area covered by the endocardial network, and the
total length of endocardial network in Tie2-cko were all significantly reduced compared with controls at
E9.5-E13.5 (Figure 2, E-G). Most strikingly, in the controls, the number of endocardial branch points
increased 7-fold from E9.5-E13.5, but in the mutants, there was only a 2.8-fold increase. Immunostaining
of Tie2-cko and control heart sections with antibodies against other endocardial markers such as CD31,
CD34, CD54, and intercellular adhesion molecule 2 (data not shown) further validated the abnormal endo-
cardium phenotype in Tje2-cko mice. In addition, the endocardial sproutings in T7e2-cko ventricles were
thickened (Figure 2D). Therefore, endocardial network complexity in Tie2-cko is significantly reduced, and
the endocardial defects (at least from E9.5) appear to precede the major trabecular defects.

A subset of ECs undergo endothelial to mesenchymal transformation (EnMT) and contribute to the for-
mation of the atrioventricular canal and outflow track endocardial cushions. Thus, a primary endocardial
defect could result in altered endocardial cushion function resulting in secondary adverse effects on myocardial
function and trabeculation. Although we occasionally observed developmental delay of cushion formations in
Tie2-cko hearts, the Tie2-cko embryonic hearts have normal atrioventricular canals and outflow tracts during the
subsequent critical stages seen at E11.5 (Supplemental Figure 4, A and B). Furthermore, when floxed T7e2 mice
were crossed with a valvular endothelial-specific line, NfatcI'Cre (26), the resulting mutant mice (Nfatcl*Cre
Tie2"") had completely normal heart valves (data not shown) with efficient Tie2 deletion in valvular endotheli-
um (Supplemental Figure 4, C and D). Therefore, it is unlikely that the impairment of the endocardial network
and myocardial trabeculation in Tie2-cko hearts was secondary to endocardial cushion abnormalities.

Endocardial loss of Tie2 impairs trabecular assembly and extension. To investigate the initiation as well as
sequential morphological phases of trabecular development, we utilized immunofluorescent detection of
troponin T (myocardium) and endomucin (endocardium) in WT E9.0-E9.5 murine heart sections to facili-
tate visualization of ventricular structures (Figure 3, D-F). Based on both previously published work as well
as our observations, the anatomical changes associated with trabeculation can be divided into 3 distinct steps
(Figure 3, A-C). At E9.0, the endocardium sends out angiogenic sprout-like protrusions similar to those
detected in other vascular beds. These sprouts penetrate the thick ECM, traverse the inner or luminal layer of
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Figure 1. Endocardial-specific deletion of Tie2 results in abnormal trabeculation. (A-D) Gross images of Tie2*/ (A and C) and Tie2-cko (B and

D) embryos, lungs, and hearts at E13.5, showing the perivascular hemorrhage, edema (arrow), and pulmonary congestion (arrows) in the mutant
embryos. Arrowhead indicates formation of the ventricular groove in the control heart (C), which is usually not obvious in the mutants (D). (E and

F) H&E-stained heart sections of E13.5 Tie2*/? (E) and Tie2-cko (F) embryos. Arrows indicate trabeculae. (G and H) Tie2*/" and Tie2-cko ventricular
sections were stained with troponin T (myocardial marker) and endomucin (endocardial marker) antibodies. Compared with the control (Tie2*/"), the
mutant heart had fewer but thicker trabeculae (arrowheads), thinner compact myocardium, and ventricular septation defects (*). The boxed regions
are enlarged in I and J. The width of the ventricular compact wall is indicated. LA, left atrium; Lu, lung; LV, left ventricle; RA, right atrium; RV, right
ventricle. Scale bars: 1 and J, 50 um; others, 100 pm. A representative of more than 10 images was chosen for each panel. (K-N) Quantification of
trabecular myocardium complexity (trabeculae density, trabeculae thickness, and ratio of trabecular layer and compact zone) and compact myocar-
dium thickness from E9.5-E13.5 (n = 6 per group). Data are expressed as mean + SEM. *P < 0.05; **P < 0.01, 2-way ANOVA.
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Figure 2. Endocardial-specific deletion of Tie2 results in abnormal endocardial network. (A and B) Tie2*/f and Tie2-cko heart sections at E13.0 were immu-
nostained with anti-endomucin antibody (green), showing simplified endocardial networks but thickened endocardial sproutings (arrows) in mutant ventricles.
The boxed regions are enlarged in C and D. Nuclei are counterstained with DAPI (blue). Scale bars: A and B, 100 um; C and D, 50 um. (C-E) Quantification of
endocardial network complexity (branch points, total area and total length of endocardial network) of Tie2-cko embryos and their littermates at E9.5-E13.5 (n =
6 per group). *P < 0.05; **P < 0.01, 2-way ANOVA.

myocardium, and make direct contact or “touchdown” with the outer layer of myocardium. Simultaneously,
the myocardial wall thickens to become multicellular, and CMs in specific regions along the inner myocar-
dial layer delaminate into the lumen and form sheet-like protrusions. Thus, the first stage or initiation of
trabeculation is characterized by endocardial sprout formation and touchdown coincident with myocardial
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Figure 3. Endocardial loss of Tie2 impairs endocardial sprouting and trabecular assembly and extension. (A-C) The 3 basic stages of trabeculation
(initiation, assembly, and extension) and their corresponding sections of Tie2*/7 (D-F), Tie2-cko (G-1), and Tie2~ (K and L) embryos dual immunos-
tained with troponin T (red) and endomucin (green) antibodies. Nuclei are counterstained with DAPI (blue). CJ, cardiac jelly; CM, cardiomyocytes;

End, endocardium. At stage 1 (initiation, around E9.0), as the inner layer CMs delaminate into the lumen and form sheet-like protrusions (myocardial
lamina, white arrowheads), the endocardium sends out sproutings to penetrate the thick cardiac jelly and make direct touchdown (arrows) with the
outer layer of the myocardium in the control embryo. In Tie2-cko, however, the endocardial sproutings have not yet reached the outer layer of the
myocardium (yellow arrowheads). At stage 2 (assembly, E9.25), as endocardial sproutings progress laterally beneath the myocardial lamina, they

later assemble to isolated short trabecular clusters. At stage 3 (extension, E9.5), finger-like, long trabecular structures are formed by extension. More
endocardial touchdown endpoints were detected in the control than in Tie2-cko and Tie2- ventricles. Although the myocardial wall in Tie2~- ventricles
(K and L) was able to thicken to become multicellular and form sheet-like protrusions (myocardial lamina, white arrowheads), assembly and extension
of trabeculae were impaired. Scale bars: 100 um. A representative of more than 8 images was chosen for each panel. (J) Quantification of endocardial
touchdown endpoints in control, Tie2-cko, and Tie2”- embryos at E9.25 and E9.5 (n = 6 per group). **P < 0.01, 1-way ANOVA.

delamination (Figure 3, A and D). Next, endocardial sproutings progress laterally beneath the myocardi-
al lamina, resulting in isolated clusters of myocardial cells within a bubble of cardiac ECM, covered by
endocardium. By E9.25, the endocardial sprouting-enveloped myocardial lamina assemble to isolated short
trabecular clusters (stage 2: assembly) (Figure 3, B and E), which is followed by trabecular extension (stage
3) at E9.5, leading to finger-like long trabecular structures (Figure 3, C and F). We detected no endocardial
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Figure 4. Endocardial attenuation of Tie2 results in decreased EC number and proliferation. (A-F) Dual immunostaining of Tie2*/” (A and C) and Tie2-cko
(B and D) heart sections for Erg (red) and endomucin (green) at E13.0 reveals a significant decrease in Erg-positive EC number in the mutant ventricles fol-
lowing endocardial loss of Tie2. (C and D) Boxed regions in A and B are enlarged, and aggregations of ECs in dilated sproutings (arrow) are often observed
in Tie2-cko endocardium. Nuclei are counterstained with DAPI (blue). (G) Quantification of total Erg/endomucin-positive cells indicated a gradual loss of
ECs in the mutant endocardium, significant from E9.5. (H-K) Dual immunostaining of control (H and J) and Tie2-cko (I and K) heart sections for BrdU (red)
and Erg (green) at E10.5. The cells positive for both BrdU and Erg represent proliferating ECs (arrows), which are decreased in the mutant ventricles. (L)
Quantification of BrdU/Erg-positive cells as a percentage of total Erg-positive cells in endocardium indicated that Tie2-cko displayed lower proliferation
rates of ECs at E10.5 and at E11.5. Scale bars: C and D, 100 um; others, 50 um. A representative of more than 10 images was chosen for each panel (n > 5
per group). *P < 0.05; **P < 0.01, 1-way ANOVA.

touchdown endpoints in ventricles of Tie2”~ mutants (data not shown) and a decreased number of touch-
down endpoints in Tie2-cko embryos (Figure 3G) at E9.0, compared with controls. The myocardial wall
became multicellular in the all 3 genotypes, however, and delaminated myocardial lamina were present in
even Tie2” ventricles (Figure 3J and Supplemental Figure 1F), indicating that trabeculation was initiated in
the mutants. At E9.25 and E9.5, the number of endocardial touchdown points gradually increased in both
control and T7e2-cko ventricles, although fewer were detected in T7e2-cko animals. The number of endocardial
touchdown points continued to be markedly attenuated in T7e2”/-, even at E9.5 (Figure 3, K and L). At E9.5,
Tie2-cko embryos had bigger but fewer isolated trabecular clusters than control, whereas no such trabecular
structures were detected in T7e2”~ embryos, indicating defective assembly/extension of trabeculae (stages 2
and 3) in the null mutants. Thus, although delamination occurs in the absence of Tie2, trabecular assembly
and extension appear to be Tie2 dosage-dependent processes.

Endocardial attenuation of Tie2 results in decreased EC proliferation and Notch signaling. To analyze whether
the reduced endocardial area was accompanied by a decreased number of ECs in Tie2-cko mice, the total
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Figure 5. Endocardial attenuation of Tie2 results in decreased Notch signaling. (A) gPCR analysis of genes associ-
ated with Notch signaling pathway detected reduced expression of Notch7 and DII7in E11.5 Tie2-cko hearts, although
there was no significant change in expression of other components or downstream targets. (B) Quantification of
N11CD/endomucin double-immunostained hearts revealed that N1ICD* ECs in Tie2-cko left ventricles were significantly
reduced at E10.5, E11.5, and E12.0 when compared with the controls. (C-F) Dual immunostaining of control and Tie2-cko
heart sections at E11.5 for NICD1 (red) and endomucin (green). In comparison with the control, the reduction of N11CD
staining in the mutant endocardium is more significant at the base of the forming trabeculae (arrows) than in distal
endocardium (arrowheads). Scale bars: 50 um. A representative of more than 10 images was chosen for each panel; n =
3 (A) or 5 (B) per group. *P < 0.05; **P < 0.01, Student’s t test (A) and 2-way ANOVA (B).

EC number was determined by counting cells positive for the endothelial-specific ETS transcription factor
Erg. The Erg immunostaining revealed a gradual loss of ECs in the mutant endocardium, significant from
E9.5 and more severe at E12.0 and E13.0 (Figure 4, A-G). In addition, aggregations of ECs in thickened
sproutings were often observed in T7e2-cko endocardium (Figure 4D and Figure 2D), suggesting defective EC
migration. EC proliferation of endocardium was analyzed in T7e2-cko and control embryos by costaining for
Erg and BrdU. This analysis revealed that EC proliferation in 77e2-cko endocardium was reduced by nearly
50% when compared with control mice at E10.5 and E11.5 (Figure 4, H-L). Because staining of heart
sections with antibodies against endomucin and cleaved caspase-3 detected no significant difference in EC
apoptosis between Tie2-cko and littermate controls (data not shown and Supplemental Figure 5), the reduced
EC number in Tie2-cko mice is not due to decreased EC survival but results from impaired EC proliferation.

Because it has been elegantly shown that Notch signaling is a key signaling pathway in trabeculation (5,
6), we examined Notchl signaling using qPCR analysis, which detected reduced expression of Notchl and
DIl in Tie2-cko hearts at E11.5. Although there was no significant change in expression of other compo-
nents or downstream targets, including DIl4, Jagl, Nrgl, Erb2, Erb4, Efub2, EphB4, Hey2, and Tbx20 (Figure
5A), immunostaining for N1ICD (active Notchl) confirmed a reduction of Notchl activity in Tie2-cko
endocardium (Supplemental Figure 6). Quantification of N1ICD/endomucin double-positive ECs in left
ventricles revealed that N1ICD* ECs in Tie2-cko hearts were reduced by 28%, 35%, and 62%, respectively
at E10.5, E11.5, and E12.0 (Figure 5B). Furthermore, compared with the control, the reduction of N1ICD
expression in the mutant endocardium was often more pronounced in the distal endocardial “tip” cells at
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ing significantly reduced p57 expression in the mutant endocardium. (H and I) Dual immunostaining of control and Tie2-cko heart sections for p-Erk1/2 (red) and
CD31 (green) at E11.5 showing Erk1/2 hyperphosphorylation in the mutant trabecular myocardium. (J) Western blot analysis of E12.5 control and Tie2-cko hearts
confirming significantly enhanced phosphorylation of Erk1/2 in the mutants. a-Tubulin was used as a loading control. Scale bars: 50 um. For the studies in A-1,
more than 5 embryos per genotype collected from at least 3 independent litters were analyzed. A representative of more than 10 images was chosen for each
panel. For the studies in }, 58 embryonic hearts per genotype harvested from 23 independent litters were analyzed, and data are expressed as a representative
of 3 independent experiments.

the base of the forming trabeculae than in the more proximal luminal endocardium (Figure 5, C-F). Thus,
endocardial distribution of N1ICD expression was altered by Tie2 attenuation.

To identify the possible downstream targets by which Tie2 regulates EC proliferation, we character-
ized expression of endocardial-specific genes in whole E11.5 Tje2-cko and littermate control hearts using
RNA-Seq and confirmed candidate gene expression by qPCR analysis. Following endocardial loss of
Tie2, the expression levels of several endocardial genes were remarkably reduced, while only a few were
strikingly upregulated, including Pdgfb, Robo4, and Ednl (Supplemental Figure 7A). Reduced expression
levels of Sox7, Gata2, Flkl, VE-Cad, and Nos3 in the mutant endocardium were also confirmed with
immunostaining (Supplemental Figure 7, B-K).
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Global disruption of Sox7 (27), Tmeml100 (28), or Arap3 (29) caused embryonic lethality around E11.0
with abnormal vascular development and defective myocardial growth and trabeculation. Therefore, we
speculated that a reduction in the expression of these endocardial-specific genes in our Tie2-cko might
partially explain the impaired EC proliferation phenotype observed in Tie2-cko embryonic endocardium.
However, when we made endocardial-specific deletions of each of these genes using available mice with a
floxed allele (29-31) by crossing with Nfatci*, all the conditional mutant mice had normal development of
the endocardium and normal trabeculation (data not shown). Therefore, it is unlikely that these 3 genes are
downstream targets by which Tie2 regulates EC proliferation or trabeculation.

Endocardial attenuation of Tie2 results in enhanced trabecular CM proliferation. To determine if the thicker trabec-
ulae in Tie2-cko hearts were due to an enhanced proliferation rate in myocardium, we assessed the CM prolif-
eration rate by BrdU pulse labeling, which revealed that the percentage of BrdU-positive CMs in the trabecular
zone of the Tje2-cko hearts was significantly higher than that in the control, for example, 36.6% versus 24.6% at
E11.5 (increase by 48.8%) and 32.4% versus 11.8% at E12.5 (increase by 174.6%) (Figure 6, A—C). Interestingly,
there was no significant difference in the percentage of BrdU-positive CMs in the compact zone between the
control and T7e2-cko hearts. This increase in trabecular myocardial cell proliferation in Tie2-cko mice was further
confirmed by immunohistochemistry with another cell proliferation marker, phospho-histone H3 (Supplemen-
tal Figure 8). In addition, similar to endocardium staining, immunostaining with anti—active caspase 3 revealed
little staining within the heart wall and trabeculae in both mutants and littermate controls (Supplemental Figure
5), suggesting that apoptosis did not contribute to the abnormal trabeculation phenotype in the mutants.

Bmpl10, enriched in trabecular myocardium, has been identified as a critical growth factor for maintain-
ing CM proliferation associated with attenuation of p57 (Cdknlc or p57kip2) (9). Consistent with increased
CM proliferation in Tie2-cko trabeculae, our in situ hybridization detected an increase in Bmpl0 mRNA in the
mutant trabeculae when compared with the control at E10.5-E12.5 (Figure 6, D and E, and data not shown).
qPCR analysis of E11.5 hearts detected increased expression of Bmpl0 (by 47%) and decreased expression of
p57 (by 40%) (Supplemental Figure 9). Although some reports have previously suggested that p57 is restricted
to myocardium (8, 32), dual immunostaining of heart sections with antibodies against p57 and 2 different
endothelial/endocardial markers (endomucin and Erg) documents that p57 is predominantly expressed in
endocardium with lower expression in myocardium in the mouse embryo (Supplemental Figure 10). Com-
pared with the control, expression levels of p57 in Tie2-cko ECs were reduced at all stages (E9.5-E13.5) exam-
ined (Figures 6, F and G, and data not shown). Thus, our work provides further confirmation of accentuated
expression of p57 in the endocardium compared with the myocardium and supports an inverse relationship
between endocardial p57 expression, myocardial Bmp10 expression, and myocardial proliferation.

Previous studies showed that Erk1/2 hyperactivation was associated with enhanced CM proliferation in
embryonic ventricles (33), and myocardial trabecular Erk1/2 activation could be regulated by Nrgl-ErbB1/4
signaling (10), secondary to endocardial Notch1 activation. We detected an increase in Erk1/2 phosphoryla-
tion in Tie2-cko ventricular myocardium at E11.5 with immunostaining (Figure 6, H and I), which was con-
firmed by Western blot using control and Tie2-cko hearts at E12.5 (Figure 6J; see complete unedited blots in
the supplemental material). These results suggest that endocardial Tie2 signaling regulates CM proliferation
at least partially via Erk1/2 hyperphosphorylation.

The acellular cardiac jelly or ECM is also essential for normal trabeculation and regulates CM prolifer-
ation (25, 34, 35). However, our Alcian blue staining (Supplemental Figure 11, A and B) and immunohisto-
chemistry with antibodies that detect major components of the cardiac ECM such as versican, hyaluronic
acid (data not shown), fibronectin, heparan sulfate proteoglycan, and laminin (Supplemental Figure 11,
C-H) detected no significant difference between Tie2-cko embryos and their littermate controls at E10.5 and
E11.5. Therefore, normal cardiac ECM in Tie2-cko embryos suggests that abnormal CM proliferation in
Tie2-cko hearts is not secondary to alteration in the cardiac ECM.

Tie2 regulates trabecular CM proliferation via RA signaling. To address other possible mechanisms that might
contribute to the hyperplastic trabeculation (few but thicker trabeculae) and simplified endocardial networks
observed in Tie2-cko hearts, we investigated gene expression in whole E11.5 Tie2-cko and littermate control
hearts using RNA-Seq and qPCR analysis. Analysis of genes associated with CM differentiation revealed
elevated levels of Myhll, Isll, Vcaml, and Pdgfc, and no change in expression of Nkx2.5, HOP, PEGI, and
Irx3 following endocardial Tie2 loss (Supplemental Figure 12). Upregulation of Myhll, Isll, and Vecaml
suggests a cardiac differentiation phenotype in T7e2-cko embryos. Interestingly, RNA-Seq and gPCR analysis
of E11.5 hearts revealed elevated RA signaling following endocardial loss of Tie2. Numerous important
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Figure 7. Myocardial phenotypes in Tie2-cko hearts
were partially rescued by inhibiting in utero RA sig-
naling with BMS493 treatment. (A) gPCR analysis of
genes associated with the RA signaling pathway in
E11.5 hearts revealed elevated RA signaling following
endocardial loss of Tie2. (B and C) Immunostain-

ing of control and Tie2-cko heart sections at E9.5

for Crabp2 showing elevated Crabp2 expression in
mutant CMs. (D-F) Gross images of in utero BMS493
(pan-RA receptor antagonist)-treated Tie2*/7 (D),
Tie2-cko/R (E, rescued group) and Tie2-cko/P (F,
poorly rescued group) embryos at E14.0. Note that
dorsal edema (arrow) was common in all mutant
embryos, but pericardial effusions (arrowhead)

were usually not obvious in the rescued group.

(G-1) Heart sections of BMS493-treated Tie2*/" (G),
Tie2-cko/R (H), and Tie2-cko/P (I) embryos at E14.0
were stained with troponin T (red) and endomucin
(green) antibodies. (J-L) Quantification of trabecular
myocardium complexity (trabeculae density and
thickness) and compact myocardium thickness from
E11.5-E14.0. The trabeculae in the Tie2-cko rescued
group were still thicker than those of BMS493-treat-
ed controls but much thinner than those of the
Tie2-cko poorly rescued embryos, which were similar
to the untreated Tie2-cko embryos. However, the
defects on the density of trabeculae and thickness
of compact wall and simplification of endocardium
in the Tie2-cko rescued group were not significant-
ly improved. (M and N) BrdU pulse labeling and
immunostaining showed a little more BrdU-positive
(red) CMs, stained with troponin T (green) in the tra-
becular zone of BMS493-treated Tie2-cko embryos
(N) at E11.5 than those in the treated controls (M).
(0) Quantification of BrdU-positive nuclei as a per-
centage of total nuclei in myocardium indicated that
BMS493-treated Tie2-cko embryos displayed slightly
higher proliferation rates of CMs in the trabecular
zone at E11.5. Scale bars: G-1,100 pm; others, 50 um.
A representative of more than 10 images was chosen
for each panel; n = 3 (A) or 6 (J-L and 0) per group.
*P < 0.05; **P < 0.01, Student’s t test (A) and 2-way
ANOVA (J-L and 0).

components of the RA signaling pathway, including cellular RA-binding proteins (Crabpi, Crabp2), Rdhi0,
encoding cytochrome P450 1B1 and retinol-binding protein 4, a number of known RA-inducible genes, such
as Stra6, encoding a-fetoprotein (Figure 7A), and several members of the Hox gene family, including Hoxa4,
Hox4, and Hoxb5 (data not shown) were upregulated. The endocardial-specific fatty acid—binding protein 5
was the only RA signaling component that was downregulated, while Raldh2 was not changed in T7e2-cko
hearts. Immunofluorescence of control and Tie2-cko heart sections at E9.5-E11.5 (Figures 7, B and C) (data
not shown) for Crabp2 further confirmed elevated Crabp2 expression in mutant CMs.

It is known that a precisely regulated supply of RA is essential for normal cardiogenesis (12, 13). To deter-

mine whether upregulation of components of RA signaling pathway in mouse embryonic hearts observed

in Tie2-cko embryos was consistent with enhanced RA signaling, we injected WT pregnant mice at E8.5
with all-zrans RA and analyzed the RA-treated embryos 2 days later. gPCR analysis of RA-treated WT
embryonic hearts recapitulated the elevation of components in the RA signaling pathway observed in the
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Tie2-cko mutants (Supplemental Figure 13A). As seen in Tie2-mutant embryos, expression levels of Crabpl/2
were increased 2.6- to 3.2-fold, and Rdh10 was increased 1.6-fold, while there was no change in expression
of Raldh2. In addition, immunostaining of WT control and RA-treated heart sections at E10.5 for Crabp2
detected elevated myocardial Crabp2 staining following treatment, as seen in 77e2 mutants (Supplemental Fig-
ure 13, B and C). Finally, similar to the results documented in the T7e2-cko mutants, immunostaining of WT
control and RA-treated heart sections at E10.5 for p-Erk1/2 detected significant myocardial Erk1/2 hyper-
phosphorylation following RA treatment when compared with controls (Supplemental Figure 13, D and E).

In order to rescue cardiac phenotypes in Tie2-cko by inhibiting RA signaling, we then supplied pregnant
Tie2"" mice (bred with Nfatci Tie2*"" male) with the pan-RA receptor antagonist BMS493 (36). Treatment
started at E9.75 and was terminated 6 to 12 hours before mice were sacrificed at E11.5-E14.5. Initially, we
used 5 mg/kg as previously described (36), but this dosage caused maternal toxicity and early lethality of most
control and Tie2-cko embryos. We found that 3.5 mg/kg was the highest dosage tolerated by dams and control
pups and initiated the rescue experiments at E9.75. Even with this reduced dosage, however, some control
embryos still developed dorsal edema at E14.0, indicating that RA signaling inhibition by BMS493 is toxic to
early lymphatic development (37). We treated the pregnant mice with BMS493 by oral gavages twice a day
with 10- to 12-hour intervals. In contrast to untreated Tie2-cko embryos, which began to show dorsal edema
and pericardial effusions from E12.5 and died at E13.0-E13.5, most (82.4%, 28 out of 34) treated Tie2-cko
embryos were grossly indistinguishable from their control littermates until E13.75 and survived to E14.0 (we
refer to these embryos as the “rescued group”), approximately 12 hours longer than untreated Tie2-cko embry-
os. Six out of 34 (17.6%) of treated Tie2-cko embryos began to show dorsal edema and pericardial effusions
from E13.0 or died at E13.0-E14.0 (we refer to these as the “poorly rescued group”) (Figure 7, D-F). Accord-
ingly, immunostaining (Figure 7, G-I) and quantification of trabecular complexity detected an improvement
of the increased trabecular thickness phenotype in the 77e2-cko rescued group. Thickness of trabeculae in the
Tie2-cko rescued group was respectively 21.7%, 37.6%, and 27.8% higher than that of BMS493 treated controls
at E11.5, E12.5, and E13.5 (Supplemental Figure 14, A-H and Figure 7J), compared with trabecular thick-
ness increase in untreated Tie2-cko embryos of 53.3%, 84.4%, and 87.4% at E11.5, E12.5, and E13.5 (Figure
1L). At E13.5 and E14.0, the trabeculae in the Tie2-cko rescued group were still thicker than those of BMS493
treated controls but much thinner than those of the Tie2-cko poorly rescued embryos or the untreated Tie2-cko
embryos (Figure 1). However, the defects detected in the density of trabeculae and thickness of compact wall
and simplification of endocardium in the Tie2-cko rescued group were not significantly improved (Figure 7, K
and L). Cell proliferation analyses revealed that the percentage of BrdU-positive CMs in the trabecular zone
of the BMS493-treated Tie2-cko hearts was only slightly higher than that in the BMS493-treated controls, that
is, 25.0% versus 20.1% at E11.5 (increase by 24.4%) (Figure 7, M—O), compared to the increase of 48.8% seen
in CMs of untreated Tie2-cko embryos (Figure 6 C). The reduced CM proliferation with BMS493 treatment
is consistent with partially rescued trabecular phenotypes. However, as anticipated, the reduced proliferation
rate in ECs was not improved (Supplemental Figure 14, I-K); this finding was consistent with the lack of res-
cue in the endocardial phenotypes. Therefore, myocardial phenotypes in Tie2-cko hearts were partially rescued
by inhibiting in utero RA signaling with BMS493 treatment. These results suggest that Tie2 may regulate CM
proliferation at least partially via suppression of RA signaling.

Discussion

Previous reports have suggested a role for Tie2 signaling in trabeculation because Tie2-deficient embryos
have no trabeculae (19, 20) and Ang! deficiency results in a marked reduction in cardiac trabeculation (21,
22). However, the molecular basis for these phenotypes has remained elusive. In this report, we have used
endocardial-specific deletion of Tie2 in the developing mouse to show that during ventricular trabecula-
tion, Tie2 regulates proliferation, migration, and sprouting of ECs to ensure normal endocardial growth
required for normal trabeculation. In addition, endocardial Tie2 is also instrumental in the generation of
paracrine signaling that inhibits CM proliferation to prevent hypertrabeculation through downregulation of
RA signaling, Bmp10 signaling, and Erk1/2 phosphorylation in the myocardium.

During ventricular trabeculation, myocardium grows out from the inner ventral surface in the apical
region of the presumptive ventricle, expands rapidly either by myocyte recruitment or by proliferation, and
subsequently differentiates. However, mechanisms regulating CM extension into the luminal part of the
ventricle remain largely unknown. Based on the anatomical changes during trabeculation, we suggest a
3-step model for trabecular formation: stage 1 at E9.0, initiation of trabeculation; stage 2 at E9.25, trabecular
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assembly; and stage 3 at E9.5, trabecular extension (Figure 3). Although CM delamination occurs in both
Tie2-cko and Tie2”~ mutants, trabecular assembly and extension are impaired. In Tie2”~ embryonic ventri-
cles, trabecular assembly and extension are totally absent due to complete loss of endocardial touchdown
sproutings. Thus, the endocardium is not merely responsible for regulating myocyte proliferation in the
process of trabeculation but also plays a critical role in initiating and orchestrating trabecular formation. The
endocardial defects preceded the trabecular defects in the mutants, and endocardial sprouting is critical for
trabecular assembly and extension. This is consistent with our previous report that Tie2 plays a critical role
in sprouting tip cells during postnatal angiogenesis (38). Interestingly, although a role for Tiel in modulating
Tie2 function has been described (38—40), the role of Tie2 in ventricular trabeculation appears to be inde-
pendent of Tiel, as attenuation of Tiel with the same endocardial-specific Cre deletor mouse line showed
none of the defects described in this article (41). This finding further supports the context-dependent nature
of Tie RTK signaling (17, 39). In addition, our observations on the importance of endocardial sprouting and
myocardial touchdown in regulation of the trabecular process are supported by a recent publication by Del
Monte-Nieto et al. (35) published after the original submission of this article.

It is difficult to determine the specific downstream targets of Tie2 activation in the developing endocar-
dium. Following endocardial loss of Tie2, the expression levels of several endocardial-specific genes were
altered. We were able to show that several of the downregulated endocardial genes previously implicated
in cardiac development and trabeculation (Sox7, Tmem100, and Arap3) did not phenocopy the defects in
the endocardial network formation of the Tie2-cko embryos. It is possible that the reduced expression of
NI1ICD and Vegfr2 (Flk1) might impair endocardial sprouting and touchdown formation. Both VEGFA
and Notch pathways are key modulators in angiogenic sprouting in developing vascular beds (42) and ven-
tricular trabeculation (35). However, because the reduction of N1ICD-positive ECs is proportionate to the
reduction of total ECs in Tie2-cko endocardium, this reduction might be due to a loss of ECs in mutants,
and it is unlikely that Tie2 specifically targets Notch1 signaling in trabeculation. Furthermore, we did not
see the dramatic alteration in trabecular ECM production characteristic of Notch signaling (35), suggesting
the defects we observed were not primarily a result of altered Notch signaling.

It has been reported that roundabout guidance receptor 4 (Robo4) is an endothelial-specific receptor that
inhibits endothelial cell migration (43), and as noted, Robo4 was increased in our mutants. Similarly, deficiency
in Plexin DI (44), Rasipl (45), and Acap! (46) all impair endothelial cell migration, and all were downregulated
in Tie2-cko mutants. Mice lacking RasipI even fail to form patent lumens in all blood vessels, including the early
endocardial tube. Therefore, a 2.1-fold increase of Robo4 and downregulation of Plexin DI, Rasipl, and Acapl
would at least partially explain the EC migration/sprouting defects in T7e2-cko embryonic endocardium.

RA is required for normal embryonic heart development. An excess of RA has also been found to cause
teratogenic effects during early heart development, indicating that a precisely regulated supply of RA is essential
for normal cardiogenesis (12). We show that enhanced trabecular cardiomyocyte proliferation in Tie2-cko hearts
is associated with elevated expression of numerous components of the RA signaling pathway including Rdh10,
Crabpl1, Crabp2, encoding cytochrome P450 1B1, retinol-binding protein 4, and Stra6. Crabpl and -2 are proteins
of approximately 1617 kDa, which bind RA with high affinity. It is currently thought that the expression and
location of Crabpl and -2 in the developing heart may reflect the timeframe and areas of RA activity (47). We
also identified increased expression of o-fetoprotein and several members of the Hox gene family. Interestingly,
promoters of these Hox genes (Stra6 and both Crabp genes) all contain functional and/or evolutionarily con-
served RA-response elements (13, 47). It has been reported that a single dose of RA administered at the critical
time of cardiogenesis (E8.5) may affect production of endogenous RA within the developing heart (47). In addi-
tion, a rapid activation of Erk1/2 by RA has been widely detected in cell culture systems (48). To decipher the
possible interplay between retinoid and Tie2 signaling pathways in myocardial trabeculation, we treated mouse
embryos with RA and confirmed that RA treatment at E8.5 increased expression of Crabpl and Crabp2 in
the heart in the 48-hour period. Furthermore, trabecular myocardial Erk1/2 hyperphosphorylation also occurs
within the same time window. Erk1/2 not only mediates cell survival but also regulates cell differentiation and
proliferation (49). Classically, phosphorylation and activation of Erk1/2 has been associated with a positive
effect on cellular proliferation.

Furthermore, to rescue cardiac phenotypes in Tie2-cko by inhibiting RA signaling, we treated pregnant
Tie2"" mice (bred with NfatcI* Tie2*" male) with pan-RA receptor antagonist BMS493. This treatment
allowed the majority (82.4%) of Tie2-cko embryos to survive to E14.0; three-quarters lived about 12 hours
longer than the untreated mutants. The enhanced proliferation rate in CMs of Tie2-cko embryos was con-
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sistently reduced by BMS493 treatment, thus the defect of the thickened trabeculae in the Tie2-cko rescued
group was significantly improved when compared with the untreated mutants. However, because BMS493
treatment did not affect the reduced proliferation rate in ECs, endocardial sprouting and touchdown forma-
tion in BMS493-treated Tie2-cko embryos were still abnormal. Thus, other components of the cardiac pheno-
type (low density of trabeculae and thin compact wall) of the Tie2-cko mutant embryos were not rescued by
inhibiting RA signaling with BMS493 treatment. Therefore, myocardial phenotypes in Tie2-cko hearts were
partially rescued by inhibiting in utero RA signaling with BMS493 treatment. These results suggest that Tie2
may regulate CM proliferation at least partially via suppression of RA signaling. Experiments are ongoing
to further determine how Tie2 signaling affects the RA signaling pathway in embryonic trabecular CMs.

In summary, these studies reveal a critical role for the endocardium in the orchestration of ventricular
trabeculation which is dependent on endocardial RTK Tie2 signaling. Tie2 plays a primary autocrine func-
tion in support of EC proliferation and angiogenic sprouting and touchdown and is also instrumental in
the generation of paracrine signaling that results in inhibition of trabecular cardiomyocyte proliferation via
suppression of RA signaling that prevents hypertrabeculation. These insights will be important in further
defining mechanisms of disease pathology related to ventricular chamber morphogenesis and function.

Methods

Mouse models and related methods. NfatcI° mice have been previously described (24). Tie2"" mice were
generated as shown in Supplemental Figure 1. For BrdU incorporation, pregnant females were injected
i.p. using a BrdU cell proliferation kit (RPN20, Amersham Biosciences) at a dosage of 1 ml/100 g body
weight 2 hours prior to sacrifice. For RA treatment, at E8.5, half of the pregnant females were injected
i.p. with all-zrans RA (Sigma-Aldrich) dissolved in 100 ul of DMSO, at a dose of 7 mg/kg body weight.
After 2 days, mice were sacrificed. For rescue experiments with BMS493 treatment, as described previ-
ously (36), we supplied pregnant Tie2"” mice (bred with NfatcI“*’* Tie2”* male) with pan-RA receptor
antagonist BMS493 (Tocris Bioscience; 3.5 mg/kg) or vehicle (DMSO) 1:10 in sunflower oil by oral
gavages twice a day at 10- to 12-hour intervals. Treatment started at E9.75 and was terminated 6 to 12
hours before mice were sacrificed at E11.5 to E14.5.

Generation of conditional Tie2 allele. A BAC recombineering approach was used to generate a floxed T7e2
allele, with JoxP sites flanked at the T7e2 minimal promoter (50) and exon 1 (containing the initial ATG
codon and encoding the first 17 amino acids) (Supplemental Figure 1A). Correctly targeted embryonic stem
(ES) cell clones were identified by Southern blot analysis with probes outside the region of homology and
PCR genotyping (Supplemental Figure 1B). After injection of the G4 ES cells into C57BL/6 blastocysts and
breeding of chimeras, heterozygous floxed Tie2 mice were bred to mice expressing flippase recombinase to
remove the neomycin cassette. Heterozygous T7e2* mice (Tie2*"") were intercrossed to generate homozygous
Tie2"" mice. These mice developed with no obvious abnormalities and were fertile. To confirm that excision
of the floxed allele results in a null Tie2 allele, Tie2*” mice were crossed with E24-Cre transgenic mice (51)
to produce germline deletion of Tie2 (Tie2*) (Supplemental Figure 1C). Breeding to homozygosity (77e2")
resulted in embryonic lethality at E10.5-E11.0, similar to the conventional null mutants previously described
(19, 20). At E10.5, Tie2”~ embryos were developmentally delayed (Supplemental Figure 1D) and showed
heart defects with loss of trabeculations (Supplemental Figure 1F), identical to those of the conventional
knockout. Heterozygous embryos showed no phenotype. Thus, the Tie2del allele is functionally a null allele.
The sequences of the 3 primers for PCR genotyping are: 5-CATGGGAGGTGCACATTTTCAGG-3/,
5'"TATACGCATGCTACTGGCTACAGC-3', and 5-CTTCAAAACCGTTGCCATGTGTA-3'.

Histology. For H&E staining, fixed tissues were put through an ethanol gradient, embedded in paraffin,
and sectioned at 6 pm. Sections were deparaffinized and stained with Mayer’s H&E following standard
protocols. Alcian blue staining was performed using a 1% solution of Alcian blue (pH 2.5) in acetic acid
followed by counterstaining with 0.1% Nuclear Fast Red (Vector Laboratories).

Western blotting. Lysates from E12.5 hearts of each genotype were processed for Western blotting as
previously described (52). The Western blots were probed with the primary antibody followed by incu-
bation with an IRDye 680- or IRDye 800CW-—conjugated secondary antibody (LI-COR). Membranes
were imaged with the Odyssey infrared imaging system (LI-COR), and quantitative densitometric analysis
was performed with Odyssey version 1.2 infrared imaging software. For normalization of signals, mouse
anti—o-tubulin was used as a loading control.

Immunostaining. Paraffin (6 um) or frozen (10 um) sections were incubated overnight with primary
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antibodies (Supplemental Table 2), followed by 1-hour incubation with a fluorescent dye—conjugated sec-
ondary antibody. N1ICD staining was performed using tyramide signal amplification (6). For fluorescence
staining, Alexa Fluor 488, 555, 594, and 647 fluorochrome-conjugated secondary antibodies (Invitrogen)
were used for signal detection. Images were acquired with a Leica TCS SP2 confocal system or a Nikon
Eclipse E800 microscope and processed using Adobe Photoshop.

In situ hybridization. Samples were prepared for RNAscope (Advanced Cell Diagnostics, ACD) accord-
ing to manufacturer’s guidelines. In situ hybridization was performed on 6-um paraffin sections with a
Mm-Bmp10 probe (ACD, no. 415921) according to the protocol for RNAscope 2.5 HD Red Detection
Reagent (ACD, no. 322360). The target region of the RNA probe is a 1.05-kb mouse BmpI0 fragment cor-
responding to nucleotides 78-1124 of NM_009756.2. The probe was used to hybridize the samples for 2
hours at 40°C. Slides were then washed twice with 1xX Wash Buffer (ACD, no. 310091) for 2 minutes each
with agitation. After the probe amplification steps, 120 uL. Red Working Solution was placed onto each
section for 3 minutes at room temperature in the humidity chamber. Slides were then washed twice in dou-
ble-distilled water, immunostained with anti-endomucin, and mounted in Prolong Gold anti-fade reagent
with DAPI (Life Technologies, P36935).

gPCR. Control and mutant or RA-treated embryos at different stages were dissected in ice-cold PBS. Whole
hearts of E9.5-11.5 embryos were separated from the rest of the body, and RNA was extracted. Total RNA was
purified using TRIzol Reagent (Invitrogen) with additional DNase treatment (Promega). cDNA was then gener-
ated using the SuperScript III Reverse Transcriptase kit (Invitrogen). gPCR was performed on the CFX96 Touch
thermal cycler (Bio-Rad) using iQTM SYBR Green Supermix (Bio-Rad). All assays were repeated at least twice,
and all samples were run in triplicate. Analysis of gene expression was carried out using the comparative Ct
(AACt) method as described by the manufacturer. Relative quantification of gene expression was normalized to
18§ mRNA expression level. Sequences of the PCR primers used are listed in Supplemental Table 1.

RNA-Seq. RNA was isolated at E11.5 from whole hearts of Tie2*” and Tie2-cko embryos (18 per genotype)
and then pooled into 3 replicates. RNA was prepared using the standard Illumina TrueSeq RNA-Seq library
preparation kit. Libraries were sequenced in a HiSeq 2500 Illumina sequencer using a 76-bp single-end elon-
gation protocol. The resulting raw data were in FASTQ format, QC, and preprocessed. Resulting reads were
aligned and gene expression quantified using TopHat v2.0.9 over mouse reference mm10 (GRCm38) and
Ensembl genebuild Mus_musculus. GRCm38.75. Gene differential expression was analyzed using the EdgeR
R package63. The gene expression was quantified as FPKM value, and the gene differential expression as
log2 (fold change) value, using Cufflinks/Cuffdiff v2.2.1 for the comparison of the control group and mutant
group. The cluster analysis and heatmap, based on the gene FPKM value of the samples, were plotted in R
with the heatmap3 package. Genes showing altered expression with adjusted P < 0.05 were considered differ-
entially expressed. All data files can be accessed at NCBI’s Gene Expression Omnibus (GEO GSE130741).

Quantification of trabecular complexity and compact myocardial thickness. The number of trabeculae, the
thickness of individual trabeculae and the compact zone, the thickness of total trabecular layer, and total
trabecular area were quantified as described (6, 7, 53). Transverse heart sections from E9.5-E13.5 control
and mutant embryos were stained with anti-endomucin (endocardial marker) and anti-Tnnt2 (recognizes
myocardial marker troponin T) to facilitate visualization of ventricular structures. Images were used for
the measurements with ImageJ software (NIH). In E12.5 and E13.5 heart sections, the thickness of the
compact myocardium in the left ventricle was measured.

Quantification of endocardial complexity and sprouting activity. To measure endocardial branch points,
the total area covered by endocardial network, total length of endocardial network, and transverse heart
sections of E9.5-E13.5 control and mutant embryos were stained with anti-endomucin and anti-Erg or
NI1ICD for visualization of endocardial networks. To measure the endocardial sprouting touchdown points
in E9.0-E9.5 endocardium, transverse sections were stained with anti-endomucin and anti-Tnnt2. Images
were used for the measurements with AngioTool (54).

Statistics. Data are reported as means = SEM. Multiple groups were compared by 1-way ANOVA, and
multiple groups with multiple time points were compared by 2-way ANOVA. Student’s ¢ test was used
when comparing 2 experimental groups. A P value of less than 0.05 was considered significant. All analy-
ses were performed with GraphPad Prism 7.

Study approval. The animals were handled in accordance with institutional guidelines with the approval
of the Institutional Animal Care and Use Committee of Vanderbilt University School of Medicine.
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