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Abstract

Rationale: Jacobsen syndrome (JBS) is a rare chromosomal disorder caused by deletions in

the long arm of human chromosome 11, resulting in multiple developmental defects including
congenital heart defects (CHDs). Combined studies in humans and genetically engineered mice
implicate that loss of ETS1 is the cause of CHDs in JBS, but the underlying molecular and cellular
mechanisms are unknown.

Obijective: To determine the role of ETS1 in heart development, specifically its roles in coronary
endothelium and endocardium and the mechanisms by which loss of ETS1 causes coronary
vascular defects and ventricular non-compaction.

Methods and Results: ETS1 global and endothelial-specific knockout mice were used.
Phenotypic assessments, RNA sequencing and chromatin immunoprecipitation analysis were
performed together with expression analysis, immunofluorescence and RNAscope /n situ
hybridization to uncover phenotypic and transcriptomic changes in response to loss of ETS1. Loss
of ETS1 in endothelial cells causes ventricular non-compaction, reproducing the phenotype arising
from global deletion of ETS1. Endothelial-specific deletion of ETS1 decreased the levels of Alk1,
Cldn5, Sox18, Robo4, Esm1 and Kdr, six important angiogenesis-relevant genes in endothelial
cells, causing a coronary vasculature developmental defect in association with decreased compact
zone cardiomyocyte proliferation. Down-regulation of ALK1 expression in endocardium due to
the loss of ETS1, along with the up-regulation of TGFP1 and TGFR3, occurred with increased
TGFBR2/TGFBR1/SMAD?2 signaling and increased extracellular matrix (ECM) expression in the
trabecular layer, in association with increased trabecular cardiomyocyte proliferation.
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Conclusions: These results demonstrate the importance of endothelial and endocardial ETS1

in cardiac development. Delineation of the gene regulatory network involving ETS1 in heart
development will enhance our understanding of the molecular mechanisms underlying ventricular
and coronary vascular developmental defects, and will lead to improved approaches for the
treatment of patients with congenital heart disease.
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INTRODUCTION

Congenital heart defects (CHDs) are the most common birth defect in newborn infants,
occurring in nearly 1% of the general population.! Jacobsen syndrome (JBS, OMIM
#147791) is a rare chromosomal disorder caused by deletions in the long arm of human
chromosome 11, resulting in multiple developmental defects including CHDs.2 More than
50% of people with JBS have hemodynamically significant CHDs requiring medical therapy
and/or surgical intervention.® The genetic pathways required for normal development

of the ventricular myocardium are complex, involving signaling pathways between the
endocardium and/or coronary endothelium and the developing ventricular myocardium.*’
This is further complicated by distinct pathways involved in the development of the
trabecular layer and the compact zone for normal ventricular development. Perturbation

of either or both of these pathways underlies some forms of cardiomyopathy, e.g. left
ventricular non-compaction, and may have a critical role in the pathogenesis of hypoplastic
left heart syndrome (HLHS).8-10

Although there are numerous genetically engineered mouse models for CHDs, only a small
number of these genes are currently associated with CHDs in humans.? Combined studies in
humans and genetically engineered mice implicate the loss of the ETS1 transcription factor
as the cause of CHDs and several other congenital defects in JBS.11-13 ETS1 is a member
of the E26 Transformation Specific (ETS) family of transcription factors. This family of
transcription factors has important roles in a wide range of biological functions, including
the regulation of cellular growth and differentiation as well as in organ development,
vascular development and angiogenesis, and in the regulation of vascular inflammation and
remodeling.14-18

In vivo and in vitro studies have demonstrated that ETS1 is located upstream of an
angiogenesis cascade and is crucial for vascular angiogenesis.19-22 In mice, ETS1 and ETS2
are required for endothelial cell survival and embryonic angiogenesis.?! In zebrafish, Ets1
has been reported to affect endothelial cell number in axial vessels during vasculogenesis.??
In vitro studies in human umbilical vein endothelial cells (HUVECS) have demonstrated
that VEGF amplifies transcription through enhancing ETS1 chromatin occupancy to drive
angiogenesis.19 Despite this, the role of ETS1 in heart development is relatively unknown.
In Ciona intestinalis and Drosophila, ETS1 is a key regulator of cell fate determination

and heart cell migration in heart development.23-24 In Xenopus, ETS1 is required in the
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cardiac mesoderm and the cardiac neural crest for endocardial development and aortic arch
formation, respectively.25 In chick, reducing ETS1 and ETS2 protein expression results

in a coronary and myocardial developmental defect.26 However, little is known as to the
specific roles of ETS1 in the coronary endothelium and endocardium in mammalian heart
development, or the mechanisms by which loss of ETS1 results in cardiomyopathy.

In this study, we demonstrate that ETS1 endothelial-specific deletion in mice causes a
ventricular non-compaction phenotype, reproducing the phenotype arising from global
deletion of ETS1. Our data also reveal that loss of ETS1 significantly represses the levels
of Alk1, Cldn5, Sox18, Robo4, Esm1 and Kdr, six direct targets of ETS1 in endothelial
cells, resulting in a coronary vascular defect, in association with decreased cardiomyocyte
proliferation in the compact zone. Down-regulated ALK1 expression by the loss of ETS1 in
the endocardium, along with the up-regulation of TGFB1 and TGFB3, was associated with
increased TGFBR2/TGFBR1/SMAD?2 signaling and increased extracellular matrix (ECM)
expression in the trabecular layer, coinciding with increased trabecular cardiomyocyte
proliferation.

METHODS

Animals

The data, analytical methods, and materials will be available to other researchers for the
purposes of reproducing the results or replicating the procedure. Detailed methods and
any associated references are provided in the Online Data Supplement. Lists of primers,
antibodies and probes used are shown in Online Tables I through I11.

All animal studies were performed in accordance with the National Institutes of Health’s
Guide for the Care and Use of Laboratory Animals2’ and approved by the Institutional
Animal Care and Use Committee of the University of California, San Diego. Global

ETS1 null mice were generated as described previously.28 ETS1 conditional knockout mice
were generated by crossing ETS1 flox/flox mice (provided by Michael C. Ostrowski) with
Tie2Cre (Jackson Laboratory, #008863) and Pax3Cre (Jackson Laboratory, #005549) mice.
Both male and female embryonic mice at different stages from E9.5 to E18.5 were used
without genotyping for gender. In addition, 1-year-old male mice were used. The UCSD
Animal Care Program maintained all animals and the UCSD Institutional Animal Care and
Use Committee approved all experimental procedures. Mice were maintained on a C57/B6
background and genotyping was performed using primers shown in Online Table II.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 8.4.3. Normal distribution of data
was tested by the Kolmogorov-Smirnov normality test as well as the Shapiro-Wilk test and
D’Agostino-Pearson normality test. For data distributed normally, values were shown as

a mean + SEM. Unpaired 2-tailed Student’s #test was used to compare two groups and
one-way ANOVA followed by Tukey’s multiple comparisons test were used to compare
more than two groups. For data not distributed normally or n<6, values were shown as
medians with interquartile range and a nonparametric test was used to compare two groups.
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No experiment-wide/across-test multiple test correction was applied. Multiplicity adjusted
P-values were reported where multiple comparisons were made. Otherwise, raw P-values
were reported. A value of P<0.05 was considered statistically significant. The replicates are
biological and so n = number of mice. Power calculations were used for each experiment to
ensure the numbers used have a power of more than 80% to detect significant effect sizes
(a=0.05).

Global deletion of ETS1 results in ventricular non-compaction.

To investigate the role of ETS1 in heart development, we used an ETS1 global knockout
(gKO) mouse line in a pure C57/B6 genetic background and analyzed the effects of global
loss of ETS1 on heart development. The ETS1 protein was undetectable in gkO embryo
(Online Figure 1A). As all ETS1 gKO mice died by 1-2 days after birth, embryonic day 18.5
(E18.5) hearts were analyzed first. Global deletion of ETS1 resulted in decreased thickness
of the ventricular compact zone and increased thickness of the ventricular trabecular layer at
E18.5 (Figure 1A).

To determine the starting point of this abnormal heart phenotype, hematoxylin and eosin
histological staining was performed in mice starting from E11.5. No significant differences
in compact zone and trabecular layer were observed between gKO and control mice at E11.5
(Online Figure 1B). Hearts from E12.5 to E15.5 mice were further analyzed to determine the
time course of the development of the abnormal phenotype. In control embryos, the compact
zone increased in thickness as embryos progressed from E12.5 to E18.5 (Figure 1A through
1C; Online Figure IC through IE). However, in ETS1 gKO embryos, although the compact
zone also grew as embryos progressed from E12.5 to E18.5, the compact zone grew less

and was thinner than in the controls at each stage (Figure 1A through 1C; Online Figure

IC through IE). Despite the thinner compact zone in the ETS1 gKO mice, the trabecular
layer was thicker than in the controls at each stage from E12.5 to E18.5 (Figure 1A and

1B; Online Figure IC through IE). In control embryos, the trabecular layer grew as embryos
progressed from E12.5 to E14.5; after E14.5, the thickness of the trabecular layer began

to decrease, and the thickness of the trabecular layer was significantly decreased at E18.5
(Figure 1D). However, in ETS1 gKO embryos, the thickness of the trabecular layer was not
decreased at E15.5 and E18.5 compared to that at E14.5 (Figure 1D).

The ratios of the thickness of trabecular layer to compact zone from E12.5 to E18.5 showed
that although the ratios are reduced as embryos progressed in both control and ETS1 gKO
mice, the ratios in gkO mice are significantly higher than in control mice at each stage
(Figure 1E). Furthermore, the immunofluorescence of CD31, a marker of all endothelial
cells, was used to highlight the endocardium in order to delineate the boundaries of the
trabecular layer. The result also showed the decreased thickness of the compact zone and
the increased thickness of the trabecular layer in gKO mice relative to those in controls
(Figure 1F; Online Figure IF). Thus, these data demonstrate that ETS1 global deletion leads
to ventricular non-compaction. In addition to the ventricular non-compaction phenotype, we
also found that ETS1 gKO mice have double outlet right ventricle (DORV). Global deletion
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of ETS1 didn’t impact atrioventricular (AV) valvular development (Online Figure 1G) or
endothelial to mesenchymal transition (EMT) of the AV cushions (Online Figure IH and 1 1).

Global deletion of ETS1 results in a coronary vascular defect.

The ETS1 gKO mouse ventricle not only showed a thinner compact zone but also contained
fewer endothelial cells in the compact zone, suggesting a coronary vascular defect (Figure
2A and 2B). Whole heart CD31 immunofluorescence images at E13.5 and E14.5 also
demonstrated fewer endothelial cells in the compact zone in the ETS1 gKO mouse ventricles
(Figure 2C), consistent with a coronary vascular angiogenesis defect. To confirm that global
deletion of ETS1 resulted in a coronary vascular defect, whole-mount immunofluorescence
was performed to visualize the coronary vasculature. As the first coronary capillary

plexus forms on the surface of the heart from the sinus venosus (SV) and spreads to

the entire surface of the heart at ~E11.5-E12.5 in the mouse embryo,2° whole-mount
immunofluorescence was first performed at E12.5 on the hearts in gKO mice and littermate
controls. At E12.5, although the coronary vasculature has spread on the dorsal side of the
heart in both the gkKO mice and the controls, the coronary vascular growth was stunted and
the area covered by coronary vasculature was decreased in gkO mice, indicating a defect in
angiogenesis (Figure 2D and 2F). At E14.5, the coronary vessels emerge from the midline of
the ventral side of the heart and migrate laterally to populate the ventral side together with
the coronary vessels spreading from the dorsal side. The whole-mount immunofluorescence
performed at E14.5 showed that the coronary vascular growth was stunted and the area
covered by coronary vasculature was significantly decreased in gKkO mice, also indicating an
angiogenesis defect (Figure 2E and 2F). We next analyzed the coronary vascular structure

at E18.5. The E18.5 gKO embryos also exhibited dramatic defects with truncated coronary
vessels and decreased arborization (Figure 2G).

Together, these data demonstrate that global deletion of ETS1 causes a coronary vasculature
developmental defect. It has been reported that defects in coronary angiogenesis leads to
ventricular non-compaction in mice.® The coronary vasculature is required to ensure proper
myocardial nourishment and development of the compact zone.®:8:9 Our study provides
further evidence suggesting that the coronary vascular defect contributes to ventricular
non-compaction in ETS1 gKO mice.

ETS1 endothelial deletion recapitulates the ETS1 global knockout ventricular non-
compaction phenotype.

To further investigate the role of ETS1 in heart development, a conditional knockout mouse
line was used to generate a deletion of ETS1 in two different cardiac cellular lineages: the
endothelium (including the endocardium and the coronary vascular endothelium) and the
neural crest, in which ETS1 is expressed.11 A Tie2Cre driver line was used to delete ETS1
in endothelial cells and endocardial cells. ETS1 immunofluorescence showed undetectable
ETS1 protein in endocardium and SV endothelium in endothelial conditional knockout
(eKO) embryos at E11.5, which are also the two sources of the coronary endothelium
(Figure 3A). Deletion of ETS1 in endothelial cells resulted in decreased thickness of the
compact zone and increased thickness of the trabecular layer from E12.5 to E18.5 (Figure
3B and 3C; Online Figure 1A through IIC), recapitulating the global knockout phenotype.
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This phenotype was associated with decreased survival in eKO embryos, and the hearts of
the dead eKO embryos displayed severe thinning of the compact zone (Online Figure 111). In
contrast, conditional deletion of ETS1 in neural crest cells (NCCs) did not affect the growth
of the compact zone and the trabecular layer (Figure 3D).

We next measured the thickness of the compact zone and the trabecular layer of left ventricle
in control and endothelial eKO mice from E12.5 to E18.5 to determine the time course of the
development of the ventricular non-compaction phenotype. In control embryos, the compact
zone grew dramatically as embryos progressed from E12.5 to E18.5 and the thickness of

the compact zone increased significantly (Figure 3E). However, in eKO embryos, as in gkO
embryos, although the compact zone also grew as embryos progressed from E12.5 to E18.5,
the compact zone was thinner than that in the controls at each stage (Figure 3E). Also as in
gKO mice, despite the thinner compact zone in the ETS1 eKO mice, the trabecular layer was
thicker than that in the controls at each stage from E12.5 to E18.5 (Figure 3F). In control
embryos, the trabecular layer grew as embryos progressed from E12.5 to E14.5; after E14.5,
the thickness of the trabecular layer began to decrease, and the thickness of the trabecular
layer was significantly decreased at E18.5 (Figure 3F). However, in eKO embryos, the
thickness of the trabecular layer was not decreased at E15.5 and E18.5 compared to that at
E14.5 (Figure 3F).

Calculating the ratios of the thickness of trabecular layer to compact zone in left ventricle
showed that although the ratios were reduced as embryos progressed from E12.5 to E18.5
in both control and eKO mice, the ratios in eKO mice were significantly higher than

in the control mice at each stage (Figure 3G). Furthermore, CD31 immunofluorescence

also showed the decreased thickness of the compact zone and increased thickness of the
trabecular layer in eKO mice (Figure 3H; Online Figure 1ID). In addition, as it is reported
that ventricular non-compaction is associated with increased cardiomyocyte maturation3?,
gPCR was performed on samples from E15.5 control and eKO embryonic mouse ventricles
to determine the expression levels of cardiomyocyte maturation markers. Tnnt2, Tnnil,
Tnni3 and Myh6 were up-regulated in ETS1 eKO mice compared to littermate controls
(Online Figure IIE). Taken together, the ventricular non-compaction phenotype in the
endothelial conditional deletion faithfully replicates that of the global knockout mouse
embryos. In addition, we investigated the effects of ETS1 endothelial deletion in adult mice.
On gross examination of one year-old eKO mouse hearts, we found their coronary arteries
had decreased branching compared to control mice (Online Figure 1IF). We also found that
one year-old eKO mice had a thinned right ventricular wall, along with a slightly thicker left
ventricular wall (Online Figure 11G and I1H). Notably, the one mouse that died at age one
year had a severely dilated right ventricle, in contrast to control and the three surviving one
year-old mice analyzed (Online Figure 11G).

Next, we assessed cardiomyocyte proliferation by measuring the percentage of phospho-
Histone H3 (PH3) positive cardiomyocytes, which revealed decreased cardiomyocyte
proliferation in the compact zone and increased proliferation in the trabecular layer at E12.5
and E13.5 in eKO mice (Figure 3l and 3J). In addition, we did not find any differences in
cardiomyocyte apoptosis between E13.5 control and eKO mice by TUNEL assay (Online
Figure 11 I and 11J). Together, these data demonstrate that loss of ETS1 in endothelial
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cells leads to ventricular non-compaction through a differential effect on cardiomyocyte
proliferation in the compact zone and trabecular layer.

ETS1 endothelial deletion results in a coronary vascular defect.

The coronary vasculature is critical for the development of the compact zone of the
ventricular myocardium during embryogenesis, specifically including a requirement for
coronary endothelial cells for cardiomyocyte proliferation.®:8:9:31 We have demonstrated that
global deletion of ETS1 causes a coronary vasculature developmental defect. Therefore,

we investigated whether there is a coronary vascular defect in the endothelial conditional
deletion that may underlie the decreased cardiomyocyte proliferation in the compact zone.
As in gKO mice, there were markedly fewer endothelial cells in the compact zone in

E13.5 and E14.5 ETS1 eKO mice, indicating a coronary vascular defect (Figure 4A and
4B). Whole heart CD31 immunofluorescence images at E13.5 and E14.5 also demonstrated
fewer endothelial cells in the compact zone in the ETS1 eKO mouse ventricles (Figure

4C), consistent with a coronary vascular angiogenesis defect. To confirm that endothelial
deletion of ETS1 resulted in the coronary vascular defect, we performed whole-mount
immunofluorescence to characterize the coronary vasculature at E12.5. The coronary
vascular growth was stunted on the dorsal side of the heart and the area covered by coronary
vasculature was significantly decreased in eKO mice, indicating a defect in angiogenesis
(Figure 4D and 4F). Whole-mount immunofluorescence performed at E14.5 revealed

the stunted coronary vascular growth and the decreased area covered by the coronary
vasculature on the ventral side of the heart in eKO mice, also indicating an angiogenesis
defect (Figure 4E and 4F). E18.5 eKO embryos also exhibited dramatic defects with
truncated coronary vessels and decreased arborization (Figure 4G). In contrast, conditional
deletion of ETS1 in NCCs did not affect the coronary vascular development (Online Figure
IVA and 1VB).

To further investigate the role of ETS1 on coronary endothelial cells, ETS1 siRNA was used
to silence the ETS1 gene in cultured human coronary artery endothelial cells (HCAECS).
After treatment for 48 hours, ETS1 siRNA suppressed ETS1 mRNA expression (Figure

5R) and there was a concomitant decrease in HCAEC tube formation (Figure 5S and 5T)
and migration (Online Figure IVC and IVD), /n vitro. Taken together, these data indicate
that endothelial deletion of ETS1 causes a coronary vasculature developmental defect in
association with decreased cardiomyocyte proliferation and a hypoplastic compact zone,
reproducing the gkO phenotype.

Loss of ETS1 in endothelial cells represses Alkl, Cldn5, Sox18, Robo4, Esm1 and Kdr,
impairing coronary vascular development.

To begin to define the gene regulatory network involving ETS1 in ventricular development,
RNA sequencing (RNA-Seq) was performed on samples from E12.5 control and gKO
mouse ventricles, a time point when the non-compaction phenotype became apparent.
Comparing the differential gene expression between control and gKO mice revealed that 168
genes were significantly down-regulated and 386 were significantly up-regulated in gKO
mice. Gene ontology (GO) enrichment analysis identified the top biological processes as
endothelium development, angiogenesis, circulatory system development and extracellular
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structure organization (Figure 5A), consistent with our findings of a coronary vascular
endothelial and endocardial defect. Hypoxia-related genes were also investigated. RNA-Seq
results from E12.5 control and ETS1 gKO ventricles revealed nine potential up-regulated
hypoxia-related genes (Online Figure IVE). To determine whether these hypoxia-related
genes are increased in eKO mice, qPCR was performed on samples from E13.5 embryonic
mouse ventricles. The qPCR results confirmed that Bnip3, EgIn3, Vegfa, Egrl, Meg3, Eginl
and Higdla were up-regulated in ETS1 eKO mice compared to littermate controls (Online
Figure IVF).

To define how loss of ETS1 in endothelial cells leads to a coronary vascular defect, we
focused on the down-regulated genes that are involved in angiogenesis, identified by the GO
enrichment analysis, including Alk1, Pik3r6, Thyl, Cldn5, Sox18, Robo4, Ceacaml, Esm1,
Gpr4, Notch4, Flt4, Kdr, Pf4 and Ppplrl6b (Figure 5B and Online Figure IVG). In order to
explore which genes are direct targets of ETS1, we analyzed the published ETS1 chromatin
immunoprecipitation sequencing (ChIP-seq) dataset from HUVECs.1® Combined analysis
of the ETS1 ChlIP-seq dataset with available RNAPII, H3K4me3 and H3K27ac ChlP-seq
data revealed that ETS1 ChIP peaks were present in promoters or enhancers of Alk1,
Cldn5, Sox18, Robo4, Esm1, Notch4, Kdr and Ppp1r16b (Online Figure V). Quantitative
polymerase chain reaction (QPCR) on samples from E12.5 mouse ventricles confirmed that
Alk1, Cldn5, Sox18, Robo4, Esm1 and Kdr, six important angiogenesis-relevant genes

in endothelial cells, were significantly down-regulated in ETS1 eKO mice compared to
littermate controls (Figure 5C).

To confirm Alk1, Cldn5, Sox18, Robo4, Esm1 and Kdr are direct targets for ETS1 in mice,
ChIP-gPCR was performed on E12.5 mouse heart ventricles. JASPAR was used to predict
potential ETS1 transcription factor binding sites. For each gene, several potential binding
sites in the promoter region were revealed and two potential binding sites with the highest
score were selected for the further ChIP-gPCR (Figure 5D). The ChIP-qPCR results revealed
significant enrichment of ETS1 binding sites in the promoter regions of Alk1, Cldn5, Sox18,
Robo4, Esm1 and Kdr (Figure 5E), demonstrating they are direct targets of ETS1 in mice.
To further investigate the expression levels of these six genes in coronary endothelial cells,
RNAscope /n situ hybridization (ISH) was performed at E13.5. Alk1, Cldn5, Sox18, Robo4,
Esm1 and Kdr mRNA levels were decreased in coronary endothelial cells in ETS1 eKO
mice compared to littermate controls (Figure 5F through 5Q).

To further investigate the role of the six angiogenesis-related genes on coronary endothelial
cells, siRNA of each gene or a cocktail of all six sSiRNAs (6A siRNA) are used to

silence these six genes individually or together in HCAECs. After treatment for 48

hours, Alk1, Cldn5, Sox18, Robo4, Esm1 and Kdr siRNA suppressed their mRNA
expression respectively (Figure 5R). Although Alk1 siRNA treatment increased HCAEC
tube formation, siRNA treatment of each of the other five genes decreased HCAEC tube
formation (Figure 5S and 5T). Silencing these six angiogenesis-related genes together

also decreased HCAEC tube formation (Figure 5S and 5T). Taken together, these results
demonstrate that loss of ETS1 in endothelial cells causes coronary vascular defects and
down-regulates genes involved in angiogenesis.
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Endothelial-specific deletion of ETS1 increases the expression of extracellular matrix
genes in the trabecular layer.

Based on the RNA-seq results from E12.5 control and ETS1 gKO ventricles, GO enrichment
analysis also revealed many up-regulated genes that contribute to extracellular structure
organization (Figure 5A), including numerous extracellular matrix (ECM) genes (Fn1,
Lamal, Collal, Fbnl and Acan) as well as integrin genes (ltgb4, Itga6, Itga7, Itga8, Itga9,
Itgal, Itgam and Itgav) (Figure 6A and Online Figure IVG), which function as receptors

for ECMs required for initiating intracellular signaling cascades.32:33 It has been reported
that ECMs are critical for cardiomyocyte proliferation.32:33 Increased ECM synthesis has
been reported to be involved in the pathogenesis of non-compaction cardiomyopathy.34
Specifically, persistent ECM synthesis enables enhanced trabecular growth in the trabecular
layer.34

To determine whether the increased cardiomyocyte proliferation in the trabecular layer in
eKO mice might be due to the increased expression of ECM genes, gPCR was performed
on samples from E12.5 embryonic mouse ventricles. The gPCR results confirmed that

Fnl, Lamal, Collal, Fbnl and Acan, five ECM genes identified by the GO enrichment
analysis, were up-regulated in ETS1 eKO mice compared to littermate controls (Figure
6B). In addition, the qPCR analysis also showed that Postn, another ECM gene, was
up-regulated in ETS1 eKO mice compared to littermate controls (Figure 6B). To further
investigate the expression patterns and levels of these ECM genes, immunofluorescence and
RNAscope ISH were performed. Increased protein levels of Fibronectin, Periostin, Laminin
and Collagenl were deposited between the endocardium and trabecular myocardium in
ETS1 eKO mice compared to littermate controls at E12.5 and E13.5 (Figure 6C through 6J;
Online Figure VIA through VIH). Fbnl and Acan mRNA levels were also increased in the
trabecular layer in ETS1 eKO mice at E12.5 and E13.5 (Figure 6K and 6N; Online Figure
VI I and VIL). In contrast, these genes were expressed in compact zone cardiomyocytes

at low levels (Figure 6C, 6E, 6G, 61, 6K and 6M), consistent with a specific effect

of ECM components on trabecular growth. Together, these data indicate that endothelial-
specific deletion of ETS1 increases the expression of ECM genes in the trabecular layer, in
association with increased trabecular cardiomyocyte proliferation and growth.

Deficiency of ETS1 increases ECM expression through intensifying TGFBR2 /TGFBR1/
SMAD?2 signaling pathway.

Loss of ETS1 in endothelial cells significantly down-regulated the levels of Alk1, Cldn5,
Sox18, Robo4, Esm1 and Kdr (Figure 5C). Among these genes, Alk1, which encodes a type
| cell-surface receptor for the TGFP superfamily of ligands, was most significantly changed,
with a four-fold decrease (Figure 5C). To further investigate the expression level and pattern
of Alkl, RNAscope ISH was performed. Though Alk1 is predominantly expressed in
endocardial cells, coronary endothelial cells and epicardial cells, the mRNA levels of ALK1
were only decreased in endocardium and in coronary endothelium in eKO mice compared
controls (Figure 7A and 7B; Online Figure VIIA and VIIB; Figure 5F and 5G). Next, we
investigated the phosphorylation level of Smad1/5, the downstream effector of ALK1. The
results of immunofluorescence demonstrated that the number of phosphorylated Smad1/5
positive cells was decreased in endocardium as well as in coronary endothelium, paralleling
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the decreased ALK1 expression in the absence of ETS1 (Figure 7C and 7D; Online Figure
VIIC and VIID). To further confirm the effect of ETS1 on ALK, western blot analyses
were performed on lysates from E12.5 and E13.5 ventricles. The protein levels of ALK1
were eight-fold and three-fold reduced at E12.5 and E13.5 respectively in eKO mice, and
the phosphorylated protein levels of Smad1/5 were three-fold and two-fold reduced at E12.5
and E13.5 respectively in eKO mice, relative to those in controls (Figure 7E and 7F; Online
Figure VIIE and VIIF). To further investigate the expression level of total-Smad5, western
blot analyses were performed on lysates from E12.5 and E13.5 ventricles and RNAscope
ISH was performed at E13.5. The expression levels of Smad5 were not altered in eKO mice
compared to littermate controls (Online Figure VIIIA through VIIIC).

TGFB dynamically regulates angiogenesis and ECM expression in endothelial cells. TGFp
first binds to TGFBR2 and then recruits TGFBR1.3% TGF signaling through TGFBR1/
Smad2/3 induces ECM expression.36:37 This TGFB/TGFBR2/TGFBR1 complex also can
recruit ALK1, an antagonistic mediator of the TGFBR1/Smad2/3 pathway, positively
regulating angiogenesis and negatively regulating ECM expression.3°37 Therefore, Western
blot analyses were performed on lysates from E12.5 and E13.5 ventricles to investigate

the levels of TGFBR2 and TGFBRL. The expression levels of TGFBR2 and TGFBR1

were significantly increased in eKO mice relative to those in controls (Figure 7G and 7H;
Online Figure IXA and 1XB). To further investigate the expression levels and patterns of
TGFBR2 and TGFBR1, immunofluorescence was performed. The expression of TGFBR2
was up-regulated both in the endocardium and in the trabecular cardiomyocytes in eKO
mice compared to that in controls. In contrast, no obvious differences were found in the
expression of TGFBR2 in the compact zone between eKO mice and controls (Figure 71

and 7J; Online Figure IXC and IXD). The level of TGFBR1 was also up-regulated in
endocardium and in cardiomyocytes in the trabecular layer in eKO mice compared to

that in controls, but not in the compact zone (Figure 7K and 7L; Online Figure IXE and
IXF). We further investigated the phosphorylated protein level of Smad2, the downstream
effector of TGFBR1. Western blot analyses using lysates from E12.5 and E13.5 ventricles
revealed that the phosphorylated protein levels of Smad2 were significantly increased in
eKO ventricles relative to that in controls (Figure 7G and 7H; Online Figure IXA and IXB).
The results of immunofluorescence demonstrated that the phosphorylated levels of Smad2
were up-regulated in endocardium and trabecular cardiomyocytes in eKO mice compared to
that in controls, but not in the compact zone, as for TGFBR2 and TGFBR1 (Figure 7M and
7N; Online Figure IXG and IXH). To further investigate the expression level of total-Smad2,
western blot analyses were performed on lysates from E12.5 and E13.5 ventricles and
RNAscope ISH was performed at E13.5. The expression levels of Smad2 were not altered in
eKO mice compared to littermate controls (Online Figure VIIIA, VIIIB and VIIID).

Next, we performed Western blot analyses using lysates from E12.5 and E13.5 ventricles
to explore the expression levels of the three TGFp ligands. The levels of TGFB1 and
TGFB3 were significantly up-regulated in eKO mice compared to those in controls, but
the level of TGFB2 was not altered (Figure 70 and 7P; Online Figure 1X I and 1XJ).
These data indicate that the repression of ALK1 in the endocardium due to the deletion
of ETS1, combining with the up-regulation of TGFB1 and TGFB3, leads to increased
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TGFBR2/TGFBR1/SMAD? signaling and increased ECM expression in endocardial cells
and cardiomyocytes in the trabecular layer.

DISCUSSION

Although controversial,38 human genome-wide association studies have demonstrated that
non-compaction cardiomyopathy is a genetic form of cardiomyopathy caused by mutations
in genes encoding sarcomeric, cytoskeletal and nuclear membrane proteins.8:3940 Recent
studies have revealed that dysfunction of the coronary endothelium and endocardium are
also associated with non-compaction cardiomyopathy.5=° /7 vivo and in vitro studies have
demonstrated that ETS1 is essential for vascular angiogenesis.1%-22 However, the role

of ETS1 in heart development is relatively unknown. In this study, we investigate the
specific roles of ETS1 in the coronary endothelium and endocardium in murine heart
development and the mechanisms by which loss of ETS1 results in a coronary vascular
and non-compaction ventricular phenotype (Figure 8). Our findings reveal that endothelial-
specific deletion of ETS1 recapitulated the ventricular non-compaction phenotype observed
in ETS1 gKO mice, along with the impaired coronary vascular development and the
increased trabecular ECM expression, indicating that ventricular non-compaction is a direct
consequence of ETS1 deficiency in the coronary endothelium and endocardium. There was
significant phenotypic variation in the ETS1 eKO mice. Specifically, we observed a small
subset of embryos that died prenatally and were found to have a severely thinned, nearly
absent compact zone. The majority of ETS1 eKO mice survived to adulthood. We found
that one year-old ETS1 eKO mice had a thinned right ventricular wall, and that the left
ventricular wall was slightly thickened compared to age-matched controls. Of note, the
one year-old mouse that died had a markedly dilated right ventricle. The basis for this
phenotypic variability is unknown and will be the focus of future studies.

Previous studies have demonstrated that decreased compact zone cardiomyocyte
proliferation and increased trabecular cardiomyocyte proliferation underlie ventricular non-
compaction.84142 |n this study, we demonstrate that loss of ETS1 causes decreased
cardiomyocyte proliferation in the compact zone and a concomitant increase in
cardiomyocyte proliferation in the trabecular layer during early stages of ventricular
development. Our studies are consistent with previous studies demonstrating that coronary
vascular endothelial cells are required for compact myocardial growth; while ECMs are
essential for trabecular cardiomyocyte proliferation.643:44 Our results indicate that the ETS1
transcription factor simultaneously regulates both of these processes and provide a molecular
basis for the differential effect on cardiomyocyte proliferation in these two subpopulations
of ventricular cardiomyocytes. Furthermore, since ETS1 is not expressed in cardiomyocytes
during murine heart development,1! these results provide a molecular basis for the non cell-
autonomous effect on cardiomyocyte proliferation and growth in the developing ventricles.

Our study defines a gene regulatory network involving ETS1 in the coronary vascular
endothelium and endocardium. GO enrichment analysis of RNA-Seq performed on
ventricular tissue from E12.5 control and ETS1 gKO mouse embryos revealed a set of
down-regulated genes that are involved in endothelium development and angiogenesis and a
set of up-regulated genes functioning in ECM organization. Specifically, the gene expression
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analyses demonstrate that endothelial deletion of ETS1 increases expression of six ECM
genes in the trabecular layer, including Fnl, Postn, Lamal, Collal, Fbnl and Acan. We also
demonstrate that endothelial-specific deletion of ETS1 represses the levels of Alk1, Cldn5,
Sox18, Robo4, Esm1 and Kdr, six important angiogenesis-relevant genes in endothelial
cells, which are demonstrated to be direct targets of ETSL. Silencing these six angiogenesis-
related genes together in vitro decreased HCAEC tube formation. Thus, down-regulated
expression of these genes together by loss of ETS1 in the coronary endothelium represses
the coronary vascular angiogenesis in ETS1 eKO mice. We also found that down-regulation
of ALK1 expression in endocardium due to the loss of ETS1, along with up-regulation

of TGFB1 and TGFB3, occurred with increased TGFBR2/TGFBR1/SMAD?2 signaling and
increased ECM gene expression in the trabecular layer. Taken together, we demonstrate that
endothelial and/or endocardial ETS1 is essential for regulating ventricular cardiomyocyte
proliferation and homoeostasis as well as for coronary vascular growth during heart
development. Besides the ventricular non-compaction phenotype, which we found to be
most severe in a small subset of embryos that die prenatally, we also found the ETS1

gKO mice have DORYV, which is the most common cause of the postnatal death in C57/B6
mice. Specifically, these mice die shortly after birth due to pulmonary over-circulation
resulting from a large intracardiac left to right shunt. We have found that DORV is due to a
cell-autonomous neural crest cell migration defect caused by deletion of ETS1 in NCCs.

JBS is a rare chromosomal disorder characterized by deletions in distal 11q, resulting

in multiple developmental defects including CHDs.2 Half of human patients with JBS

have hemodynamically significant congenital heart defects, frequently requiring lifesaving
medical therapies and/or surgical interventions. The molecular basis for the incomplete
penetrance and variation in the specific cardiac phenotype in these patients is unknown. We
have found varying levels of ETS1 mRNA expressed from the intact allele in neural crest
cells derived from JBS patient-specific induced pluripotent stem cells. Specifically, in one
patient with HLHS and a neural crest cell migration defect, expression from the “normal”
allele was virtually absent, i.e. mimicking a mouse null genotype. In a second patient with
complex congenital heart disease and a neural crest cell migration defect, there was a normal
level of ETS1 mRNA, suggesting decreased function of ETS1 expressed from the intact
allele. Together, these results may explain, at least in part, the molecular basis for incomplete
penetrance for congenital heart disease that occurs in JBS. Interestingly, we also found that
mutations in several of the ETS1 direct downstream target genes that we have identified

in the current study have been reported to be associated with some of the same congenital
heart defects that occur in JBS, including in ALK1 (total anomalous pulmonary venous
connections and pulmonary arterial hypertension) and ROBO4 (bicuspid aortic valve). We
speculate that at least one basis for the different specific congenital heart defects occurring
between individuals may be due to relative differences in sensitivity to ETS1 gene dosage
between the downstream target genes, possibly due to genetic polymorphisms.

Loss of ETS1 is the cause of CHDs in JBS,! and ventricular non-compaction can occur

in JBS. Another CHD that commonly occurs in JBS is HLHS. Interestingly, ventricular
non-compaction and HLHS have been reported to occur in the same patient,*>46 suggesting
that these two CHDs may be mechanistically related. In ETS1 eKO mice, we have also
observed, rarely, a diminutive ventricular chamber volume (one of the hallmarks of HLHS)
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due to severe expansion of the trabecular layer. This suggests the intriguing possibility that
at least some anatomic subsets of HLHS could be due to a more extreme effect on trabecular
cardiomyocyte proliferation during heart development, leading to a hypoplastic ventricular
chamber volume. Other CHDs that occur in JBS include septal and outflow tract defects,
which are likely to be due impaired neural crest cell function.11:25 These observations
suggest that the multiple functions of ETS1 affecting both vascular endothelial/endocardial
and neural crest lineages likely determine the specific cardiac phenotype in patients with
JBS and is dependent on the genetic background, e.g. genetic polymorphisms in genes
regulated by ETS1, an exciting area for future investigation. Our study also provides a
molecular basis by which coronary artery anomalies can be associated with other structural
heart defects. Defects in the coronary vasculature can have important clinical implications,
including why some patients with complex CHDs develop early heart failure.

Understanding the molecular and cellular mechanisms of ETS1 in the coronary vascular
endothelium and endocardium in normal heart development will enhance our understanding
of the coronary vascular system and endocardium in the pathogenesis of many congenital
heart defects. Our study demonstrates a critical role for ETS1 in ventricular and coronary
vascular development. Consequently, further delineation of the gene regulatory network(s)
involving ETS1 in heart development will enhance our understanding of the molecular
mechanisms underlying many of the most common and severe congenital heart defects, and
will lead to improved approaches for the treatment of patients with congenital heart disease.
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AV atrioventricular

CHD congenital heart defect

DORV double outlet right ventricle

ECM extracellular matrix

EMT endothelial to mesenchymal transition
eKO endothelial conditional knockout
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ETS E26 Transformation Specific
gKO global knockout
GO gene ontology
HLHS hypoplastic left heart syndrome
HCAEC human coronary artery endothelial cell
HUVEC human umbilical vein endothelial cell
ISH RNAscope /n situ hybridization
JBS Jacobsen syndrome
SV sinus venosus
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NOVELTY AND SIGNIFICANCE

What Is known?

. ETS1 is the cause of congenital heart defects in Jacobsen syndrome (JBS).
. ETS1 is essential for vascular angiogenesis.
. The coronary vasculature is critical for the development of the ventricular

compact zone during embryogenesis.

. Persistent extracellular matrix (ECM) synthesis enables enhanced trabecular
growth in the trabecular layer.

What New Information Does This Article Contribute?

. Endothelial-specific deletion of ETS1 causes ventricular non-compaction,
reproducing the phenotype arising from global deletion of ETS1

. Endothelial-specific deletion of ETS1 represses Alk1, Cldn5, Sox18, Robo4,
Esm1 and Kdr, impairing coronary vascular development.

. Endothelial-specific deletion of ETS1 increases the expression of ECM genes
through intensifying TGFBR2/TGFBR1/SMAD?2 signaling pathway in the
trabecular layer.

Dysfunction of the coronary endothelium and endocardium are associated with non-
compaction cardiomyopathy. Our findings reveal that endothelial-specific deletion of the
ETS1 transcription factor gene recapitulated the ventricular non-compaction phenotype
observed in ETS1 gKO mice, along with impaired coronary vascular development and
increased trabecular ECM expression. Our gene expression studies are consistent with
and supportive of our /in vivo studies, in which we identify six direct downstream target
genes involved in angiogenesis that are regulated by ETS1 and demonstrate dysregulated
TGFp pathway signaling in the trabecular layer due to loss of ETS1 in endocardium.
These data begin to identify a gene regulatory network involving ETS1 in ventricular and
coronary vascular development. Specifically, our study identifies a non cell-autonomous
mechanism by which loss of ETS1 leads to a differential effect on cardiomyocyte
proliferation between the compact zone and trabecular layers underlying the development
of ventricular non-compaction. These results have important implications not only for
ventricular non-compaction, but also for hypoplastic left heart syndrome, which occurs at
an unprecedented high frequency in JBS.
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Figure 1. ETS1 global knockout causes ventricular non-compaction.
A and B, Representative images of heart sections stained with Hematoxylin and Eosin

showing compact myocardium (CM) and trabecular myocardium (TM) in control and ETS1
global knockout (gKO) mice at (A) E18.5 and (B) E12.5. Scale bars: 200 um. C though E,
Graphs showing (C) compact myocardium thickness, (D) trabecular myocardium thickness
and (E) ratio of trabecular myocardium thickness to compact myocardium thickness of

left ventricles in control and gkKO mice at different stages from E12.5 to E18.5 (CTRL,
n=6; gKO, n=6 at each stage from E12.5 through E15.5, CTRL, n=6; gKO, n=8 at E18.5).
F, Representative confocal images of CD31 immunofluorescence labeling endocardium in

control and gKO mice at E13.5 and E14.5. Scale bars: 20 um.
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Figure 2. ETS1 global knockout causes coronary vascular defect.
A, Representative confocal images showing endothelial cells (red) in the compact zone in

control and gkO mice at E13.5 and E14.5. Scale bars: 10 um. B, Graph of quantitation

of the percentage of CD31 positive cells in the compact zone in control and gKO mice

at E13.5 and E14.5 (CTRL, n=6; gKO, n=6 at E13.5 and E14.5). C, Whole heart CD31
immunofluorescence images at E13.5 and E14.5 showing the endothelial cells in the
compact zone in control and gkO mice. Scale bars: 200 um. The white broken lines indicate
the ventricular wall covered by coronary vasculature. D and E, Representative whole-mount
confocal images showing the coronary vasculature (D) on the dorsal side of the heart at
E12.5 and (E) on the ventral side of the heart at E14.5 in control and gKO mice. Scale bars:
200 um. F, Graph of quantification of heart coverage on the dorsal side of the heart at E12.5
and on the ventral side of the heart at E14.5 in control and gKO mice. (CTRL, n=6; gKO,
n=6 at E12.5 and E14.5). G, Representative whole-mount confocal images of the coronary
vasculature at E18.5. Scale bars: 200 pum.
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Figure 3. ETS1 endothelial deletion causes ventricular non-compaction.
A, ETS1 immunofluorescence showing ETS1 protein was undetectable in endocardium

and sinus venosus (SV) endothelium in ETS1 endothelial conditional knockout (eKO)
embryo. Scale bars: 20 um. B and C, Representative images of heart sections stained with
Hematoxylin and Eosin showing compact myocardium (CM) and trabecular myocardium
(TM) in control and eKO mice at (B) E12.5 and (C) E18.5. Scale bars: 200 pm. D,
Representative images of heart sections stained with Hematoxylin and Eosin showing
compact myocardium and trabecular myocardium in control and neural crest cell conditional
knockout mice at E17.5. Scale bars: 200 um. E though G, Graphs showing (E) compact
myocardium thickness, (F) trabecular myocardium thickness of left ventricles and (G) ratio
of trabecular myocardium thickness to compact myocardium thickness in control and eKO
mice at different stages from E12.5 to E18.5 (CTRL, n=6; eKO, n=6 at each stage from
E12.5 through E15.5, CTRL, n=6; eKO, n=11 at E18.5). H, Representative confocal images
of CD31 immunofluorescence labeling endocardium in control and eKO mice at E13.5 and
E14.5. Scale bars: 20 pm. I, Representative confocal images of PH3 immunofluorescence
showing proliferating cardiomyocytes in the compact zone (yellow arrowheads) and in the
trabecular layer (yellow triangles) in control and eKO mice at E12.5 and E13.5. Scale bars:
20 pm. J, Graph of quantification of PH3 positive cardiomyocytes in compact myocardium
(CM) and trabecular myocardium (TM) in control and eKO mice at E12.5 and E13.5.
(CTRL, n=5; eKO, n=5).
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Figure 4. ETS1 endothelial deletion causes coronary vascular defect.
A, Representative confocal images showing endothelial cells (red) in the compact zone in

control and eKO mice at E13.5 and E14.5. Scale bars: 10 pm. B, Graph of quantitation

of the percentage of CD31 positive cells in the compact zone in control and eKO mice

at E13.5 and E14.5 (CTRL, n=6; eKO, n=6 at E13.5 and E14.5). C, Whole heart CD31
immunofluorescence images at E13.5 and E14.5 showing the endothelial cells in the
compact zone in control and gKO mice. D and E, Representative whole-mount confocal
images showing the coronary vasculature (D) on the dorsal side of the heart at E12.5 and (E)
on the ventral side of the heart at E14.5 in control and eKO mice. Scale bars: 200 pm. F,
Graph of quantification of heart coverage on the dorsal side of the heart at E12.5 and on the
ventral side of the heart at E14.5 in control and eKO mice. (CTRL, n=6; eKO, n=6 at E12.5
and E14.5). G, Representative whole-mount confocal images of the coronary vasculature at
E18.5. Scale bars: 200 pm.
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Figure 5. ETS1 endothelial deletion represses the levels of Alk1, Cldn5, Sox18, Robo4, Esm1 and

Kdr.

A, Gene ontology (GO) enrichment analysis of differentially expressed genes by RNA
sequencing (RNA-Seq). B, Heatmap of angiogenesis-relevant genes listed in descending
order of magnitude in control and gKO mice at E12.5. Each column represents RNA-seq
from an individual ventricle. (CTRL, n=3; gKO, n=3). C, Quantitative polymerase chain
reaction (QPCR) analysis from E12.5 mouse ventricles showing the expression of the ETS1
target genes in control and eKO mice (CTRL, n=6; eKO, n=6). ns, not significant. D,
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Potential binding sites of ETS1 in the promoter regions of Alk1, Cldn5, Sox18, Robo4,
Esm1 and Kdr predicted by JASPAR (a and b, two potential ETS1 binding sites with the
highest scores). E, ChIP-qPCR of ETS1 binding to the promoter region of Alk1, Cldn5,
Sox18, Robo4, Esm1 and Kdr (ETS1, n=6; 1gG, n=6). F though Q, Representative confocal
images of RNAscope /n situ hybridization of (F) Alk1, (H) Cldn5, (J) Sox18, (L) Robo4,
(N) Esm1 and (P) Kdr, and quantification graph of signal intensity of (G) Alk1, (1) Cldn5,
(K) Sox18, (M) Robo4, (O) Esm1 and (Q) Kdr in coronary endothelium showing the
expression levels of these genes in control and eKO mouse heart at E13.5 (CTRL, n=5; eKO,
n=5 for Alk1; CTRL, n=4; eKO, n=4 for Cldn5, Sox18, Robo4, Esm1 and Kdr). Scale bars:
20 pm. R, gPCR validation of the expression of ETS1, Alk1, Cldn5, Sox18, Robo4, Esm1
and Kdr after transfecting the siRNA in human coronary artery endothelial cells (HCAECS)
respectively (CTRL, n=6; RNAI, n=6, respectively). S and T, Representative images (S) and
quantitation graph (T) of tube formation of HCAEC:s after transfecting the siRNAs of ETS1,
Alk1, Cldn5, Sox18, Robo4, Esm1 and Kdr individually or a cocktail of all six SIRNAs (6A
siRNA) for 48 hours. Images were taken six hours after seeding (CTRL, n=6; RNAI, n=6,
respectively).
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Figure 6. ETS1 endothelial deletion increases the expression of ECM genes in the trabecular
layer.

A, Heatmap of genes relevant to extracellular structure organization in control and gKO
mice at E12.5. Each column represents RNA-seq from an individual ventricle. (CTRL, n=3;
gKO, n=3). B, Quantitative polymerase chain reaction analysis of ECM genes from E12.5
mouse ventricles (CTRL, n=6; eKO, n=6). C though N, Representative confocal images of
immunofluorescence of (C) Fibronectin, (E) Periostin, (G) Laminin and (1) Collagenl and
RNAscope /n situ hybridization of (K) Fbnl and (M) Acan, and quantification graph of
signal intensity of (D) Fibronectin, (F) Periostin, (H) Laminin, (J) Collagen1, (L) Fbnl and
(N) Acan in trabecular layer showing the expression levels and patterns of these ECM genes
in control and eKO mouse heart at E12.5 (CTRL, n=5; eKO, n=5, respectively). Scale bars:
20 pm.
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Figure 7. ETS1 endothelial deletion intensifies the TGFBR2/TGFBR1/SMAD?2 signaling
pathway.

A though D, Representative confocal images of immunofluorescence of (A) ALK1 and

(C) p-Smad1/5 and quantitation graph of (B) ALK signal intensity and (D) percentage of
p-Smad1/5 positive cells in endocardium showing their expression levels and patterns in
control and eKO mouse heart at E12.5 (CTRL, n=4; eKO, n=4). Scale bars: 20 um. E and F,
(E) Western blot representative images and (F) Quantitation graph of ALK1 and p-Smad1/5
from E12.5 mouse ventricles in control and eKO mice (CTRL, n=6; eKO, n=6). G and H,
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(G) Western blot representative images and (H) Quantitation graph of TGFBR2, TGFBR

1 and p-Smad2 from E12.5 mouse ventricles in control and eKO mice (CTRL, n=6; eKO,
n=6). | through N, Representative confocal images of immunofluorescence of (1) TGFBR2,
(K) TGFBR1 and (M) p-Smad2 and quantitation graph of signal intensity of (J) TGFBR2,
(L) TGFBR1 and (N) p-Smad2 showing their expression levels and patterns in control and
eKO mouse heart at E12.5 (CTRL, n=5; eKO, n=5). Scale bars: 20 pm. ns, not significant.
O and P, (O) Western blot representative images and (P) quantitation graph of TGFB1,
TGFB3 and TGFB2 from E12.5 mouse ventricles in control and eKO mice (CTRL, n=6;
eKO, n=6 for TGFB1 and TGFB3, CTRL, n=4; eKO, n=4 for TGFB2). ns, not significant.
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Figure 8. Model of the role of ETSL1 for ventricular non-compaction.
Endothelial-specific deletion of ETS1 significantly represses the levels of Alk1, Cldn5,

Sox18, Robo4, Esm1 and Kdr, six direct targets of ETS1 in endothelial cells, resulting in

a coronary vascular defect and in association with decreased cardiomyocyte proliferation

in the compact zone. Down-regulated ALK1 expression by the loss of ETS1 in the
endocardium, along with the up-regulation of TGFB1 and TGFB3, amplifies the TGFBR2/
TGFBR1/SMAD?2 signaling pathway and increases ECM expression in the trabecular layer,
coinciding with increased trabecular cardiomyocyte proliferation. Together, loss of ETS1 in
endothelial cells causes ventricular non-compaction.
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