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eLife Assessment

This study reports the relative importance of Tie1 and Tie2 signaling for atrial versus
ventricular trabeculation. It is an important study and is one of the few works to date that
have carefully and simultaneously analyzed these two processes. In line with a previous
study in zebrafish, the authors demonstrate key differences between atrial and ventricular
trabeculation. While the imaging and quantitative data were conducted with solid and
validated methodology throughout the manuscript, the work would benefit from more
rigourous approaches where Tie1/2 signaling is disrupted prior to the onset of
atrial/ventricular trabeculation, to allow for a more direct comparison.

https://doi.org/10.7554/eLife.111156.1.sa4

Abstract

Atrial cardiomyopathy is characterized by altered atrial structures and the genetic basis
underlying the disorders remains inadequately explored. TIE1 variants or loss of function
mutations were reported in a subset of lymphedema patients, and it is unknown whether the
patients have also cardiac defects in addition to the lymphatic abnormality. We show in this study
that endothelial Tiel and Tek are highly expressed in endocardial cells of atria by the single cell
RNA-seq analysis. TIE1 deficiency led to the disruption of atrial morphogenesis with minor defects
in the ventricles. The bulk RNA-seq analysis of hearts at the four-chambered stage revealed that
gene transcripts related to endothelial cell development and cardiac trabeculation were reduced
in the Tiel mutant mice compared with littermate controls. This was further confirmed by the
RNA-seq analysis of atria and ventricles separately, showing more trabecular genes
downregulated in the atria including Tek, upon the loss of Tiel. Consistent with the scRNA-seq
data, we found that Tiel and Tek transcripts were higher in atria than in ventricles. Furthermore,
the endothelial deletion of Tek resulted in the defective formation of cardiac trabeculae,
particularly in atria. Consistently, the loss of Tiel combined with one null allele of Tek disrupted
both atrial and ventricular trabeculation. Surprisingly, defects with the atrial chamber
morphogenesis were already detectable 48 hours later upon the induced endothelial loss of Tiel
plus the Tek heterozygous deletion, implying a critical role of endocardium in the organization of
the atrial internal muscular network. The synergy of TIE1 and TIE2 in the remodeling of atrial
trabeculae was further confirmed at the postnatal stage, while TIE1 insufficiency alone had no
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obvious effect. Together, findings from this study imply that TIE1 is differentially required for the
atrial and ventricular development and acts in synergy with TIE2 to regulate the endocardial cell-
coordinated atrial internal muscular network assembly.

Introduction

The endocardium, as a specialized type of endothelial cells (EC) lining the cardiac lumen, plays an
important role in vertebrate heart morphogenesis 12, cardiac trabeculation relies on the
coordinated interaction of endocardium and myocardium >*. The endocardium senses mechanical
forces and provides signals for the myocardial morphogenesis 2. When endocardial cells fail to
form buds, the assembly and extension process of trabeculae are disrupted 29, Defective
trabecular formation could lead to embryonic lethality or congenital heart disease 7=2. cell lineage
studies have also shown that the endocardium is an important source of the coronary vascular
endothelial cells, and gives rise to most mesenchymal cells that constitute the cardiac cushions and
subsequently contribute to the heart valves 19. Atrial internal muscular networks, mainly
pectinate muscles running in an anterolateral direction, are found on the anterior surface of both
right and left atrial walls and corresponding auricles. In contrast to the better understanding of
ventricular trabecula morphogenesis, the dynamic process and regulatory networks of atrial
trabeculation are inadequately elucidated. Likewise, the atrial cardiomyopathy is characterized by
altered atrial structure as well as function, and pathological mechanisms underlying the disorders
are largely unknown.

Cardiac morphogenesis is a complex process involving multiple pathways to orchestrate the
reciprocal paracrine signaling between the endocardial and other cardiac cells. Specifically,
myocardial VEGFA activates VEGFR2 signaling for coronary vascular growth and also participate
in the regulation of cardiac trabeculation ... Endocardial cell-derived NRG1 regulates myocardium
development via its receptors ERBB2/4 in cardiomyocytes. Mice null for Nrg1 or its receptors
signaling was found to disrupt the heart morphogenesis >, NRG1 has been show to regulate
VEGFA expression in the myocardium, and VEGFA-VEGFR2 signaling is required for the NOTCH1
pathway restriction in endocardium during trabeculation. NOTCH1 signaling was shown to
promote extracellular matrix (ECM) degradation during the formation of endocardial projections
while NRG1 promoted myocardial ECM synthesis for trabecular rearrangement during the process
of cardiac trabeculation 12, It has recently been shown that endocardium and myocardium
interacted directly through tunneling nanotube-like structures extending from cardiomyocytes to
endocardial cells, contributing to NOTCH1 activation 18, Factors involved in the synthesis or
degradation of cardiac jelly, a layer of extracellular matrix between endocardium and
myocardium, also play essential roles in the process of chamber morphogenesis, including

glycosaminoglycan proteins such as versican and ADAMTS family proteins ">'%, The ANGPT1-TIE2

endocardial specific deletion of Tek resulted in the fewer but thicker ventricular trabeculae as well
as impaired endocardial sprouting, potentially via the paracrine suppression of retinoic acid
signaling and proliferation in trabecular cardiomyocytes 2>,

has been shown to participate in the regulation of blood vascular and lymphatic network
formation and also aortic valve development 22722, It has recently shown that TIE1 and TIEZ2, via
the PI3K-AKT-mediated signaling pathway for the protein stability of COUP-TFIL, regulate venous
specification 2820, Loss of the transcription factor COUP-TFII was reported to disrupt both the vein

and atrial development 31733 Tie1 mutations or variants have also been linked to lymphatic

disorders 2%22. It remains to be characterized whether Tiel mutations could affect heart structure
and function, and how TIE1 participates in the process of cardiac wall morphogenesis. To
investigate the role of TIE1 and TIE2 in the process of endocardial cell-mediated chamber

formation, we employed genetic mouse models targeting Tiel, Tek (encoding TIE2) or both at
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different developmental stages. Based on the analysis of the published single cell RNA sequencing
data (scRNA-seq) by Feng et al. 2% and the RNA-seq analysis of atria and ventricles from the Tiel
mutant and littermate control mice, we found in this study that Tiel and Tek expression were
higher in atrial than ventricular endocardial cells. TIE1 is differentially required for the atrial and
ventricular trabeculation, acting in synergy with TIE2.

Materials and Methods

Mouse models

All animal procedures performed conform the guidelines from Directive 2010/63/EU of the
European Parliament on the protection of animals used for scientific purposes; and the
experiment protocols were approved by the Animal Care Committee of Soochow and Nanjing
University Animal Center (MARC-AP#YH2/SUDA20250507A03). All the mice used in this study were
housed in a SPF (specific pathogen free) animal facility with a 12/12 hours dark/light cycle and
were free to food and water access. Normal mouse diet (Suzhou Shuangshi Experimental Animal
Feed Technology, Co, Ltd) and cage bedding (Suzhou Baitai Laboratory Equipment, Co, Ltd) were
used. Two genetically modified mouse models targeting Tiel gene were employed in this study.
One mouse line targets TIE1 intracellular kinase domain (ICD), with exon 15 and exon 16 floxed,

embryonic stem cells (EPD0735-3B07) targeting Tiel gene (Tie1™#tM1a) in which targeting
cassette is recombined downstream of exon 7 (with exon 8 floxed) 2%. Tek knockout mouse model
was generated as previously reported 35 and was crossbred with Tie12CP/AICD mouse model to
obtain Tie1ICD and Tek double knockout mice (Tie1MCP/ACD. Tek*/). To generate mice with
endothelial cell-specific gene deletion mouse models, we employed the cdh5-CreFRT2 mouse line
32 In all the phenotype analysis, wildtype or heterozygous littermates were used as controls. For
the genotyping of Tiel and Tek mouse lines, the primers used were as previously described 2831,
The genetic background of Tie1™™#tm1a js oy C57BL/6 N, and the other lines are on C57BL/6] or
C57BL/6]/SV129. Mice were sacrificed by asphyxiation with rising concentration of carbon dioxide
gas, followed by cervical dislocation and tissue collection.

Induced gene deletion

Induction of gene deletion was performed as previously described by the tamoxifen treatment
283840 Briefly, pregnant mice were treated with tamoxifen (Sigma-Aldrich, T5648-5G) at E10.5-
E11.5, E12.5-14.5 or E12.5-15.5 (1 mg/per mouse for 2-4 consecutive days by intraperitoneal
injection) and embryos were collected for analysis at the specified stages. For the postnatal studies,
new-born pups were treated by four daily intragastric injections of tamoxifen starting from
postnatal day 1 (P1, 60 pg/per mice daily). Tissues were collected for analysis at postnatal day 21.
The genotypes of the Tiel/Tek knockout and control mice are as follows: Tie1ICDF loX/.cdn5-creFRTZ
named as Tie1ICDECKO, TekEF0X-.can5-crefRT2 named as TekECKO, Tie1ICDFOX-:Cdh5-CreERT2; Tek*
named as Tie1ICDECKO; Tek*",

Embryo preparation

To investigate the developmental process of cardiac chamber formation, female mice were mated
in the late afternoon and vaginal plugs were checked in the morning of the following day. The
embryonic stages are estimated considering midday of the day on which the vaginal plug is
present as embryonic day 0.5 (E0.5). Tail tips from mutant and control embryos were used for
genotyping, and heart tissues from the embryos were collected for the subsequent histology and
RNA analysis. For the RNA preparation, heart tissues were harvested and placed in cold PBS. The
residual blood from the hearts was cleaned and heart tissues were snap-frozen in liquid nitrogen.
For the separate analysis of atria and ventricles, heart tissues were collected and dissected before
snap-freezing.
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Immunostaining

For the frozen tissue section staining, tissues were collected and fixed in 4% paraformaldehyde for
2 hours at 4°C, followed by the incubation in 20% sucrose overnight before being embedded in
optimal cutting temperature (OCT) compound. Frozen sections (10 um) were used for the
immunostaining analysis of cardiac chamber structures and coronary vessels. For the
visualization of atrial internal muscular network-trabeculae structures, the whole-mount
immunostaining was performed. Heart tissues were fixed in 4% paraformaldehyde overnight at
4°C, followed by blocking with 3%(w/v) skim milk in PBS-TX (0.3% Triton X-100) and incubating
with the primary antibodies. The antibodies used were: hamster anti-mouse PECAM1(MAB1398Z;
Millipore); rat anti-mouse CD31 (553370; BD Pharmigen), rat anti-mouse Endomucin (14-5851;
eBioscience), goat-anti-mouse DLL4 (AF1389; R&D) and goat anti-human TIE1 (AF619; R&D).
Appropriate Alexa 488(Invitrogen), Cy3(Jackson ImmunoReaearch) conjugated secondary
antibodies were used. All fluorescently labeled samples were mounted and analyzed with a
confocal microscope (Olympus Flueview 3000) or Leica MZ16F fluorescent dissection microscope.
For comparison, the parameters were Kept consistent for all the confocal microscopic imaging in
this study.

Bulk RNA sequencing analysis of atria and ventricles

For the bulk RNA-seq analysis of heart tissue, the whole hearts from mutant and control embryos
were collected. Atria and ventricles were separated and tissues from two embryos with the same
genotype (Tiel tmla/tmla anq control) were pooled for the RNA preparation and further analysis.
According to the manufacturer’s instructions, total RNA was extracted from the tissues using
Trizol (Invitrogen). The procedures for the RNA-seq analysis were performed as previously
reported 28, Briefly, sequencing was performed on DNBSEQ platform with PE150 (read length, BGI-
Shenzhen, China), and the sequencing data were processed according to the predefined analysis
pipeline. The differential expression analysis was conducted using the R package DESeq2 (v
1.42.1). Functional enrichment analysis was performed using clusterProfiler (v4.10.1) and
org.Mm.eg.db (v 3.18.0). The hallmark gene sets used in the GSEA (Gene Set Enrichment Analysis),
including the hallmarks for trabeculation and EC migration, are mainly defined according to the
transcriptome atlas of murine endothelial cells, the molecular signatures database
(mh.all.v2024.1.Mm.symbols) and the related GO terms 28,4142 The raw and processed data of
RNA-seq analysis will be deposited in GEO after the publication.

Single cell RNA-seq data analysis

The single-cell RNA sequencing data by Feng et al. 3% were processed and analyzed with the Seurat
package (v5.2.1) following the same parameters and criteria as described to ensure consistency
and comparability. Major cell types were annotated based on established marker genes: pan-
cardiomyocyte (Ttn), atrial cardiomyocytes (SIn), ventricular cardiomyocyte (Myl2), pan-
endothelial cells (Pecam1), endocardial cells (Npr3), coronary endothelial cells (Fabp4), epicardial
cells (Wt1, Thx18, and Aldh1a2), fibroblast-like cells (Postn), mural cells (Pdgfrb), red blood cells
(Hba-al), macrophages (Adgrel). Following the identification of endocardial cells, subsequent
analysis was performed using the Seurat package and normalized by the “LogNormalize” method,
highly variable genes were identified with the ‘FindVariableFeatures” function (selection.method =
“vst”, nfeatures = 2000). The optimal number of principal components (dims = 1:22) was
determined by the ElbowPlot method. Cells were then clustered using the “FindNeighbors” and
“FindClusters” functions (dims= 1:16, resolution = 0.5). Finally, Unsupervised clustering of cells will
be performed by “RunUMAP” and gene expression was visualized with “FeaturePlot”. Ligand—
receptor interactions between cardiomyocytes and endocardial cells during the embryonic stage
(E10.5-E18.5) were identified using the CellChat package (v1.6.1). Atrial and ventricular cell subsets
were analyzed separately using the mouse ligand-receptor database (CellChatDB.mouse) and
communication probabilities were computed (min.cells = 10) to identify significant interactions.
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Quantitative analysis of cardiac wall and trabeculae

For the quantification of trabecular structures in atria and ventricles, the EMCN positive areas was
measured. The PECAM1 positive area was quantified to indicate the coronary vessels within the

fluorescence microscope and kept constant near the venous sinus for all of the samples.
Horizontal lines were evenly laid on the images, and the diameters of veins crossed with these
lines were measured and analyzed using Image Pro Plus (Media Cybernetics, Inc., Bethesda, MD).
The ratio of heart to embryo length was used to represent heart size. The starting point for the
heart measurement was the junction of aorta and pulmonary artery, and the junction of left and
right ventricles at the apex as the end point. All the quantification was measured and analyzed by
using Image Pro Plus. Furthermore, we also performed the measurement of cardiac trabecular
complexity by the Fractal analysis. Fractal dimensions were derived from confocal images of
hearts from Tiel mutants and control mice. Quantification was carried out using Image]J with the
Fraclac plugin (including 6 grid orientations).

Statistical analysis

Data analyses were performed using GraphPad Prism (version 8.0). For the 2-group comparison,
the unpaired t test was performed with Welch correction if data passed the D’Agostino-Pearson
normality test, or the unpaired nonparametric Mann-Whitney U test was applied. Data are
expressed as mean + SD. All statistical tests were 2-sided.

Results

Higher TIE1 and TIE2 in atrial than ventricular endocardial cells

To dissect the transcriptional dynamics of key endothelial regulators during the murine heart
development, we analyzed the published single-cell transcriptomic dataset spanning the murine
embryonic development (E10.5-E18.5) 5. We found that TieZ, and Tek were highly expressed in
endocardial cells (Pecam1*, Npr3™) while the coronary EC gene such as the coronary endothelial
marker Fabp4 was lowly expressed in endocardial cells (Fig. 1A-B @, Supplemental Fig. 1A-C(2).
Interestingly, we found that the transcript levels of Tiel, and Tek were higher in the atrial
endocardial cells than those of ventricles, especially at embryonic stages up to E14.5 when the

structures of four-chambered hearts were established (Table 1 @). In contrast, it appears that the

To investigate mechanisms underlying the murine atrial trabeculation, we first analyzed the
dynamic processes of cardiac chamber morphogenesis by the immunostaining analysis of
endomucin (EMCN) for trabeculae and PECAM1 for coronary vessels (embryonic day 10.5-E18.5).
The quantification methods for atrial and ventricular trabecular areas, wall thickness and vessel
density were shown in Supplemental Fig. 2A . As shown in Supplemental Fig. 2B (7, the heart
tube became looped to form the preliminary chamber structures at E10.5, including the initiation
of interventricular septum. While there appeared to have some wavy edges or the budding of
endocardium in atria (E10.5), trabecular structures were readily detectable in ventricles at this
stage. Therefore, atrial wall morphogenesis occurs later than that of ventricles, which initiates the
trabeculation process around E8.5 when endocardial cells migrate through cardiac jelly to form
anchor points with compact myocardium '2. We found that pectinate muscles, defined as the atrial
trabeculae, became detectable in the atria at E12.5 (Supplemental Fig. 2B(%). The formation of
interventricular septum was completed by E14.5, establishing the four-chambered heart. By E16.5
or later stages (Supplemental Fig. 2C @), the atrial and ventricular trabeculae gradually formed a
complex network. As shown in Supplemental Fig. 2D-G % (Supplemental Table 1 @), the trabecular
areas in both the atria and ventricles gradually increased, being greater in the right atria (RA) than
that in the left atria (LA, Supplemental Fig. 2D @). There was no obvious difference in the
trabecular areas between the left and right ventricles (Supplemental Fig. 2E 2). The ventricular
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Fig. 1. Analysis of TIE1 expression in endocardial cells by the single cell RNA-seq data and its role in cardiac
trabeculation during embryogenesis.

A-B. Analysis of the single-cell RNA-seq data of embryonic hearts from E10.5 to E18.5 by Feng et al. Nat Commun 2022 (DOI:
10.1038/s41467-022-35691-7). UMAP visualization of 10 distinct cell clusters in the murine hearts during embryogenesis (E10.5
to E18.5, A). TieT and Tek are highly expressed in the endocardial cell population (Npr3*) as shown in feature plots. Angpt1 are
highly expressed in the atrial cardiomyocytes (B). Black arrows point to the coronary EC population (Fabp4*). Red arrows
point to the endocardial cell population (Npr3*). Blue arrows point to the atrial cardiomyocytes. The quantitative results are
shown in TabIe1IZ:’ C-J. Analysis of heart trabeculae of Tie7tm1a/tm1a 3nd littermate controls by immunostaining for EMCN
(endomucin; green), PECAM1 (platelet endothelial cell adhesion molecule 1; red) and DAPI (blue) at E12.5 (C-D) and E14.5 (G-
H). Note that Tie7?™1M1a mice displayed defective trabeculation in the atrium (white arrows) and sparse trabecular
structures in the ventricles (white arrows) at E12.5, with more severe defects by E14.5, lacking atrial trabeculae (white arrows)
and sparser ventricular trabeculae (white arrows). Asterisks in C and G point to the delayed formation of interventricular
septum in Tie7™M13/tM1a mice Arrows point to the trabecula-associated endocardium. E-F. Quantification of the EMCN-positive
area in the atrial and ventricular trabeculae at E12.5 (E, LA: Tie1i™18tm1a. g 6310.33, n=6; Control: 1.00£0.22, n=8; P=0.054. RA:
Tie7™M1a/tm1a; .77+0.26, n=6; Control: 1.00+0.13, n=8; P=0.075. LV: Tie71"™13/tM1a: 0 86+0.16, n=6; Control: 1.00+0.046, n=8;
P=0.054. RV: Tie7!M13/tm13. 0 9110.11, n=6; Control: 1.000.12, n=8; P=0.13.). Quantification of the ventricular wall thickness (F,
LV: Tie7tm1a/tm1a. 54 8743 70 pm, n=6; Control: 27.67+4.52 pm, n=8; P=0.41. RV: Tie1™™18tm1a. 56 0118 42 um, n=6; Control:
32.84+11.21 ym, n=8; P=0.28.). I-J. Quantification of the EMCN-positive area in the atrial and ventricular trabeculae at E14.5 (I,
LA: Tie7tM13/tm1a; 0 40+0.16, n=7; Control: 1.00£0.079, n=7; P=0.00060. RA: Tie7!™13/tM13. 0 36+0.17, n=7; Control: 1.00£0.092,
n=7; P=0.00060. LV: Tie1!™13/tM13. g 81+0.22, n=7; Control: 1.00+0.033, n=7; P=0.036. RV: Tie1™13tM12; 0 77+0.23, n=7; Control:
1.00£0.040, n=7; P=0.026.). Quantification of the PECAM1-positive area in ventricular walls (), LV: Tie7i™13/tm13: 0 9140.15, n=4;
Control: 1.00+0.013, n=6; P=0.56. RV: Tie7tm18/tm1a. 0 6440.096, n=4; Control: 1.00£0.024, n=6; P=0.0095.). The quantification
data of mutant mice was normalized against that of littermate control mice. In E-J, statistical analysis was performed using
the unpaired nonparametric Mann-Whitney U test. Values are represented as means + SD of at least three independent
technical replicates. LA, Left atria, RA, Right atria, LV, Left ventricle, RV, Right ventricle, Scale bar: Scale bar: 400 ym in Cand G,
50 pmin D and H.
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Tiet Tek Angpti1

Atria Ventricle Atria Ventricle Atria Ventricle

(meantsd) (meantsd) (meantsd) (meantsd) (meantsd) (meantsd)

E105 1.3420.50 1.170.39 1.3720.54 1.3120.50 0.5310.49 0.28+0.41
) (n=9) (n=16) (n=10) (n=17) (n=50) (n=197)
E12.5 1.54+0.43 1.27+0.47 1.26+0.50 1.17+0.48 0.95+1.19 0.29+0.40
) (n=5) (n =220) (n=4) (n=215) (n=6) (n = 665)
E14.5 1.60+0.49 1.41+0.48 1.43+0.39 1.37+0.48 1.13+£0.45 0.18+0.34
) (n=9) (n=72) (n=8) (n=61) (n=47) (n =322)
E16.5 1.41+0.47 1.35+0.49 1.18+0.45 1.49+0.45 1.41+0.55 0.17+0.41
) (n=89) (n=395) (n=84) (n=33) (n =404) (n=112)
E18.5 1.26+0.40 1.3520.47 1.1520.45 1.2410.43 1.1520.67 0.098+0.28
) (n=137) (n=30) (n=136) (n=25) (n =455) (n=277)

Table 1. The transcript levels of Tie1, Tek in atrial and ventricular endocardial cells and Angpt1 in atrial and

ventricular cardiomyocytes during the embryonic stage from E10.5-E18.5 (based on the published scRNA-
seq data, Feng et al., Nat Commun 2022; DOI: 10.1038/s41467-022-35691-7).

Values are represented as means + SD and the number referred to cell counts.
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wall thickness increased rapidly after E12.5, with the left ventricular wall being thicker than that
of the right ventricular wall by E18.5 (Supplemental Fig. 2F @), accompanied by the increase of
coronary vessel density (Supplemental Fig. 2G@).

Differential requirement of TIE1 in atrial and ventricular
trabeculation

To study the role and mechanism underlying TIE1 function in cardiac chamber morphogenesis,
we employed two genetically modified mouse models targeting Tiel, including Tie1™tM1a anq
Tie1MCD/MCD The effects of Tiel gene deletion on atrial and ventricular trabeculae were analyzed
at different developmental stages (including E12.5, E14.5 and E17.5). TIE1 deficiency led to an
impaired trabeculation in the atria, characterized by a decrease of trabecular structures at E12.5,
while the formation of ventricular trabeculae was not obviously affected at the same stage (Fig.
). Shown in Fig

atrial trabeculae were almost absent in the Tiel mutant mice at E14.5, while trabeculae became

sparse in both left and right ventricles (Fig. 1G-I2). There was also a trend of decrease in the

development (E17.5), TIE1 deficiency resulted in more severe cardiac defects, including a
significant reduction in heart size, absence of atrial trabeculae, and disorganized trabecular
structures in ventricles, together with a decrease in the ventricular wall thickness as well as the
coronary vessel density (Fig. 2A-F(%). The defective atrial trabecula formation was also validated
in another Tiel mutant line targeting its intracellular kinase domain (Tiel AICD/AICD, Supplemental
Fig. 3A-E@). Consistent with the above results, TIE1 deficiency resulted in the lack of atrial
trabeculation while trabeculae in ventricles became sparse in Tiel mutants at E14.5. There was
also a trend of decrease in ventricular wall thickness as well as the coronary vessel density in the
TieAICD/AICD pjce, Consistently, the atrial trabecular defects could also be reflected by the fractal
analysis of cardiac trabecular complexity in atria from Tiel mutant and control mice at E14.5 and
E17.5 using the Fraclac Plugin in Image], while the relatively minor defects in the ventricles were
not detected by the method (Tie1™#tM1a sy nnlemental Fig. 47 ; Supplemental Table 2 2).

Consistent with the previous observation 25, the lack of TIE1 also disrupted the coronary vein

formation at the later embryonic stages (E14.5 and E17.5), including the decrease of vein diameter
and the increase of vein-associated angiogenic sprouting (Supplemental Fig. 5A-D (2).
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Fig. 2. Suppression of cardiac trabeculation-related gene expression by the loss of TIE1.

A-B. Analysis of heart trabeculae of Tie7tM13/tm1a 34 littermate controls by immunostaining for EMCN (green), PECAM1 (red)
and DAPI (blue) at E17.5. Note that the ventricular trabeculae of Tie??1#tM13 mice become sparse compared with those of
control mice (white arrows). Arrows point to the trabecula-associated endocardium. C-F. Quantification of the EMCN-positive
area in the atrial and ventricular trabeculae (C, LA: Tie7tm12/tm1a. 0 5610 16, n=6; Control: 1.00+0.22, n=8; P=0.0043. RA:
Tie1tm13/tma; 0 57+0.33, n=6; Control: 1.00£0.24, n=8; P=0.026. D, LV: Tie1"™13/tM3. 0 86:0.18, n=6; Control: 1.00+0.082, n=8;
P=0.054. RV: Tie1tm13/tm1a. 9 £110.18, n=6; Control: 1.00£0.10, n=8; P=0.00070). Quantification of the PECAM1-positive area in
ventricular walls (E, LV: Tie7!™atm1a. g 66+0.14, n=6; Control: 1.00£0.11, n=8; P=0.00070. RV: Tie7tM1a/tm1a. 0 5540 10, n=6;
Control: 1.00+0.088, n=8; P=0.00070.). Quantification of the ventricular wall thickness (F, LV: Tie7?13tM13. 101,97 + 22.44 pm,
n=6; Control: 174.09 + 22.84 pm, n=8; P=0.0013. RV: Tie71tM13/tM13. 87 14+26.20 pm, n=6; Control: 137.35+24.06 pm, n=8;
P=0.0080.) at E17.5. Except the ventricular wall thickness, the quantification data of mutant mice was normalized against that
of littermate control mice. G-L. RNA-seq analysis of whole hearts of Tie7™13tM1a an |ittermate controls (E14.5, n=4 per
group). G. PCA analysis showed that Tie71?1#™13 and control groups were divided into two clusters. H. Volcano plot
visualization of the differentially expressed genes (DEGs, P-value < 0.05, |Log2Foldchange| > 0). I. Heatmap of significantly
downregulated cardiac trabeculation genes (P-value < 0.05). J. GSEA analysis showed the decrease of enrichment in
trabeculation, venous development, and endothelial cell migration pathways. K-L. GO analysis revealed that gene related to
cardiac chamber morphogenesis and trabeculae development, extracellular matrix, cell adhesion and endothelial
migration/differentiation were significantly downregulated (K), while cardiac contraction and apoptosis related genes were
significantly upregulated (L). In C-F, statistical analysis was performed using the unpaired nonparametric Mann-Whitney U
test. Values are represented as means + SD of at least three independent technical replicates. LA: Left atria, RA: Right atria,
LV: Left ventricle, RV: Right ventricle; Scale bar: 400 pm in A, 50 um in B; c-c: cell-cell, p-m: plasma membrane in K.

Ding, Xu et al., 2026 eLife 15:RP111156. https://doi.org/10.7554/eLife.111156.1 9 0of 30


https://doi.org/10.7554/eLife.111156.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/developmental-biology

X i Devel tal Biol
:.’%." eLIfe evelopmental Biology

Alteration of atrial versus ventricular gene regulatory network
upon TIE1 deficiency

To explore the mechanism underlying TIE1 in heart development, we performed the RNA
sequencing (RNA-seq) analysis of hearts to examine the alteration of cardiac transcriptome upon

development and cardiac chamber morphogenesis, such as Tek (normalized by Pecam1,
Tie1™la/tmla. g 89 + 0,031, n=4; WT: 1.00 + 0.12, n=4; P = 0.057.). Specifically, pathways related to

Consistent with previous reports 2%, TIE1 deficiency led to the downregulation of venous genes. In
addition, key regulatory factors for cardiac trabecular development were downregulated,
including Adgrg6 (adhesion G protein-coupled receptor G6), Nrgl (neuregulin 1), and Notch1
(Notch receptor 1) and DIl1 (Delta Like Canonical Notch Ligand 1). Notably, we found that the
expression of the TIE receptor family member Tek was also significantly reduced (Fig. 21(%),

suggesting that TIE1 acts, at least partially, via TIE2 in the regulation of cardiac trabecular
morphogenesis.

To better visualize the trabecular structures, particularly the atrial internal muscular network, we
performed the wholemount immunostaining of the hearts at the four-chambered stage. As shown
in Fig. 3A%, TIE1 deficiency led to the absence of the atrial trabecular network, with minor
defects in the ventricles including a trend of sparse trabeculae (the 3D views shown in
Supplemental Fig. 6@). To further investigate the differential requirement of TIE1 in atrial and
ventricular trabeculation, we collected atria and ventricle tissues separately from Tiel mutant and
control mice (E14.5) for the RNA-seq analysis. We found that the number of differentially
expressed genes was greater in atria than in the ventricles after the loss of TIE1 (Fig. 3B-G (2).
Similar to the results from the whole heart RNA-seq analysis, the transcript levels of genes related
to atrial development was decreased. Although a similar trend of decrease in genes involved in the
cardiac morphogenesis were also observed in the ventricles, the enrichment levels and the
number of genes involved were much lower in ventricles than in atria. Specifically, 17 trabecula-
related genes were downregulated in the atria, while there was only 8 in the ventricles. Notably,
Tek and Dll1 were downregulated in both the atria and ventricles while Notch1 only in atria of
Tiel mutant mice (Fig. 3F-G(2; Supplemental Fig. 3F-G 2; Supplemental Table 32 and
Supplemental Table 4(2). Interestingly, the expression of endothelial Tie1, Tek and Notchl was
higher in atria than in ventricles (Fig. 3H @, Supplemental Fig. 1D &, Supplemental Table 5%). The
top GO terms enriched for the up- or down-regulated genes were related to the biological
processes of heart development, including those in trabecular formation, extracellular matrix
organization and binding, intercellular adhesion and endothelial cell migration in both atria and

interactions showed that the atrial EC (endocardial cells) and atrial CM (cardiomyocytes)
exhibited stronger ANGPT1-TIE2 signaling compared with those in ventricles (Supplementary Fig.
1E ). This may account for the differential requirement of TIE1 and also TIE2 in the process of

atrial versus ventricular trabeculation.

Stronger ANGPT1-TIE2 interactions among atrial endocardium and
myocardium

Using the published scRNA-seq data >°, we also analyzed the ligand-receptor interactions among
endocardial cells and cardiomyocytes in atria and ventricles respectively during the embryonic
stage (E10.5-E18.5). We found that the ANGPT1-TIE2 signaling between atrial cardiomyocytes and
endocardial cells was stronger than that in ventricles (Supplemental Fig. 1E ). Consistently, the
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Fig. 3. Differential effect of Tie? deficiency on atrial versus ventricular trabeculation related gene network.

A. Visualization of heart trabeculae structure of Tie71tM13 and |ittermate controls by whole-mount immunostaining for
EMCN (green), PECAM1 (red) and DAPI (blue) at E14.5. Note that Tie? deletion resulted in the loss of atrial trabecular network
with minor defects with ventricular trabecular structures (white arrows). Arrows point to the trabecula-associated
endocardium. B-J. RNA-seq analysis of atrium and ventricles of Tie7!13/tM12 and Jittermate controls (E14.5, n=3 per group). B.
PCA analysis results showed clear separation between the atria and ventricles of Tie7tM13/tM1a 304 control mice. C. Differential
expression analysis (P-value < 0.05, |log2(Foldchange)| = 0.15) identified over 693 down-regulated and 948 up-regulated
atrial genes, while 144 down-regulated and 190 up-regulated genes in ventricles. D-E. Volcano plots of atrial (D) and
ventricular (E) differential expressed genes (DEGs). F-G. Heatmap showed significantly downregulated (P-value < 0.05) heart
trabeculation genes in atrium (F) and ventricles (G), including Tek, DI/1 and Notch1. H. Quantitation of Tie7 and Tek transcript
levels (normalized by Pecam1) in atrium and ventricles of Tie7"13/tM13 an{ |ittermate controls (TieT: Ventricles: 0.72 + 0.021, n
=5; Atria: 1.00 + 0.026; P = 0.0079. Tek: Ventricle: 0.55 + 0.024; Atria: 1.00 + 0.048; P = 0.0079). I-J. GO enrichment analysis of the
DEGs in atrium and ventricles including the heart trabecula morphogenesis, extracellular matrix, cell adhesion and
endothelial migration related process down-regulated while genes related to the cardiac contraction, apoptosis process up-
regulated. There was a more obvious enrichment detected in the atria. In H, statistical analysis was performed using the
unpaired nonparametric Mann-Whitney U test. Values are represented as means + SD of at least three technical replicates.
LA: left atria, RA: right atria, LV: left ventricle, RV: right ventricle; Scale bar: 50 pm in A; c-c: cell-cell, p-m: plasma membrane in
L.
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crucial role of endothelial TIE2 in the atrial trabeculation was validated in this study by employing
a conditional knockout mouse model targeting Tek (also known as Tie2 gene; Tek® loX". cdhs-
CrePRTZ; named TekECKO). As the complete knockout of Tek gene leads to embryonic lethality
before E10.5, we first performed the induced endothelial Tek deletion starting from E12.5 (Fig. 4A-

Synergy of TIE1 and TIE2 in atrial trabeculation

To investigate the synergistic effects of TIE1 and TIE2 in the regulation of cardiac morphogenesis,
we generated a doubly knockout model targeting Tiel and Tek (Tiel AICD/MCD. Tek*/) There were
no obvious defects observed with the atrial or ventricular structures upon Tiel deficiency alone at
E10.5 (Fig. 5A-B ). Intriguingly, loss of Tiel combined with the heterozygous deletion of Tek
suppressed both atria and ventricle development (E10.5), including reduced heart size, abnormal
atrial chamber formation, and fewer trabecular structures in the ventricles (Fig. 5C-D (@), leading

‘o embryonic lethality before E125,

To further explore the synergy of TIE1/TIE2 in the heart development at later stages of embryonic
development, we generated an inducible mouse model with the endothelial deletion of Tiel
combined with Tek heterozygous knockout (Tie1ICDF X~ .cdn5-CreFRT2; Tek™", named
Tie1ICD*ECKO; Tek*"). The induced gene deletion was performed by the tamoxifen treatment
starting from E10.5, and mice were sacrificed for analysis after 96 hours (E14.5). The gene deletion
efficiency was confirmed by the immunostaining for PECAM1 plus TIE1. TIE1 insufficiency
combined with the heterozygous loss of TIE2 led to the suppression of atrial trabeculation, while
the trabeculae at both right and left ventricle became sparse and irregular (Fig. 5E-H ),
Furthermore, when the induced gene deletion was performed at E12.5, the defective atrial
trabeculation were already detectable in the mutant mice 48 hours later (E14.5

Tiell CDiECKO;Tek+/ ", Fig. 6 A-D (@). Consistent with the observation with the endothelial Tek
deletion for 48 hours, there was no obvious defects with the ventricular trabeculation, coronary
vessel density and ventricular wall thickness (TieJICDiECKO;Tek+/'; Fig. 6D-E2, Table 2 %3). The

disruption of cardiac trabeculation became more obvious when analyzed 72-96 hours later,

thickness as shown at later stages (E16.5, Fig. 6 F, H2, Table 3(%). In addition, the TIE1/TIE2

insufficiency also resulted in the disruption of cardiac vein development as shown in

(Supplemental Fig. 5F, H®), as previously reported in skin and retina 28,

Requirement of TIE receptors for the postnatal atrial trabecular
remodeling

The role of TIE1 and its synergy with TIE2 in cardiac trabecular development was further
confirmed at the neonatal stage (Tie1ICDFKO or Tie1ICDFCKO; Tek*") with the induced gene
deletion from postnatal day 1 (P1-4) and the analysis performed at P21. The Tiel deletion was

confirmed by the vascular defects in retinas of Tie1ICDECKO or TieJICDiECKO; Tek* mice as
28

Consistent with the studies at embryonic stages, the induced postnatal gene deletion
(Tie1ICD'ECKO; Tek*/) showed the retarded heart development by the quantification of heart-body
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Fig. 4. Impaired atrial trabecular formation after TIE2 insufficiency.

A. Tamoxifen intraperitoneal (i.p.) administration and analysis scheme. B-D. Analysis of heart trabeculae of TekEKO and
littermate controls by immunostaining for EMCN (green), PECAM1 (red) and DAPI (blue) 48 hours later (tamoxifen treatment
starting at E12.5). E-F. Quantification of the EMCN-positive area in the atrial and ventricular trabeculae (E, LA: TekECKO.
0.60+0.20, n=9; Control: 1.00+0.097, n=8; P=0.00010. RA: Tek’FK0: 0.64:+0.23, n=9; Control: 1.00+0.22, n=8; P=0.0047. LV: Tek’FCKO:
0.85+0.15, n=9; Control: 1.00+0.057, n=8; P=0.020. RV: TekEK0: 0.90+0.16, n=9; Control: 1.00+0.089, n=8; P=0.13.), quantification
of the PECAM1-positive area in ventricular walls (F, LV: Tek’EK0: 0.92+0.25, n=7; Control: 1.00+0.048, n=6; P=0.81. RV: Tek’FCKO:
1.2240.53, n=7; Control: 1.00+0.13, n=6; P=0.28.) and quantification of the ventricular wall thickness (F, LV: Tek’CKO:
62.35£11.70 pm, n=9; Control: 62.59+10.26 pm, n=8; P=0.96. RV: Tek'ECKO: 63,87+ 9.19 pm, n=9; Control: 58.87+11.02 ym, n=8;
P=0.32.) at E14.5. Except the ventricular wall thickness, the quantification data of mutant mice was normalized against that of
littermate control mice. G-H. Analysis of heart trabeculae of T7ekECKO and littermate controls by immunostaining for EMCN
(green), PECAM1 (red) and DAPI (blue) 72 hours after the induced gene deletion or later (tamoxifen treatment starting at
E12.5). Arrows point to the trabecula-associated endocardium. In E-F, statistical analysis was performed using the unpaired t
test. Values are represented as means + SD of at least three independent technical replicates. LA: left atria, RA: right atria, LV:
left ventricle, RV: right ventricle; Scale bar: 500 pm (embryo) and 400 pm (heart) in B, 400 pm in C, 50 ym in D, G, H.
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Fig. 5. Developmental requirement of TIE1 and TIE2 in atrial and ventricular chamber morphogenesis.

A-D. Analysis of heart trabeculae of TieMCD/AICD i jAICD/NCD 1op#/- 3nd littermate controls by immunostaining for EMCN
(green), PECAM1 (red) and DAPI (blue) at E10.5. Note that there were no obvious defects observed with the atrial or
ventricular structures upon Tie7 deficiency alone at E10.5, while loss of Tie7 combined with the heterozygous deletion of Tek
suppressed both atria and ventricle development. White arrows point to the trabecular structures. Quantification of the
EMCN-positive area in the ventricular trabeculae at E10.5, and the quantification data of mutant mice was normalized against
that of littermate control mice (B, LV: Tie1MCD/AICD. g 8640 1 1, n=4; Control: 1.00+0.14, n=5; P=0.29. RV: Tie 7AICD/AICD. 0.79+0.19,
n=4; Control: 1.00+0.15, n=5; P=0.19. D, Tie1NCD/NCD;Tek+/': 0.64+0.22, n=6; Control: 1.00£0.16, n=7; P=0.0047). E. For the induced
gene deletion, tamoxifen intraperitoneal (i.p.) administration (starting from E10.5) and analysis scheme (at E14.5-E16.5). F.
The deletion efficiency of TIE1 was examined by the immunostaining of skins from Tie11CD'EKC-Tek™~ and littermate control
mice at E16.5 for PECAM1 (green) and TIE1 (red). G-H. Analysis of heart trabeculae of Tie11CD'ECKO. Tek*” mice and littermate
controls by immunostaining for EMCN (green), PECAM1 (red) and DAPI (blue) at E14.5. Note that the atrial trabeculae
structure was missing, while the ventricular trabeculae became sparse (white arrows). Arrows point to the trabecula-
associated endocardium. In B and D, statistical analysis was performed using the unpaired nonparametric Mann-Whitney U
test. Values are represented as means + SD of at least three independent technical replicates. LA: left atria, RA: right atria, LV:

left ventricle, RV: right ventricle. Scale bar: 200 pm in A(left) and C(left), 30 pm in A(right) and C (right), 400 pm in G, 200 pym in
Fand 50 pmin H.
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Fig. 6. Synergistic role of TIE1 and TIE2 in the atrial trabeculation.

A. Tamoxifen intraperitoneal (i.p.) administration and analysis scheme. B-H. The induced gene deletion by tamoxifen started
at E12.5. Analysis of heart trabeculae of Tie11CDEKO-Tek*~and littermate controls by immunostaining for EMCN (green),
PECAM1 (red) and DAPI (blue) at E14.5 (B-C) and E16.5 (F). Note that the atrial trabeculae were absent and the ventricular
trabeculae were slightly sparse in the doubly mutant mice at E14.5 (B-C), and the phenotype became more severe at E16.5
(F). Quantification of the EMCN-positive area in the atrial and ventricular trabeculae (D, E14.5; G, E16.5), the PECAM1-positive
area in ventricular walls and the ventricular wall thickness (E, E14.5; H, E16.5). Arrows point to the trabecula-associated
endocardium. The quantification data of mutant mice was normalized against that of littermate control mice as shown in
Table 2% and Table 3. Arrows in C and F point to the trabecula-associated endocardium. In D, E, G and H, statistical
analysis was performed using the unpaired nonparametric Mann-Whitney U test. Values are represented as means + SD of at
least three independent technical replicates. LA: left atria, RA: right atria, LV: left ventricle, RV: right ventricle. Scale bar: 400
pmin B, 50 pmin Cand F.
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Table 2. Quantitation of the trabecular area (EMCN™), blood vessel density in ventricular wall (PECAM1*)

and ventricular wall thickness in Tie1ICDECKO;Tek*/~ and littermate controls (at E14.5, 48 hours after the
induced gene deletion).

Statistical analysis was performed using the unpaired nonparametric Mann-Whitney U test. Values are represented as means

+ SD of at least three independent technical replicates.

LA RA v RV
_ Gontrol 1.00£0.086 | 1.00£0.12 | 1.00£0.0050 | 1.00£0.048
Relative (n=5,meanzsd)
- IECKO, +/-
EMCN Berion” =, 1ok 0.73:023 | 0631024 | 091012 | 0.85:0.21
(n=5,meanzsd)
P 0.024 0.016 0.15 0.15
Control
N b=srears - - 1.00£0.060 | 1.00£0.083
- IECKO, +/-
PECAM1 Tie1ICD™"" Tek - ] 1.17$0.34 | 1.06%0.38
(n=5,mean#sd)
P : - 0.69 0.83
_ il - - 74.48+10.62 | 78.56£16.48
Ventricle (=8 meenEsd)
. IECKO, +/-
wall (um) | Te7CD""Tek - ; 76.87+11.33 | 71.33%6.25
(n=6,meanzsd)
P = : 0.93 0.66

Table 3. Quantitation of the trabecular area (EMCN™), coronary vessel density in ventricular wall (PECAM1¥)

and ventricular wall thickness in Tie1ICDECKO;Tek*/- and littermate controls 96 hours after the induced gene
deletion (E16.5; tamoxifen treatment from E12.5-E13.5).

Statistical analysis was performed using the unpaired nonparametric Mann-Whitney U test. Values are represented as means
+ SD of at least three independent technical replicates.

LA RA Y RV
_ Conirol 1.00£0.048 | 1.00£0.059 | 1.00£0.12 1.00£0.14
Relative (n=6, meanztsd)
EMCN TieTICDF™®  Tok™
_ 0.34+0.069 | 0.42+0.23 0.68+0.17 0.67+0.11
(n=5, meantsd)
P 0.0043 0.0043 0.0087 0.0043
_ Contrel : : 1.00£0.15 1.00£0.16
Relative (n=6,meanzsd)
Tie1/ICD™*"; Tek™
PECAM1 5, mar) - - 0.76+0.083 0.81+0.19
P - - 0.015 0.16
_ Gonlol : s 141.45+18.02 | 133.36+20.44
Ventricle (1=6, mean5d)
Tie1ICD"=""; Tek™
wall (um) (o, ST - - 138.90+16.66 | 127.81+18.81
P - - 0.93 0.79
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the control mice (LA, Tie1ICDFKO; Tek*": 0.69+0.16, n=11; Control: 1.00+0.28, n=16; P=0.0022. RA,
Tie1ICD*ECKO; Tek™: 0.77+0.15, n=11; Control: 1.000.11, n=16; P=0.0002). The effects of TIE1 and
TIE2 deficiency or insufficiency on heart trabecular morphogenesis were summarized in Fig. 713 .
Based on the previous findings about the TIE1/TIE2 in venous EC specification 252, we propose
that TIE1 acts in synergy with TIE2 in the specification of atrial endocardial cells (Fig. 712 ). TIE1
deficiency or TIE1/TIE2 insufficiency results in a more severe defects with the atrial trabeculation,
suggesting the differential requirement of TIE1 and TIE2 in the endocardium-mediated

organization of the atrial internal muscular network.

Discussion

Developmental defects or pathological remodeling of atria may result in the atrial dysfunction
leading to the heart failure 23, In contrast to the better understanding of ventricular chamber
morphogenesis, the dynamic process and regulatory networks of the atrial internal muscular
network formation (known as atrial trabeculation) are inadequately elucidated. TIE1 variants or
loss of function mutations were reported in a subset of lymphedema patients 3532, and it is
unknown whether the patients have also cardiac defects in addition to the lymphatic abnormality.
We show in this study that the atrial trabeculation occurred later than in ventricles. Based on the
analysis of the published scRNA-seq data by Feng et al. 2% and the bulk RNA-seq analysis of atria
and ventricles separately in this study, we showed that Tiel and its homologue Tek were highly
expressed in atrial endocardial cells than those of ventricles. By employing the genetically
modified mouse models targeting Tiel, Tek and both, we found that TIE1 was differentially
required in the process of atrial versus ventricular trabeculation and acted in synergy with TIE2 in
the process of cardiac trabeculation, especially in atria.

Endocardial versus vascular effects of TIE1

Cardiac chamber morphogenesis involves the coordinated endocardial-myocardial interaction
governed by a plethora of cardiovascular regulators 2. It is worth noting that most of the reported
endothelial regulators have important roles in both heart and vascular development. ANGPT1 has
been shown to participate in the regulation of atria and cardiac vein development %%% We have
demonstrated that TIE1 and TIE2 are required for the vein specification via regulating the protein
stability of COUPTFII 2. Disruption of COUPTFII led to the defective atrial and venous formation
31,33, Defective cardiac venous formation was also observed in this study in Tiel or Tek mutant
mice at later embryonic stages. It is therefore important to dissect whether cardiac defects in the
mutants are a direct effect or secondary to the coronary vascular defects. By performing a serial
analysis of the developing hearts during embryogenesis (including E10.5, E12,5, E14.5, E16.5,
E17.5), we found in this study that TIE1 deficiency resulted in an impaired atrial trabeculation
readily detectable at embryonic day 12.5 (E12.5), while there were only minor defects observed
with the ventricular trabeculae at the same stage. In addition, Tek deficiency leads to the
embryonic lethality before E10.5 3045, Interestingly, the defective atrial trabeculae formation was
detected within 48 hours after the induced deletion of endothelial Tek (starting from E12.5), while
there were no obvious defects with coronary vessels at the same stage. This was further confirmed
in the Tiel/Tek doubly mutant mice with defective atrial trabeculation detected within 48 hours
after the induced deletion of Tiel combined with one null allele of Tek. Lack of TIE1 did not
produce obvious developmental defects in mutant embryos by E10.5 as previously reported =227,
Therefore, the differential requirement of TIE1 may be related to the specification of atrial versus
ventricular endocardium, which involves a synergistic role of TIE2, as previously reported in vein
development =222 Based on the above findings, it is likely that TIE1 and TIE2 are directly required
for the endocardial cell-mediated organization of atrial trabecular structures. In addition, defects
with the ventricular trabeculation and a trend of thinner ventricle walls were also observed at
later stages after the Tiel deficiency or induced Tiel/Tek insufficiency. The cardiac trabeculation
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Fig. 7. Abnormal atrial trabecular remodeling after the postnatal deletion of Tie7 combined with one null
allele of Tek.

A. Tamoxifen intragastric (i.g.) administration and the analysis scheme. B-H. Analysis of blood vessels in the retinas of
Tie1ICD'ECKO (B), Tie11CDECKC Tek*~(E) and control mice by whole-mount immunostaining for PECAM1 (green), DLL4 (red) at
P21. Note that hemangioma-like vascular tufts observed in Tie11CD'EKO and Tie11CD'EKO; Tek* “mice. The retinal vascular
defects were used to confirm the efficiency of induced gene deletion. Analysis of heart trabeculae in Tie11CDEKO (),

Tie 11CD'ECKO- Tek*™/~(F) and control mice by the immunostaining for EMCN (green), PECAM1 (red) and DAPI (blue) at P21. TIE1
insufficiency alone had no obvious effect on heart size (D, Tie1ICDECKO. 0.54+0.021, n=7; Control: 0.54+0.014, n=5; P=0.91.) and
atrial trabecular structures (C). The Tie1ICD’ECKO,'Tek+/' mice displayed smaller hearts (G, Tie1ICD’ECKO;Tek+/': 0.49+0.086, n=8;
Control: 0.59+0.10, n=11; P=0.035.) and abnormal atrial trabecular morphology (F,H). White arrows in H point to the trabecula-
associated endocardium in the atria. I. Schematic illustration of TIE1, TIE2 and their synergy in cardiac chamber
morphogenesis. TIE1 deficiency, TIE2 or TIE1/TIE2 insufficiency results in a more severe defect with the atrial trabeculation
than that of ventricles. Based on the previous findings about the TIE1/TIE2 in venous EC specification 2830 and findings from
this study, we propose that TIE1 acts in synergy with TIE2 in the specification and remodeling of atrial endocardium, and that
there is a differential requirement of TIE receptors in atrial versus ventricular wall morphogenesis. In D and G, statistical
analysis was performed using the unpaired nonparametric Mann-Whitney U test (D) and the unpaired t test (G). Values are
represented as means * SD of at least three independent technical replicates. Scale bar: 50 pmin Band E, 1 mmin C and F,
200 pmin H.
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contributes to the thickening and maturation of the ventricular wall by being incorporated into

the compact myocardium %%, It has been reported that endocardial cells contribute to the

formation of coronary vascular network formation 19. The defective ventricular wall
morphogenesis may also be related to the decreased coronary vessel growth in Tiel or Tiel/Tek

mutant mice as observed in this study.

Synergy of TIE1 and TIE2 in cardiac trabeculation

Loss of TIE1 alone did not produce an obvious defect with atrial chamber formation at initial
stages of heart development (e.g. E10.5). However, the loss of Tiel combined with the heterozygous
deletion of Tek disrupted the atrial and ventricle development at the same stage (E10.5). The
synergy of TIE1 and TIE2 in heart development was further verified at later embryogenesis as well
as the postnatal studies. The defects with the atrial trabeculation were already detectable 48 hours
later in the induced knockout of Tiel plus the heterzygous Tek deletion (starting at E12.5,
Tie1ICD'ECKO; Tek*"). This was further confirmed at the neonatal with the induced gene deletion
from postnatal day 1 and the analysis 3-weeks later stage (Tie1ICDECKO; Tek*"), while TIE1
insufficiency alone (Tie1ICDECK0) had no obvious impact on the atrial or ventricular trabecula
development. TIE1 and TIE2 could form heterodimers, participate in the formation of endothelial
cell-cell adherens junction as well as the EC migration and survival 2-224%%/, Furthermore, TIE1
and TIE2 act in a synergistic manner to specify the vein formation via regulating the protein
stability of the venous factor COUPTFII 2&3%. As COUPTFII is crucial for the atrial development
3133, this could provide some insights into the synergy of TIE1/TIE2 in the regulation of cardiac
trabeculation especially in atria, likely involving COUPTFII-mediated regulation of the atrial
endocardial cell specification.

Differential requirement of TIE receptors in atria and ventricles

So far, little is known about mechanisms underlying the differential regulation of atrial versus
ventricular endocardial development. We found in this study that Tiel and Tek were expressed at
higher levels in atrial endocardial cells than those of ventricles by the RNA-seq analysis at the
single cell level or the separate analysis of atria and ventricles. By the analysis of scRNA-seq data
from embryonic hearts for the ligand-receptor interactions, we showed that the atrial endocardial
cells and cardiomyocytes exhibited stronger ANGPT1-TIE2 signaling compared with those in
ventricles. This suggests that the differential requirement of TIE1 and TIE2 in cardiac chamber
morphogenesis may, at least partly, be related to the differential expression levels of TIE receptors
in atrial versus ventricular endocardial cells. In addition, we also found that DIl1 was mainly
expressed by endocardial cells from the analysis of single cell RNA-seq data 3, and that DIl1 was
among the most downregulated genes in the hearts from Tiel deficient mice. A similar trend of
decreased expression with Notchl was also detected in atria but not in ventricles of Tiel deficient
mice. As NOTCH1 signaling promotes the extracellular matrix degradation during the formation of
endocardial projections that are critical for individualization of trabecular units "2, this may
also contribute to the differential requirement of TIE1 as well as TIE2 in atrial versus ventricular
trabeculation.

In summary, findings from this study show that endothelial TIE1 is crucial for the atrial trabecular
formation and play synergistic roles with TIE2 in the process of cardiac chamber morphogenesis.
Tiel deficiency resulted in the significant decrease of Tek, DIl1 and Notch1. This suggests that the
differential requirement of TIE receptors in the process of atrial and ventricular trabeculation
may involve the DLL1-NOTCH1 pathway. Mechanisms underlying the differential regulation of
atrial versus ventricular formation during the heart development warrants further investigation.
Knowledge in this direction will facilitate the development of novel interventions for the atria-
related cardiomyopathy.

Data availability

RNA sequence data will be deposited in GEO and information provided later.
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Summary:

In this manuscript, Ding et al. use genetic mouse models to demonstrate that atrial
trabeculation is more dependent on Tiel/Tie2 signaling than ventricular trabeculation. With
additional experimentation that would support the current claims, the results may hold
significant value, as atrial trabeculation remains an understudied phenomenon in cardiac
biology with potential implications for atrial cardiomyopathy and atrial fibrillation.
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Detailed characterization of atrial versus ventricular trabeculation across different
developmental timepoints, and the use of appropriate animal models to address the scientific
question at hand.

Weaknesses:

The authors have consistently treated mice with tamoxifen after ventricular, but not atrial,
trabeculation has already started. As such, the observed cardiac phenotypes - where
predominantly atrial trabeculation is affected - might be a mere consequence of the precise
time window in which Tie1/2 signaling was impaired, rather than a direct measurement of its
relative importance for atrial versus ventricular trabeculation. The conclusions of the paper
may thus be significantly strengthened by depleting Tiel/2 signaling prior to the onset of
ventricular trabeculation, as is done for atrial trabeculation.

https://doi.org/10.7554/eLife.111156.1.sa3

Reviewer #2 (Public review):
Summary:

Ding et al. examine the role of TIE1 in cardiac chamber morphogenesis using genetic mouse
models targeting Tiel, Tek, or both, and analyzing endocardial cell-mediated chamber
formation across multiple embryonic developmental and postnatal stages, supported by
analysis of published single-cell datasets and new bulk RNA seq analyses of murine cardiac
tissue. The authors find that Tiel and Tek expression is higher in atrial than ventricular
endocardial cells. Notably, endothelial Tiel is required for atrial trabeculation at E12.5, but is
less critical in ventricular trabeculation. TIE1 also acts synergistically with TIE2 during atrial
trabeculation. While Tiel deficiency alone does not cause defects at E10.5, combined
heterozygous deletion of Tek disrupts both atrial and ventricular development at E10.5. This
synergy is further supported by analyses at later embryonic stages and in postnatal hearts.

Strengths:

The study is well-designed, clearly written, and supported by high-quality figures. The
performed experiments demonstrate a previously unrecognized role for Tiel in cardiac
development and identify synergistic control of cardiac morphogenesis by Tiel and Tie2. This
synergy is consistent with the previously identified roles of Tiel and Tek in venous
development and with Tiel involvement in angiopoietin-dependent postnatal vascular and
lymphatic remodeling. Together, these findings support a role for Tiel as a contributor to
Angl-Tie2 signaling during heart development.

Weaknesses:

The manuscript does not include direct mechanistic studies; however, RNA seq analysis of
atria and ventricles showed reduced expression of Tek, D111, and Notch1 upon Tiel deficiency
in developing hearts. Although previously reported mechanisms, such as TIE1-TIE2
heterodimer formation and effects on endothelial junctions, migration, or survival are
discussed, no direct mechanistic experiments are performed. Addressing some of these
mechanisms would have clarified the basis of Tiel-Tie2 synergy. As two distinct Tiel models
are used, including one targeting the kinase domain, the authors should state whether
phenotypes differed or were similar between models.

https://doi.org/10.7554/eLife.111156.1.sa2
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Reviewer #3 (Public review):

Summary:

Ding et al. investigate the roles of TIE1 and TEK (Tie2) in mouse cardiac development, with a
particular focus on atrial trabeculation. The authors employ multiple genetic models,
including Tie1ICDflox/flox (with Cdh5-CreERT2), a knockout-first allele (EUCOMM, Tiel
tmla/tmla), and a Tek deletion model.

Based on the dataset from Feng et al. 2022 Nat Commun, the authors report increased
expression of Tiel and Tek transcripts in atrial endocardial cells compared to ventricular
cells at embryonic day (E) 14.5. Loss of Tiel leads to early atrial trabeculation defects
detectable at E12.5, whereas ventricular defects appear later and are less pronounced at
E14.5. Chamber-specific RNA sequencing reveals stronger transcriptional changes in atrial
tissue.

Conditional deletion of Tek results in a similar phenotype, with more pronounced atrial
defects. Combined deletion of Tiel and Tek (Tiel AICD/AICD; Tek+/-) leads to earlier and more
severe defects in both atrial and ventricular trabeculation and results in embryonic lethality
around E12.5, suggesting a synergistic interaction between the two genes.

Conditional endothelial deletion of Tiel combined with heterozygous global Tek at later
embryonic stages allows analysis at later time points and again shows more severe defects in
atrial trabeculation. Postnatal analysis of this model reveals reduced heart-to-body weight
ratios and potential mild atrial abnormalities.

Strengths:

(1) The authors address chamber-specific signaling mechanisms underlying atrial versus
ventricular trabeculation, an area of high developmental and clinical relevance.

(2) The study provides a comprehensive temporal analysis across multiple embryonic stages.

(3) The use of multiple genetic models strengthens the overall conclusions and allows
comparative interpretation.

(4) While focusing on trabeculation, the authors also include observations on coronary vessel
development, increasing the broader relevance of the work. The findings are therefore of
interest to the wider cardiovascular research community.

Weaknesses:
(1) Timing of recombination vs. trabeculation onset

Ventricular trabeculation begins earlier than atrial trabeculation. Since tamoxifen (in
contrast to 4-hydroxytamoxifen) requires metabolic activation, Cre-mediated recombination
will occur with a delay. This suggests that atrial trabeculation may be targeted before its
onset, whereas ventricular trabeculation may already be underway for 2-3 days at the time of
effective gene deletion.

How do the authors account for this discrepancy in their interpretation?

Have earlier induction time points been tested to better capture the onset of ventricular
trabeculation? This limitation should be explicitly discussed.

(2) Clarity of genetic models and experimental design
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The study employs several genetic constructs. It would improve clarity if, for each
experiment, the specific genetic model and tamoxifen regimen were clearly described before
presenting the results.

(3) Tiel tm1la/tmla phenotype vs. known global knockout

Previous studies (PMID: 8846781, 7596437) show that complete Tiel loss leads to severe
edema, vascular rupture, and embryonic lethality around E13.5-E14.5.

How does the Tiel tm1la/tm1a allele differ, given that animals appear to survive longer? Is
this allele hypomorphic rather than a full knockout?

This point requires clarification.
(4) Limited mechanistic insight

While the authors aim to investigate underlying mechanisms, the current study is largely
descriptive and based on mRNA expression and genetic interaction analyses (Tiel/Tek co-
deletion). Direct mechanistic insights into signaling pathways remain limited. However, the
dataset provides a valuable foundation for future mechanistic studies, which should be more
clearly acknowledged in the discussion.

https://doi.org/10.7554/eLife.111156.1.sa1

Author response:

elife Assessment

This study reports the relative importance of Tie1 and Tie2 signaling for atrial versus
ventricular trabeculation. It is an important study and is one of the few works to date
that have carefully and simultaneously analyzed these two processes. In line with a
previous study in zebrafish, the authors demonstrate key differences between atrial and
ventricular trabeculation. While the imaging and quantitative data were conducted with
solid and validated methodology throughout the manuscript, the work would benefit
from more rigourous approaches where Tie1/2 signaling is disrupted prior to the onset
of atrial/ventricular trabeculation, to allow for a more direct comparison.

We thank the editors for the eLife assessment. We would like to request that the following
statement be modified: “...the work would benefit from more rigourous approaches where
Tiel/2 signaling is disrupted prior to the onset of atrial/ventricular trabeculation, to allow for
a more direct comparison”. We request this change for the following reasons:

We utilized two distinct genetic mouse models in this study (as summarized in Fig. 71),
comprising conventional knockouts (Tie1™1&/tmla TjgAICD/AICD ay,q Tie1AICD/AICD. Tok*/) and
inducible gene deletion models (TekLECKO, TielICDiECKO, and TieIICDLECKO;Tek+/') [1-3]. The
Tie1™1@/tM1a Jine js equivalent to the previously published Tie1” ¥S“P mouse line, as
demonstrated in our prior work and by others [1, 2, 4-6]. Therefore, the Tiel or Tek alleles
were inactivated prior to the onset of atrial and ventricular trabeculations, as shown in Fig. 1,
Fig. 2, Fig. 3, Fig. 5A-D, and Supplemental Fig. 3. Based on these findings, we propose that TIE1
is differentially required for atria versus ventricle morphogenesis, and acts synergistically
with TIE2 during cardiac trabeculation.

Public Reviews:
Reviewer #1 (Public review):

Summary:
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In this manuscript, Ding et al. use genetic mouse models to demonstrate that atrial
trabeculation is more dependent on Tie1/Tie2 signaling than ventricular trabeculation.
With additional experimentation that would support the current claims, the results may
hold significant value, as atrial trabeculation remains an understudied phenomenon in
cardiac biology with potential implications for atrial cardiomyopathy and atrial
fibrillation.

Strengths:

Detailed characterization of atrial versus ventricular trabeculation across different
developmental timepoints, and the use of appropriate animal models to address the
scientific question at hand.

Weaknesses:

The authors have consistently treated mice with tamoxifen after ventricular, but not
atrial, trabeculation has already started. As such, the observed cardiac phenotypes -
where predominantly atrial trabeculation is affected - might be a mere consequence of
the precise time window in which Tie1/2 signaling was impaired, rather than a direct
measurement of its relative importance for atrial versus ventricular trabeculation. The
conclusions of the paper may thus be significantly strengthened by depleting Tie1/2
signaling prior to the onset of ventricular trabeculation, as is done for atrial
trabeculation.

We thank the reviewer for the comments.

Regarding the timeline of gene deletion and tamoxifen treatment, we would like to provide
the following clarification.

Fig. 1-3: As described in the Methods and Materials, Tiel tmla/tmla js 4 knockout first mouse
model established from EUCOMM embryonic stem cells (EPD0735-3B07) targeting Tiel gene.
Therefore, the Tie1™!¥tM1a Jine is equivalent to the previously published Tiel null mice
(Tie17"). The Tie1F0O¥/FloX moyse line (with exon 8 floxed) was generated when the lacZ
reporter and neo-cassette were excised using the FLPeR mice.

Fig. 5A-D: To investigate the synergy of TIE1 and TIE2 in cardiac trabeculation, we utilized the
Tek"" and Tie12I°P/* mouse lines and they were crossbred to generate double mutant mice
harboring a homozygous Tiel mutation and a single null Tek allele (Tie1AICD/AICD, Top i),
Although no obvious defects were observed in atrial or ventricular structures following Tiel
deficiency alone at E10.5, both atria and ventricle development were disrupted in Tie4ICD/
AICD. Tek* mutants at the same stage (Fig. 5A-D).

Supplemental Fig. 3: To verify the role of TIE1 in atrial development, we employed alternative
knockout mouse line targeting the Tiel intracellular domain by floxing exons 15 and exon 16
(Tie1ICDF10X¥/FloXy Nutants harboring these null alleles are designated as Tie14[CD/AICD pg
detailed in the previous publication [2], the line is also equivalent to the previously published
Tie1 null mice (Tie1”"). The cardiac phenotypes shown in Supplemental Fig. 3 are indeed
similar to those of Tie1™!@M1a mytant mice.

For the inducible knockouts targeting Tiel, Tek and both, the results are shown in Fig. 4, Fig.
5E-H, Fig. 6, Fig. 7.

Fig. 4: As mice homozygous for Tek mutation (Tek”") die before E10.5 [3, 7], we performed
studies using the inducible knockout line targeting Tek (TekF'o%-,cdn5-CreFRT2 named as
Tek'ECKO) as shown in Fig. 4.
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Fig. 5-7: To investigate the synergy of TIE1 and TIE2 in the cardiac trabeculation at the later
stages of embryogenesis (Fig. 5E-H, Fig. 6) and the postnatal stage (Fig. 7), we used the
inducible knockout models targeting Tie1/Tek, including Tie1ICDECKO (Tie11CDF10%";cdhs5-
CrePRT2) and Tie1ICDECKO; Tek*/" (Tie1ICDT'O%;cdh5-CreFRT2; Tek ).

Reviewer #2 (Public review):
Summary:

Ding et al. examine the role of TIET in cardiac chamber morphogenesis using genetic
mouse models targeting Tie1, Tek, or both, and analyzing endocardial cell-mediated
chamber formation across multiple embryonic developmental and postnatal stages,
supported by analysis of published single-cell datasets and new bulk RNA seq analyses of
murine cardiac tissue. The authors find that Tiel and Tek expression is higher in atrial
than ventricular endocardial cells. Notably, endothelial Tiel is required for atrial
trabeculation at E12.5, but is less critical in ventricular trabeculation. TIET also acts
synergistically with TIE2 during atrial trabeculation. While Tie1 deficiency alone does not
cause defects at E10.5, combined heterozygous deletion of Tek disrupts both atrial and
ventricular development at E10.5. This synergy is further supported by analyses at later
embryonic stages and in postnatal hearts.

Strengths:

The study is well-designed, clearly written, and supported by high-quality figures. The
performed experiments demonstrate a previously unrecognized role for Tie1 in cardiac
development and identify synergistic control of cardiac morphogenesis by Tiel and Tie2.
This synergy is consistent with the previously identified roles of Tie1 and Tek in venous
development and with Tiel involvement in angiopoietin-dependent postnatal vascular
and lymphatic remodeling. Together, these findings support a role for Tiel as a
contributor to Ang1-Tie2 signaling during heart development.

Weaknesses:

The manuscript does not include direct mechanistic studies; however, RNA seq analysis of
atria and ventricles showed reduced expression of Tek, DIl1, and Notch1 upon Tiel
deficiency in developing hearts. Although previously reported mechanisms, such as TIE1-
TIE2 heterodimer formation and effects on endothelial junctions, migration, or survival
are discussed, no direct mechanistic experiments are performed. Addressing some of
these mechanisms would have clarified the basis of Tie1-Tie2 synergy. As two distinct Tie1
models are used, including one targeting the kinase domain, the authors should state
whether phenotypes differed or were similar between models.

We thank the reviewer for the comments. In this study, we have provided genetic evidence
that TIE1 is differentially required for atrial versus ventricular trabeculation. Although the
precise molecular mechanisms underlying TIE1 function require further investigation, we
have provided compelling genetic evidence of its synergistic role with TIE2 during this
process. The two genetic models targeting Tiel (Tie1™1¥tmla TjeqAICD/AICD) yrodyced
consistent cardiac and vascular phenotypes as shown in this study and our previous work [1,
2].

Reviewer #3 (Public review):
Summary:

Ding et al. investigate the roles of TIET and TEK (Tie2) in mouse cardiac development,
with a particular focus on atrial trabeculation. The authors employ multiple genetic

Ding, Xu et al., 2026 eLife 15:RP111156. https://doi.org/10.7554/eLife.111156.1 28 of 30


https://doi.org/10.7554/eLife.111156.1
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/developmental-biology

7 eLife

Developmental Biology

models, including Tie1ICDflox/flox (with Cdh5-CreERT2), a knockout-first allele (EUCOMM,
Tie1 tm1a/tm1a), and a Tek deletion model.

Based on the dataset from Feng et al. 2022 Nat Commun, the authors report increased
expression of Tiel and Tek transcripts in atrial endocardial cells compared to ventricular
cells at embryonic day (E) 14.5. Loss of Tiel leads to early atrial trabeculation defects
detectable at E12.5, whereas ventricular defects appear later and are less pronounced at
E14.5. Chamber-specific RNA sequencing reveals stronger transcriptional changes in
atrial tissue.

Conditional deletion of Tek results in a similar phenotype, with more pronounced atrial
defects. Combined deletion of Tiel and Tek (Tie1 AICD/AICD; Tek+/-) leads to earlier and
more severe defects in both atrial and ventricular trabeculation and results in embryonic
lethality around E12.5, suggesting a synergistic interaction between the two genes.

Conditional endothelial deletion of Tie1 combined with heterozygous global Tek at later
embryonic stages allows analysis at later time points and again shows more severe
defects in atrial trabeculation. Postnatal analysis of this model reveals reduced heart-to-
body weight ratios and potential mild atrial abnormalities.

Strengths:

(1) The authors address chamber-specific signaling mechanisms underlying atrial versus
ventricular trabeculation, an area of high developmental and clinical relevance.

(2) The study provides a comprehensive temporal analysis across multiple embryonic
stages.

(3) The use of multiple genetic models strengthens the overall conclusions and allows
comparative interpretation.

(4) While focusing on trabeculation, the authors also include observations on coronary
vessel development, increasing the broader relevance of the work. The findings are
therefore of interest to the wider cardiovascular research community.

Weaknesses:
(1) Timing of recombination vs. trabeculation onset

Ventricular trabeculation begins earlier than atrial trabeculation. Since tamoxifen (in
contrast to 4-hydroxytamoxifen) requires metabolic activation, Cre-mediated
recombination will occur with a delay. This suggests that atrial trabeculation may be
targeted before its onset, whereas ventricular trabeculation may already be underway
for 2-3 days at the time of effective gene deletion.

How do the authors account for this discrepancy in their interpretation?

Have earlier induction time points been tested to better capture the onset of ventricular
trabeculation? This limitation should be explicitly discussed.

(2) Clarity of genetic models and experimental design

The study employs several genetic constructs. It would improve clarity if, for each
experiment, the specific genetic model and tamoxifen regimen were clearly described
before presenting the results.

We thank the reviewer for the detailed and constructive comments. For studies employing
the inducible gene deletion mouse models, the genetic models and tamoxifen treatment
schemes have been provided in the related figures. For the rest of studies, we used the
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conventional knockouts targeting Tiel and Tek (Tie
AICD.Tok*/) as detailed above.

(3) Tiel tm1a/tm1a phenotype vs. known global knockout

Previous studies (PMID: 8846781, 7596437) show that complete Tie1 loss leads to severe
edema, vascular rupture, and embryonic lethality around E13.5-E14.5.

How does the Tiel tm1a/tmT1a allele differ, given that animals appear to survive longer?
Is this allele hypomorphic rather than a full knockout?

This point requires clarification.

Tie1™@/tm1a js equivalent to the full knockout (Tie1”"). As demonstrated in our prior work,
the Tie7AICD/AICD mode] produced lymphatic and blood vascular phenotypes similar to those
of Tie1l”" mutants [1, 2,5, 6].

(4) Limited mechanistic insight

While the authors aim to investigate underlying mechanisms, the current study is largely
descriptive and based on mRNA expression and genetic interaction analyses (Tie1/Tek co-
deletion). Direct mechanistic insights into signaling pathways remain limited. However,
the dataset provides a valuable foundation for future mechanistic studies, which should
be more clearly acknowledged in the discussion.

We thank the reviewer for the comments. The manuscript will be revised accordingly, and a
detailed response will be provided in our final submission.
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