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Sox7-positive endothelial progenitors establish
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Abstract

The cardiac endothelium influences ventricular chamber develop-
ment by coordinating trabeculation and compaction. However, the
endothelial-specific molecular mechanisms mediating this coordi-
nation are not fully understood. Here, we identify the Sox7 tran-
scription factor as a critical cue instructing cardiac endothelium
identity during ventricular chamber development. Endothelial-
specific loss of Sox7 function in mice results in cardiac ventricular
defects similar to non-compaction cardiomyopathy, with a change
in the proportions of trabecular and compact cardiomyocytes in
the mutant hearts. This phenotype is paralleled by abnormal coro-
nary artery formation. Loss of Sox7 function disrupts the transcrip-
tional regulation of the Notch pathway and connexins 37 and 40,
which govern coronary arterial specification. Upon Sox7
endothelial-specific deletion, single-nuclei transcriptomics analysis
identifies the depletion of a subset of Sox9/Gpc3-positive endocar-
dial progenitor cells and an increase in erythro-myeloid cell line-
ages. Fate mapping analysis reveals that a subset of Sox7-null
endothelial cells transdifferentiate into hematopoietic but not
cardiomyocyte lineages. Our findings determine that Sox7 main-
tains cardiac endothelial cell identity, which is crucial to the cellu-
lar cross-talk that drives ventricular compaction and coronary
artery development.

Keywords arterial cell fate; coronary vessels; heart development; non-

compaction cardiomyopathy; SOX transcription factor

Subject Categories Cardiovascular System; Development; Vascular Biology

& Angiogenesis

DOI 10.15252/embr.202255043 | Received 14 March 2022 | Revised 12 July

2023 | Accepted 24 July 2023 | Published online 8 August 2023

EMBO Reports (2023) 24: e55043

Introduction

The mammalian heart is composed of a range of different cell types

including cardiomyocytes, fibroblasts, endothelial cells, and peri-

vascular cells. Although cardiomyocytes occupy 70–85% of the

heart volume, recent studies showed that cardiac endothelial cells

are the most abundant cells in both murine and human hearts

(~60%) (Pinto et al, 2016). Cardiac endothelial cells contribute to

the endocardium (the inner cell layer of the heart), and the endothe-

lium which forms the inlet and outlet vessels of the coronary plexus

that comprises lymphatics, veins, arteries, and capillaries (Colliva

et al, 2020). Given the close proximity of the endothelial lining and

cardiomyocytes, factors secreted from cardiac endothelial cells have

the potential to modulate cardiomyocyte contractile behavior,

shape, and function. In support of this cross-signaling activity,

recent studies have identified the endocardium as the critical tissue

controlling the morphogenetic processes taking place during cardiac

trabeculation (Del Monte-Nieto et al, 2018; Qu et al, 2019). In partic-

ular, Del Monte-Nieto et al (2018) identified endocardial Notch and

Nrg1 pathways as key regulators, respectively, of endocardial
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extracellular matrix (ECM) degradation and myocardial ECM syn-

thesis processes that are critical for trabecular myocardium growth

and organization. These data suggest that the highly dynamic pro-

cess of trabecular myocardium morphogenesis relies on a critical

and tightly controlled interplay between endothelial cells and cardi-

omyocytes (Del Monte-Nieto et al, 2018).

Given the essential role of cardiac endothelial cells in controlling

the interplay of differential cell type activity during heart formation,

a central question remains as to whether endothelial cell identity

and differentiation state are key prerequisites for cardiac morpho-

genesis. While endocardial cells are differentiated by E8.5, it is now

known that the cardiac endothelial phenotype is highly plastic. Dur-

ing heart formation, both sinus venosus endothelium and ventricu-

lar endocardium are the source of cells for the endothelium forming

the coronary vessels (Red-Horse et al, 2010; Wu et al, 2012). In the

endocardial cushions, differentiated endocardial cells transdiffer-

entiate into mesenchymal cells, ultimately giving rise to cardiac

valves and septa (de Lange et al, 2004; Lincoln et al, 2004). In addi-

tion, a subset of endocardial cells in the outflow tract and atria will

contribute to myeloid and erythroid cells during embryogenesis

(Nakano et al, 2013). This suggests that maintenance of endocardial

cell identity is finely regulated upon cell specification, ensuring only

a subpopulation will acquire the potential to form other cardiac cell

types without compromising the integrity of heart tissue

homeostasis.

Although a handful of transcription factors and signaling path-

ways have been shown to induce early endocardial cell fate specifi-

cation (Ferdous et al, 2009; Kataoka et al, 2011), little is known

about those regulators necessary to maintain endocardial commit-

ment and direct subsequent, specialized cell differentiation. The

SOXF group of transcription factors (Sox7, Sox17, and Sox18) are

known key players of endothelial cell differentiation and specifica-

tion (François et al, 2008; Corada et al, 2013; Chiang et al, 2017). In

the heart, SOXF group members are widely expressed in cardiac tis-

sues in progenitor populations of distinct cell lineages (e.g., cardiac

and endothelial/endocardial) (Sakamoto et al, 2007; Gonz�alez-Hern-

�andez et al, 2020). Studies in Xenopus have implicated sox7 and

sox18 in cardiogenesis (Zhang et al, 2005; Afouda et al, 2018). In

mice, Sox17 has been shown to play a critical role in endocardial dif-

ferentiation during early heart development and coronary artery for-

mation (Saba et al, 2019; Gonz�alez-Hern�andez et al, 2020). This

body of work suggests that the SOXF transcription factors share an

important role in controlling the differentiation of blood vascular

endothelial cells and cells of the cardiac endothelium.

Constitutive inactivation of Sox7 in the mouse results in pericardial

edema and embryonic lethality, suggesting a potential role for SOX7

protein in early heart development (Wat et al, 2012). Some studies in

embryoid bodies have implicated SOX7 as a regulatory switch between

cardiac and endothelial lineages during cardiac mesoderm differentia-

tion, through the positive regulation of Wnt and Bmp signaling (Nel-

son et al, 2009; Doyle et al, 2019). Further recent studies have

established a role for Sox7 in endocardial cushion formation and the

modulation of atrioventricular septum formation via the modulation of

the Wnt4/Bmp2 signaling pathways (Hong et al, 2021). In humans,

SOX7 variants have been also reported in patients displaying cono-

truncal defects, with some in vitro evidence suggesting that direct tran-

scriptional regulation of VE Cadherin by this TF is essential for the

endothelial-to-mesenchymal transition that takes place in the outflow

tract formation during development (Jiang et al, 2021). Despite the

clear association of Sox7 gene function and cardiac development, it

remains elusive how Sox7-dependent pathways maintain endothelial

cell identity in cardiac vascular beds, and whether Sox7-positive endo-

thelial cells instruct morphogenic events that underpin heart tissue

organization.

Here, we assessed the role of SOX7 molecular role in committed

cardiac endothelial cells during heart morphogenesis. Our data sug-

gest that Sox7 acts as a central regulator of cardiac endothelial cell

differentiation and lineage maintenance and that this function is

critical for governing endothelial-to-cardiomyocyte interactions,

which in turn governs ventricular myocardium trabeculation and

compaction. These findings identify Sox7 as a novel endothelial-

specific master regulator of mammalian cardiogenesis.

Results

Sox7 is expressed by the endocardium and is indispensable for
cardiac development

To investigate the role of Sox7 in heart morphogenesis, we first

examined the expression of the SOX7 protein during development.

It has been reported that all members of the SOXF family are

expressed in coronary vessels but are differentially expressed in the

endocardium (Gonz�alez-Hern�andez et al, 2020). To detect endoge-

nous SOX7 expression, we used the Sox7-V5-tagged transgenic

reporter mice (Chiang et al, 2023). At E11.5, SOX7-positive signals

(white) were found exclusively in endomucin-positive endocardial

cells (green), but could not be detected in the tropomyosin-positive

myocardium (red) (Fig 1A). SOX7 was also observed at the outer

lining of the endocardial cushion (ECC) (Fig 1A). We also investi-

gated expression of SOX17 by immunofluorescence analysis on tis-

sue sections, using a SOX17 antibody (Fig 1B). Interestingly, it has

been previously reported that Sox17 is critical for endocardial differ-

entiation in endocardium precursor cells (Saba et al, 2019). SOX17

protein was virtually undetectable in the endocardial lining by E11.5

(Fig 1B). Our data are consistent with work from Sharma

et al (2017), showing that Sox17 is a coronary vessel marker not

expressed in the bulk of the endocardium under physiological condi-

tions, but is induced in a subset of activated endocardium to form

coronary vessels when the sinus venosus-derived coronary growth

is stunted. In contrast, SOX17 protein is highly expressed in the dor-

sal aorta (Fig 1B) (Corada et al, 2013).

Constitutive inactivation of Sox7 in mouse embryos resulted in

developmental delay, pericardial edema, and lethality as early as

E10.5, consistent with a previous report (Fig 1C) (Wat et al, 2012).

The onset of pericardial edema occurs around E9.5, prior to the gen-

eral gross phenotype (Fig 1D). However, the early lethality found in

constitutive Sox7 mutant embryos prevented any further investiga-

tion on the role of Sox7 at later stages of heart development.

Loss of Sox7 gene function in endothelial cells during
early organogenesis causes non-compaction defects in the
ventricular chambers

Given the early lethality of Sox7 constitutive knockout embryos, we

used an endothelial-specific, Cdh5-CreERT2-inducible system to
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generate Cdh5-CreERT2:Sox7fl/fl mice (Sox7iECKO). To minimize

confounding defects from impaired vascular development shown in

Fig 1D (Kim et al, 2016; Lilly et al, 2017), tamoxifen-induced exci-

sion of Sox7 exon 2 was performed at E9.5 and E10.5, corresponding

to early to mid-organogenesis. In particular, this time point corre-

sponds to the extension phase of trabecular myocardium and there-

fore, Sox7iECKO embryos will have normal establishment of

trabecular units, allowing investigation of the role of endocardial

Sox7 in the later stages of trabecular myocardium development (Del

Monte-Nieto et al, 2018). In addition, this time point is prior to the

formation of coronary vessels; therefore, allowing the assessment of

the role of endothelial Sox7 during coronary vessel formation

(Vir�agh & Challice, 1981).

To characterize the cardiac phenotype of Sox7iECKO mutants, we

performed a time-course series of morphological analyses and

morphometric quantifications in order to address not only general

heart morphology but also differences in the relative area

occupied by trabecular, compact, and total myocardium between

Sox7iECKOmutant embryos and control littermates (Figs 2 and EV1).

No morphological defects or area differences in trabecular, compact,

and total myocardium in either ventricle were found at E11.5 and

E12.5 in the Sox7iECKO mutants compared to control embryos

(Fig EV1A–L). However, a statistically non-significant trend toward

an increase in trabecular myocardium area was found in the left

ventricle of Sox7iECKO mutant hearts compared to the control litter-

mates at E12.5 (Fig EV1L). This increase in trabecular myocardium

area was statistically significant by E13.5 in both left and right ven-

tricles, suggesting that loss of Sox7 in the endocardium promotes a

hyper-trabeculation phenotype (Fig EV1M–R). Similar analysis at

E14.5 and E16.5 confirmed the hyper-trabeculation phenotype in

C
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Figure 1. Sox7 is expressed in cardiac endothelial cells and is necessary for heart development.

A SOX7 expression in the E11.5 heart based on the Sox7-V5-tagged transgenic reporter mice. SOX7 (white) is expressed in the endothelial lining (delineated by endo-
mucin (EMCN), green) of the atrium (A), ventricle (V), and endocardial cushions (ECC) but not in the myocardium (marked by tropomyosin (TPM), red).

B Unlike SOX7, SOX17 (white) is not expressed in the endocardium at E11.5 (lower panels), although is expressed in the dorsal aorta (DA, upper panels).
C, D Sox7-null embryos show cardiac and vascular defects at E9.5 and developmental defects at E10.5 (white arrowheads). The number of embryos showing the illus-

trated phenotype among the total examined is indicated. Whole-mount fluorescence and confocal analysis of Sox7�/� mutant embryos at E9.5, with the pan-
endothelial marker, endomucin (green), and the pericyte-marker, smooth muscle actin (red) reveals pericardial edema (white arrowheads) and blood vasculature
defects (white arrows). Optical projection tomography (OPT) analysis using the pan-endothelial marker PECAM (blue) shows a lack of large arteries in the head vas-
culature (asterisks) in Sox7�/� mutants.

Data information: Scale bars = 100 lm (A, B), 1 mm (C), and 500 lm (D).
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Sox7iECKO mutants and identified a significant reduction in the com-

pact myocardium area in both ventricles (Figs 2A–F and EV1S–X).

These results suggest that loss of endothelial Sox7 promotes trabecu-

lar myocardium defects from E12.5, resulting in a non-compaction

phenotype later in development.

Hyper-trabeculation defects in Sox7iECKO mutants are associated
with abnormal allocation of chamber cardiomyocytes to the
trabecular layer

The hyper-trabeculation phenotype identified in Sox7iECKO mutants

could be caused by multiple factors including increased size of tra-

becular cardiomyocytes (hypertrophy) or increased number of cells

forming the trabecular myocardium. The latter could be due either

to an increase in the number of cells entering the trabecular layer

from the highly proliferative compact layer (de Boer et al, 2012), or

an increase in cardiomyocyte proliferation in the trabecular layer.

To determine the cause for the increased area of the trabecular layer

found in Sox7iECKO mutants, we performed quantification of cell

number and proliferation rate in the ventricular chamber myocar-

dium, in both the trabecular and compact myocardium (Fig 2G–J,

Appendix Fig S1A–E, I, J, N, O, S and T). Tissue-specific staining for

endocardium (CD31) and myocardium (MF-20 or SMA) were used

to generate myocardial and endocardial masks to classify the iden-

tity of cell nuclei forming the chambers. Further semiautomatic seg-

mentation allowed the classification of the nuclei into trabecular

and compact myocardial nuclei. This allowed the quantification of

the number of cells forming each myocardial subregion. Once all

nuclei were classified and counted, we performed analysis of Ki67

staining inside each nucleus in order to determine the proliferation

rate in each myocardial subregion.

Quantification of cell number in both ventricular chambers

revealed no significant difference in the total number of cells (endo-

cardium and myocardium) forming either ventricular chamber in

mutant versus control hearts. Likewise, separate quantification of

the ventricular myocardium revealed no significant difference at any

of the stages analyzed, although there is a trend toward an increase

in the number of cardiomyocytes forming both chambers at E13.5

and E14.5 (Appendix Fig S1D, E, I and J). However, similar quantifi-

cation following separation of cells forming either the compact or

the trabecular myocardium identified a significant reduction in the

number of cardiomyocytes forming the compact myocardium of

both ventricles in Sox7iECKO mutants at E14.5 (Fig 2G and H, left

panels). Concomitantly, there was a significant increase in the num-

ber of cardiomyocytes forming the trabecular myocardium of

Sox7iECKO mutants in the left ventricle at E13.5 with an increase

(non-significant) in the right ventricle that becomes significant in

both ventricles at E14.5 (Fig 2G and H, right panels). These results

suggest that the reduction in compact myocardium area and

increase in the trabecular myocardium area observed morphologi-

cally are due to changes in the number of cells forming the compact

and trabecular myocardium of Sox7iECKO mutants, and not to cell

hypertrophy.

To identify the mechanism underlying the change in cell number

observed, we next analyzed cell proliferation in the Sox7iECKO

mutants. General proliferation rates in the ventricular chamber

(endocardium and myocardium) and in the chamber myocardium

specifically were not significantly different at E12.5 and E13.5

(Appendix Fig S1N, O, S and T). However, there was a significant

reduction in cell proliferation rates in the cardiac chamber in the left

ventricle and the chamber myocardium of both ventricles at E14.5

(Appendix Fig S1N, O, S and T). Similar analysis on separated com-

pact and trabecular myocardial cells identified normal proliferation

rates in both tissues at E12.5 and E13.5, but a significantly reduced

rate of cardiomyocyte proliferation both in the compact and trabecu-

lar myocardium of both ventricles of Sox7iECKO mutants at E14.5

(Fig 2I and J). These results suggest that the increase in cardiomyo-

cyte number observed in the trabecular myocardium is not a result

of a local hyper-proliferative response. Since we observed decreased

proliferation in both compartments (trabecular and compact), this

cannot explain the differential increase in cell number in the trabec-

ular layer and decrease in the compact zone. This elevated number

of cells in the trabecular layer is most likely due to an increase in

the allocation of cardiomyocytes from the compact layer into the tra-

becular layer, hence resulting in the reduction in compact myocar-

dium cells (Fig 2G–J).

Endothelial-specific loss of SOX7 function perturbs coronary
artery formation

To further investigate the generalized reduction in cell proliferation

we observed in both the trabecular and compact layers at E14.5, we

turned toward a possible vascular phenotype we noted while char-

acterizing the cardiac tissue architecture. We observed a dramatic

reduction in the number of coronary vessels in both the subepicar-

dial space (coronary veins) and within the compact myocardium

(coronary arteries), suggesting that the loss of endothelial Sox7 func-

tion may also cause defects in coronary vessel formation (Figs 2C

and EV1U; empty arrows). The significant reduction in cell prolifera-

tion in the trabecular and compact layers at E14.5 may be related to

the lack of proper nourishment and oxygenation of the fast-growing

myocardium due to defects in the formation of the coronary plexus

found in Sox7iECKO mutants. The coronary vasculature starts to form

very early in development, but it only connects to the blood flow at

around E13.5 when the coronary plexus connects to the base of the

aorta (Vir�agh & Challice, 1981). Therefore, defects in the proper for-

mation of the coronary vascular plexus may explain the cardiac

defects found in Sox7iECKO mutants after E13.5. This observation

prompted us to investigate the mechanism underlying the vascular

defects in the Sox7iECKO mutants, and we next set out to analyze the

coronary plexus.

To further investigate the coronary vessel defects identified dur-

ing the morphological characterization of Sox7iECKO mutant hearts

(Figs 2C and EV1U, empty arrows), we studied the patterning of the

coronary artery plexus. We performed whole heart immunofluores-

cence staining using antibodies against the arterial marker, CX40,

and a general endothelial marker, VEGFR2, to visualize the coro-

nary arteries and coronary vessel plexus, respectively (Fig 3A). In

Sox7iECKO mutant hearts, we consistently failed to detect distal coro-

nary arteries (marked by arterial marker CX40 in red), while forma-

tion of the coronary stems appeared intact (Fig 3A, Appendix Fig S2,

arrows). In contrast, the surrounding coronary vessels, labeled with

VEGFR2 and Histone H3, appeared grossly normal (Fig 3A and B,

Appendix Fig S2). The seemingly normal vessel network suggests

that sprouting angiogenesis is not compromised in the cardiac tissue

of Sox7iECKO embryos. We confirmed this by quantifying the
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coronary vessel coverage, ERG+ endothelial cell number, and their

proliferation rate in hearts from mutant and littermate control E13.5

embryos (Fig 3C–E). These results suggest an important role for

Sox7 in the coronary endothelium in the process of distal coronary

artery assembly, but not coronary plexus formation. These results

were further supported by morphometric analysis of the epicardial

and intramyocardial coronary vessels (Appendix Fig S3). This analy-

sis was done at E14.5 comparing Sox7iECKO to control embryonic

hearts and identified a significant reduction in intramyocardial ves-

sels, subepicardial vessels, and subepicardial area. The results sug-

gest that coronary and subepicardial defects are associated with the

loss of Sox7 function in the endothelium (Appendix Fig S3A and B).

However, all these changes were not maintained at E16.5 (Appendix

Fig S3C and D), suggesting that the reduction in these parameters at

E14.5 may be due to a delay in epicardium, subepicardium, and cor-

onary vessel formation most likely due to the absence of proper

growth of the compact layer. Indeed, at E16.5, the compact myocar-

dium of Sox7iECKO hearts is perfused by coronary vessels and both

the subepicardium and its vessels look normal (Appendix Fig S3C).

Interestingly, no major coronary vessels were present inside the

compact myocardium of Sox7iECKO hearts compared to control

(Appendix Fig S3C, arrow), suggesting that Sox7 may play a role in

the maturation and hierarchization of coronary vessels.

To determine whether the loss of distal coronary arteries

observed in the Sox7iECKO is a cardiac-specific defect or a more gen-

eral vascular defect, we analyzed the process of blood vessel forma-

tion at earlier stages in constitutive Sox7�/� embryos. Detailed

analysis of vibratome sections of Sox7�/� embryos as early as 17–18

somite stage (ss) identified arterio-venous shunts between the dor-

sal aorta (DA) and the cardinal vein (CV) (Figs 3F and EV2A). This

type of vascular by-pass is a classic phenotype of compromised

arterio-venous identity, suggesting that the loss of distal coronary

arteries is likely due to the loss of arterial identity, akin to the phe-

notypic outcome in the Sox17 loss of function scenario (Corada

et al, 2013; Gonz�alez-Hern�andez et al, 2020).

SOX7 directly regulates early markers of future coronary arteries

To investigate putative downstream targets of SOX7 TF involved

in arterial specification, we performed bulk RNA-Seq analysis on

whole Sox7 knockout embryos at E8.5 before any traces of gross

severe vascular defects (Appendix Fig S4A and B). This approach

revealed 15 down- and 50 up-regulated genes. Gene ontology anal-

ysis revealed that the differentially expressed genes have been pri-

marily implicated in blood vessel development and angiogenesis.

Of these genes, Dll4, Cx37, and Cx40 have a documented role in

arterial specification (Benedito et al, 2008; Gkatzis et al, 2016;

Fang et al, 2017), with Dll4 being a known target directly regu-

lated by SOX7 (Sacilotto et al, 2013). Furthermore, Cx40 has been

shown to mark the “pre-artery” cells that build coronary arteries

(Su et al, 2018). To further confirm SOX7-dependent cell-

autonomous regulation of these genes in the endothelium, we

performed RNA-Seq analysis of CD31+ cells sorted from Sox7iECKO

and sibling control embryos at E10.5 from dams pulsed with

tamoxifen at E9.5. Of the handful of differentially expressed genes,

we repeatedly observed the downregulation of Cx40 (Appendix

Fig S4C). We confirmed the reduction of Cx40 transcript levels in

sorted endothelial cells from Sox7iECKO and sibling controls by

qPCR (Fig 4A). In addition, we also validated the expression levels

of a closely related gene Cx37, identified as dysregulated in the

whole-embryo RNA-Seq analysis. To further assess the regulation

of Cx37 and Cx40 by SOX7 in an arterial specified cell line, we

performed gene knockdown of SOX7 using a siRNA-based

approach in the human arterial line HUAECs. This led to a reduc-

tion in CX37, CX40, and DLL4 expression levels, while expression

of endothelial markers such as ERG and VEGFR2 remained

unchanged (Fig 4B). This series of in vitro and in vivo experiments

position both Cx37 and Cx40 as downstream effectors of the Sox7

pathway in endothelial cells.

To further validate the positive regulation of Cx37 and Cx40 by

SOX7 in vivo, we next assessed Cx37 transcript levels in Sox7�/�

embryos by whole mount in situ hybridization at E8.5 (Fig 4C). In

the constitutive knockout, loss of Sox7 function was validated at the

phenotypic level by the presence of arterio-venous shunts (Figs 3F

and EV2A). In these experiments, Cx37 expression appeared

reduced in the mutant dorsal aorta at E8.5. SOX7-dependent down-

regulation of CX40 at the protein level was revealed by immunofluo-

rescence analysis on tissue sections or whole-skin staining from

E11.5 and E14.5 (Figs 4D and EV2B). Furthermore, Cx40 transcript

levels were downregulated specifically in the ventricular coronary

vessels, as shown by in situ hybridization on sections of Sox7iECKO

mutant hearts at E14.5 (Fig 4E).

◀ Figure 2. Endothelial-specific loss of Sox7 function leads to non-compaction cardiac defects.

A–C Morphological characterization of the cardiac defects in Sox7iECKO hearts compared to littermate controls at E14.5 after Cre induction by tamoxifen injection at
E9.5 and E10.5, by immunofluorescence analysis with tissue-specific markers CD31 (endocardium/endothelium; cyan), MF20 (myocardium; magenta), and nuclei
(Hoechst; blue). (A) Low-magnification images showing the general heart morphology. (B, C) High-magnification images showing the morphology of the compact
(arrows) and trabecular (arrowheads) myocardium, and coronary arteries (empty arrow) in the right (RV; B) and left (LV; C) ventricles. Note the clear increase in tra-
becular myocardium (arrowheads), reduction of compact myocardium (arrows, white contour), and the absence of intramyocardial coronary arteries (empty arrow)
in Sox7iECKO hearts compared to control hearts.

D–F Quantification of the area occupied by total, compact, and trabecular myocardium in each ventricular chamber, showing a statistically significant increase in total
(D) and trabecular (E, F, right graphs) myocardium area, and a statistically significant decrease in compact myocardium area (E, F, left graphs) in Sox7iECKO hearts
compared to control hearts.

G, H Quantification of the number of cardiomyocytes forming the compact (left graphs) and trabecular (right graph) myocardium of the right (G) and left (H) ventricles
in Sox7iECKO hearts compared to control hearts at E12.5, E13.5, and E14.5. Cell counts confirmed that the increase in trabecular myocardium and decrease in
compact myocardium areas in Sox7iECKO hearts is due to an increase and decrease in cardiomyocytes in the trabecular and compact myocardium, respectively.

I, J Quantification of the number of Ki67+-proliferating cardiomyocytes compared to the total number of cardiomyocytes in the compact (left graphs) and trabecular
(right graph) myocardium of the right (I) and left (J) ventricles in Sox7iECKO hearts compared to control hearts at E12.5, E13.5, and E14.5. A significant reduction in
cardiomyocyte proliferation in both the compact and trabecular myocardium was observed in Sox7iECKO hearts compared to control hearts at E14.5.

Data information: Biological replicates as per the number of data points in the graphs. Mean � SEM; t-test. P < 0.05 (*); P < 0.005 (**); P < 0.0005 (***); ns = not signifi-
cant. Scale bars = 300 lm (A), 200 lm (B, C).
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To examine if Cx40 is a potential direct target gene of SOX7, we

analyzed the SOX7-mCherrry ChIP-Seq dataset available from the

human venous endothelial cell line (HUVECs) (https://www.ebi.ac.

uk/arrayexpress/experiments/E-MTAB-4480/). This approach was

designed to uncover putative SOX7-dependent regulatory elements

associated with the CX40 gene. The most common binding motif

identified in the SOX7 ChIP-Seq dataset corresponds to the reported

SOX motif 50-A/TTTGTT-30 (Fig EV2C). From this dataset, we identi-

fied a 500 bp putative CX40 regulatory element situated 21 kb

upstream from the transcription start site (CX40-21). The CX40-21

site appears to coincide with an open chromatin region (revealed by

DNAseI footprint, black peaks) associated with the binding of active

histone marker, H3K27Ac (light blue), and strong enhancers

(ChroMM, orange bar) (EVD). To test the activity of this DNA ele-

ment in vivo, we cloned a fragment of this region into the ZED

enhancer reporter system (Bessa et al, 2009) and generated stable

transgenic reporter zebrafish lines. The ZED vector has a minimal

gata2 promoter driving GFP expression in the presence of the
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Figure 3. Specification of the coronary artery and dorsal aorta is dependent on endothelial Sox7 function.

A Whole-mount immunostaining of control and Sox7iECKO hearts at E14.5 after Cre induction by tamoxifen injection at E9.5, E10.5. Coronary vessels are stained with
VEGFR2 (green), coronary arteries (arrows) and trabecular myocardium (TM) are both stained with CX40 (red). Asterisks show where the major distal coronary arter-
ies are lost in the Sox7iECKO heart. The number of embryos showing the illustrated phenotype among the total examined is indicated.

B Whole-mount immunostaining of control and Sox7iECKO hearts at E13.5 after Cre induction at E9.5 and E10.5. Coronary vessels are stained with VEGFR2 (white) and
endothelial nuclei with ERG (red). The coronary plexus front is outlined by the dotted lines.

C–E Graphs showing quantification of coronary vessel density (C), ERG-positive endothelial cells (D), and % of H3+ proliferative endothelial cells (E) in the coronary
plexus. Scored sibling control, n = 4; Sox7iECKO mutant embryos, n = 4 embryos; Mean � SEM; Mann–Whitney U-test. ns = not significant.

F Serial sections of a wild-type and a Sox7�/� embryo at 17–18 ss (E9.0), stained with endomucin (blue) to detect the endothelial lining, ERG (white) for endothelial
nuclei, and SOX17 (red) for arterial nuclei. The dorsal aorta (DA) is labeled by the red arrows and white arrowheads, while cardinal vein (CV), blue arrows. Fusion
between DA and CV is indicated by orange arrowheads.

Data information: Scale bars = 100 lm.
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CX40-21 region and enabled us to assess enhancer activity of this

regulatory element during development. As shown in Figs 4F and

EV2E, the 500 bp CX40-21 DNA element has the ability to drive GFP

expression into cardiac endothelium and blood vessels in zebrafish

larvae (Figs 4F and EV2E). Altogether, these data indicate that SOX7

plays an indispensable role in arterial specification of the distal
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Figure 4. Sox7 modulates arterial specification through transcriptional regulation of Connexin 37 and 40.

A Quantitative PCR analysis on FACs-sorted PECAM+CD45� endothelial cells from Sox7iECKO mutants and sibling controls at E10.5, injected with tamoxifen at E9.5.
Expression is normalized to the endothelial marker Pecam and Cdh5. Scored sibling controls, n = 7 embryos; Sox7iECKO mutants, n = 7 embryos. The dashed line refers
to the expression level of gene expression in control samples and is arbitrarily set to 1.

B Quantitative PCR analysis on the human arterial endothelial cell line (HUAECS) transfected with SiSOX7 or SiCTRL for 48 h. Expression is relative to HPRT and GAPDH.
Biological replicates, n = 6. The dashed line refers to the expression level of gene expression in control samples and is arbitrarily set to 1.

C Representative images of Cx37 in situ hybridization on whole E8.5 (8–10 ss) embryos. The staining in Sox7�/� dorsal aortae is markedly reduced (asterisks) when
compared with the wild-type controls (black arrows).

D Section immunostaining of control and Sox7iECKO early neuronal vascular plexus at E11.5. Blood vessels are stained with endomucin (green); SOX7 (white); and CX40
(red). Scale bars = 40 lm.

E Representative images of Cx40 section in situ hybridization on E14.5 hearts. The staining in Sox7iECKO coronary vessel in the ventricle free wall is markedly reduced
(asterisks) when compared with the controls (black arrows). The number of embryos showing the illustrated phenotype among the total examined is indicated. Scale
bar = 75 lm.

F The CX40-21:GFP transgene directs GFP fluorescence expression to the heart endothelium and vascular endothelium, in transgenic zebrafish larvae at 4 dpf. OFT, out-
flow tract; A, atrium; V, ventricle.

Data information: Scale bars = 50 lm. (A, B) Mean � SEM; t-test. P < 0.05 (*); P < 0.005 (**); P < 0.0005 (***).
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coronary artery through direct transcriptional regulation of Cx40

and Cx37.

Endothelial-specific deletion of Sox7 depletes a subpopulation of
endocardial cells during heart development

While it is evident that SOX7 plays a pivotal role in arterial specifi-

cation of the coronary artery, it is unlikely that the hyper-

trabeculation and non-compaction phenotype described above is a

result of coronary artery malformation. The myocardium phenotype

is initiated as early as E12.5 before coronary arteries are formed. To

further dissect the molecular function of SOX7 in cardiac endothelial

cells and its role in shaping the transcriptomic profiles of cardiac cell

populations, we performed single-nuclei (sn) RNA-Seq on whole

hearts from Sox7iECKO and sibling control embryos at E12.5 3 days

after Cre-mediated excision by tamoxifen treatment (Fig 5A). The

gene-targeted disruption was confirmed by the presence of Sox7

transcripts missing exon 2 (the exon flanked by the loxP sequences)

in the Sox7 locus of the Sox7iECKO hearts (red track) (Fig EV3A).

snRNA-Seq analysis was performed using the Chromium system

(10× Genomics), with individual nuclei collected from a pool of four

hearts per genotype. A total of 6,414 control and 5,986 Sox7iECKO

nuclei were used for subsequent downstream analysis. Using the t-

distributed stochastic neighbor embedding (t-SNE) approach, we

identified a total of 13 distinct cell clusters, annotated based on the

expression of top differentially expressed and known marker genes.

These include three cardiomyocyte clusters (Ttn, Myh6, Nppa),

three cardiac endothelial clusters (Flt1, Pecam1, Fli1), three hemato-

poietic cell clusters (Hba-a2, Itga2b, Ly86), two fibroblast clusters

(Ptn, Pdgfra), one epicardial cluster (Wt1, Tbx18), and one cluster

corresponding to cardiac valvular cells (Vcan, Tbx20) (Figs 5B–D

and EV3B–E). Interestingly, all cell clusters were represented in the

hearts of embryos of both genotypes, although their relative propor-

tions varied between mutant and control samples.

It has been reported that the cardiac endothelial cell population

is the most enriched population in the adult mouse heart (Pinto

et al, 2016). Strikingly, general analysis of the relative contribution

of the different cell populations in Sox7iECKO mutants compared to

control embryos identified a redistribution in the relative propor-

tions of different cell types in Sox7iECKO mutant hearts, with cardio-

myocytes being the most abundant cell type outnumbering the

diminishing endothelial cell population in this genotype (Figs 5E

and F, and EV3B). We next interrogated the dataset to further inves-

tigate the molecular signatures contributing to this shift in the rela-

tive proportion of each cell population contributing to the Sox7iECKO

mutant heart.

The vast majority of endothelial cells have an endocardial cell

identity as shown by C2, C5, and C7 clusters that express the Npr3

marker (Fig 5D) (Zhang et al, 2016). This is consistent with the fact

that the coronary vessels originating from the sinus venosus and

endocardium have just started to infiltrate the cardiac tissue at

E11.5 (Red-Horse et al, 2010). Of the three cardiac endothelial clus-

ters, C5 is not proliferative as shown by the low levels of Daiph3,

Ki67, and Ttk expression (Fig EV3C). A small subpopulation of

endothelial cells expressed coronary vessel markers such as Fabp4

and Apelin (Npr3 low) within the proliferative population C7

(Fig 5D, red arrowheads) (Red-Horse et al, 2010; He et al, 2014).

Interestingly, we found a dramatic reduction in the C2 cardiac

endothelial cluster in the Sox7iECKO sample, while the other two

clusters (C5, C7) remained unchanged (Fig 5B, E and F). Further

analysis of the C2 endocardial population reveals that these cells

display higher expression levels of genes such as Sox9 and Pdgfra

that define endovascular progenitor cells (Fig EV3C) (Patel

et al, 2017). In addition, cells in the C2 cluster also express Gpc3, a

prominent liver stem cell marker (Grozdanov et al, 2006; Su

et al, 2017), suggesting that the C2 population might represent a

multipotent cell state. Unlike C5 and C7, heatmap analysis showing

the expression profile of the C2 cell population reveals a blend of

signals common to other populations (Fig 5C), suggesting that C2

represents a more immature endocardial population compared to C5

and C7.

To validate the presence of the C2 population in vivo, we ana-

lyzed the co-expression of Sox7, Sox9, and Gpc3 in the heart of

E12.5 Sox7-V5 transgenic reporter embryos. Gene co-expression

analysis of the C2 cluster shows that around 6% of the endocardial

progenitor cells are triple positive for these markers. smFISH for

Gpc3 and Sox9 combined with V5 immunofluorescence confirms the

presence of a subset of the trabecular endocardium that is triple pos-

itive for SOX7, Sox9, and Gpc3 (Fig EV4A, orange arrows). Consis-

tent with what we observed in the snRNA-Seq analysis when

comparing control and Sox7iECKO, we observed a general decrease in

Gpc3- and Sox9-positive cells in the mutant condition. This is espe-

cially evident in the right ventricle endocardium, but not as pro-

nounced in the left ventricle (Fig EV4B). This observation confirms

that a subset of the C2 population is lacking expression of genes

with stemness potential during Sox7 loss of function.

To further address possible changes in the endocardial composition

in Sox7iECKO mutant hearts stemming from the diminished C2 endocar-

dial cell population, we quantified cell number and proliferation rate

in the endocardium as described above (Appendix Fig S1F–H, K–M,

P–R and U–W). In these experiments, quantification was performed

separately in both the basal and apical endocardium, which are

known to display differential expression of genes and function (Del

Monte-Nieto et al, 2018). Quantification of cell number identified no

significant differences in the number of cells forming the endocardium

or the basal and apical endocardium of Sox7iECKO embryos at E12.5

and E13.5. However, there was a significant reduction in the number

of endocardial cells in the right ventricle of Sox7iECKO mutants at E14.5

with a clear decrease (non-significant) in the left ventricle (Appendix

Fig S1F and K). Interestingly, this reduction in endocardial cells was

significant exclusively in the basal endocardium of the right ventricle

at E14.5, with no significant difference in the apical endocardium

(Appendix Fig S1G, H, L and M). No statistically significant changes in

proliferation were observed in mutant samples, with the exception of

a significant increase in the number of proliferating cells in the apical

endocardium at E13.5 and E14.5 (Appendix Fig S1P–R and U–W).

However, there is a clear non-significant trend showing increased

endocardial cell proliferation at all stages analyzed (Appendix

Fig S1P–R and U–W).

Endothelial-specific deletion of Sox7 promotes an increase in the
specification of trabecular cardiomyocytes in the
developing heart

The changes observed across the C2, C5, and C7 endothelial popula-

tions in Sox7iECKO hearts are paralleled by an enrichment of
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subpopulations representing cardiomyocyte (C4) and hematopoietic

cell lineages (C9 and C13) (Figs 5B, E and F, and EV3B). This is con-

sistent with the increase in cardiomyocyte populations characterized

in the trabecular myocardium described above (Figs 2E–H and

EV1Q, R, W and X). Unlike the other two cardiomyocyte clusters

(C1 and C8), C4 shows higher expression of cardiac progenitor

markers such as Nkx2.5 and Desmin (Lien et al, 1999; Fuchs

et al, 2016). In contrast, higher expression of genes such as Slc8a1,

Actn2, Cacna1c, and Ryr2 involved in electrophysiology and calcium

handling suggests that C1 and C8 populations are in a more mature

state (Fig EV3D) (Karbassi et al, 2020). In addition, C4 is enriched

for expression of ribosomal proteins (Rpl32, Rplp1, Rpl41),
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Figure 5. Single-nuclei RNA-Seq analysis of control and Sox7iECKO hearts at E12.5 show changes in cardiac cell populations.

A E12.5 control and Sox7iECKO hearts harvested from dams injected with tamoxifen at E9.5 and E10.5. Hearts (pooled from four hearts) were snap frozen; nuclei were
isolated and sorted by FACs before loading into the 10× Chromium Genomics platform.

B, C t-SNE plots and unsupervised cell clustering analysis showing the top 10 differentially expressed marker genes from the 13 identified clusters. V-CM, ventricular/
compact cardiomyocytes; ECP, endocardial progenitors; d.CM, differentiating cardiomyocyte; np-EC, non-proliferative endocardial; EP, epicardial cells; p-EC, prolifer-
ative endocardial/endothelial; T.CM, trabecular cardiomyocytes; FI, fibroblasts; MCP, megakaryocyte progenitors; MP, macrophages.

D Feature plots showing the different selected markers for cardiac endothelial cells (Sox7, Flt1, Pecam1; top), and markers for coronary vessels (Fabp4, Apln) and
endocardial cells (Npr3) (bottom). Red arrowheads delineate the coronary vascular endothelial population.

E, F Graphs showing the cell number per cluster and changes in cell proportion, relative to the control, per cluster in E12.5 control and Sox7iECKO hearts.
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suggesting that these cells actively engage with protein translation

and are metabolically active (Fig EV3D). It has been shown that

early differentiating cells display higher levels of ribosomal protein

expression (Sampath et al, 2008; Ingolia et al, 2011; Buszczak

et al, 2014) suggesting that C4 is undergoing active differentiation.

snRNA-Seq analysis revealed in the C4 cluster a more pronounced

expression level of Nppa and Hopx, two known trabecular markers.

In order to further validate in vivo changes in the C4 cardiomyocytes

subpopulation, we analyzed Nppa and Hopx gene expression pattern

comparing control and Sox7iECKO E12.5 embryos. As expected, Hopx

and Nppa transcripts were found restricted to the trabecular myo-

cardium in the ventricular chambers (Appendix Fig S5). Interest-

ingly, whereas in control embryos, the expression of both markers

is restricted toward the trabecular apex (arrows in Appendix

Fig S5A–F, left panels), in Sox7iECKO mutant hearts, we observed an

expansion of these markers to the base of the trabeculae (arrows in

Appendix Fig S5A–F, right panels). Lastly, in parallel to this ectopic

expression of trabecular markers, we observed a significant reduc-

tion in the expression levels of three markers specific to the compact

myocardium (Kcnd2, Hey2, and Mycn) in the C1 population (Appen-

dix Fig S5G) when comparing control and Sox7iECKO, consistent with

the thinning of the compact myocardium (Figs 2 and EV1).

Altogether these results suggest that the loss of Sox7 function in

the endothelium compartment causes a dramatic expansion of the

C4 trabecular cardiomyocytes at the expense of the C1 compact

myocardium population. This result suggests that the C2 endothelial

subpopulation is essential to preserve a proper ratio between the

trabecular and compact myocardium cell populations.

Here, we established a correlation between the depletion of the

C2 endocardial population and a parallel increase in a cardiomyo-

cyte subpopulation undergoing differentiation in the developing

ventricle of the Sox7iECKO mutant. This suggests that the cardiomyo-

cyte maturation process is under the influence of both the number

of cardiac endocardial cells and their degree of differentiation. This

observation is strengthened by analysis of the snRNA-Seq dataset

using the monocle algorithm, which infers cell fate trajectory. To

account for a bias caused by C2 depletion, we excluded the C2 clus-

ter from the pseudo-time analysis. The loss of Sox7 function in the

endothelial compartment strongly influences cell state transition

within the cardiomyocyte subpopulations (Appendix Fig S6A

and B).

To discount the possibility that the loss of endothelial Sox7 may

lead to the aberrant transdifferentiation of the C2 endocardial cells

into C4 cardiomyocytes, we performed lineage-tracing analysis of

Sox7iECKO cells labeled with the mT/mG reporter system (Appendix

Fig S7). In this assay, the Cre activity arrests the membrane-bound

Tomato expression and instead, triggers the expression of

membrane-bound EGFP. Analysis of EGFP-positive cells in the

Sox7iECKO samples did not reveal the presence of any discrete pools

of EGFP+ cardiomyocytes, suggesting that it is unlikely that the

increase in the C4 cardiomyocyte population is caused by a fate shift

in the endocardial progenitor population.

Endothelial-specific deletion of Sox7 alters the balance of
erythro-myeloid lineages in the developing heart

Since it is well established that Sox7 function maintains endothelial

cell identity at the expense of the hemogenic endothelium

compartment in the dorsal aorta, it is possible that the lack of SOX7

function prompts C2 cells to differentiate into an erythro-myeloid

lineage. Consistent with these findings, the C9 cell cluster shows

expression of hemoglobin genes (hba-a2, hbb-bt) and erythroblast

markers (Ermap, Slc4a1, Nudt4, Tfrc), and is proportionately over-

represented in the Sox7iECKO hearts (Figs 5B, C, E and F, and EV3E).

Likewise, the C13 cell population that displays high levels of expres-

sion of genes associated with heart macrophages (Ptprc, Csf1r, and

Lair1) is over-represented in Sox7iECKO relative to control hearts

(Figs 5C and F, and EV3E).

To validate the observed variation in the cellular composition of

Sox7iECKO hearts, we next performed fluorescence-activated cell

sorting (FACS) analysis in E13.5 hearts using the pan-hematopoietic

marker, CD45 (Ptprc), the early erythroblast marker, CD71 (Tfrc),

and the pan-endothelial marker, CD31 (Pecam1) (Fig 6). To avoid

contamination from circulating blood cells, all embryonic hearts

were flushed with saline buffer prior to analysis (Fig 6A). Similar to

the snRNA-Seq analysis where the C2 cluster is diminished in

Sox7IECKO hearts relative to controls, there was a consistent deple-

tion of a fraction of the endothelial cell population

(CD71�CD45�CD31+) in the Sox7iECKO hearts. This was paralleled by

an increase in a hematopoietic population that expresses CD31

(CD71�CD45lowCD31+) (Fig 6B–E), whereas the

CD71�CD45lowCD31� remained unchanged (Appendix Fig S8A and

B). CD71 is a well-established marker of early erythroblast cells

(Dong et al, 2011; Chao et al, 2015). Quantification of the CD71high

population also revealed a higher number of cells in this subpopula-

tion in Sox7iECKO hearts compared to control hearts (Fig 6F–I),

thereby confirming at the experimental level, our initial observa-

tions. This suggests that loss of Sox7 function promotes the deple-

tion of the C2 cardiac endothelial cell population, which may in turn

give rise to an increase in the erythro-myeloid lineages in the heart

at around E12.5–13.5. These results are supported by the known

role of Sox7 as a gatekeeper of endothelial cell identity at the

expense of the hemogenic endothelium (Gandillet et al, 2009; Costa

et al, 2012; Lilly et al, 2016). Furthermore, the identification of the

endocardium with hemogenic potential (Nakano et al, 2013; Zamir

et al, 2017) suggests that SOX7 most likely plays a similar function

to its role in the dorsal aorta in order to preserve a balanced distri-

bution of endothelial and hemogenic compartments.

To investigate the possibility that the loss of endothelial Sox7

may lead to the aberrant transdifferentiation of the C2 endocardial

cells into hematopoietic cells, we performed lineage-tracing analysis

of Sox7iECKO cells labeled with the mT/mG reporter system

(Fig EV5A and B). The principle of this assay is similar to the

lineage-tracing approach performed above with the cardiomyocyte

populations. Analysis of the Sox7iECKO; mT/mG samples showed the

presence of EGFP+/CD34+- or EGFP+/CD45+-positive cell pools in

the coronary vasculature, suggesting that the increase in the C9/C13

hematopoietic populations is caused by a fate shift in the SOX7-

positive endocardial progenitor population.

Paracrine signaling from endothelial cells modulates
cardiomyocyte behavior in vitro in a Sox7-dependent manner

Given the marked changes in cardiomyocyte response when Sox7

function is compromised in the endothelial cell compartment,

we next set out to assess the functional consequences in
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Figure 6. FACs analysis confirms a higher proportion of hematopoietic lineage cells in Sox7iECKO hearts.

A Schematic representation of the tamoxifen injection course, where the pregnant dams were injected with tamoxifen at E9.5 and E10.5 and hearts were harvested
at E13.5 (left). Hearts were flushed with saline buffer to remove circulating blood cells before dissociation into single cells for FACs’ analysis (right).

B Flow analysis of hematopoietic and endothelial cells in control and Sox7iECKO hearts. Results displayed a dramatic increase in the number of events
associated with CD71�CD45lowCD31+ hematopoietic cells (circled) but fewer CD71�CD45�CD31+ endothelial cells (rectangular box) in Sox7iECKO hearts
relative to the controls.

C Graphs showing the proportion of CD31+ cells that express CD45low or CD45� in E13.5 control and Sox7iECKO hearts.
D, E Graphs showing the proportion of CD71�CD45�CD31+ endothelial cells (D) and CD71�CD45lowCD31+ hematopoietic cells (E), both normalized to the

CD71�CD45�/low parent events.
F–I Flow analysis of early erythroblast (CD71high, F; CD71highCD45�CD31�, H) population, showing an increase in such events in the E13.5 control and Sox7iECKO hearts.

(G) Graphs showing the proportion of CD71high cells in CD71-positive population of the E13.5 control and Sox7iECKO hearts. (I) Graphs showing the proportion of
CD71highCD45�CD31� cells in CD71-positive population of the E13.5 control and Sox7iECKO hearts.

Data information: (C–E, G, I) Biological replicates, n = 6 control hearts; n = 8 Sox7iECKO hearts. Mean � SEM; t-test. P < 0.05 (*); P < 0.0005 (***). Scale bars = 500 lm.
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cardiomyocytes resulting from depleting Sox7 in endothelial cells,

by taking advantage of a human cardiac organoid (hCO) system

(Mills et al, 2017). Briefly, SOX7 was knocked down in HUAECs

using siRNA-mediated gene silencing (Fig 7A). SOX7 levels in

HUAECs were consistently depleted to 60–70% of control levels

upon siRNA treatment, with these levels maintained across 5 days

of cell culture (Fig 7B). Knockdown was performed using a transient

transfection at D0 with a single SOX7 siRNA. These SOX7-depleted

endothelial cells together with their respective controls were next

seeded with human pluripotent stem cell-derived cardiomyocytes at

Day 2 after transfection. The endothelial cell (EC)/human cardiac

organoid (HCO) co-cultures were allowed to form for another 4 days

before batch analysis of cardiac contractile parameters was

performed for each condition (Fig 7A).

Interestingly, the co-culture of control-treated endothelial cells

and cardiomyocytes significantly increased the contraction rate as

well as the activation and relaxation time of cardiomyocytes

(Fig 7C–F), supporting the idea that endothelial cells enhance the

overall physiological performance of cardiomyocytes. In the pres-

ence of endothelial cells with siRNA-depleted SOX7 levels, cardio-

myocyte contractility showed a significant increase in both

activation time and relaxation time when compared to

control endothelial/cardiomyocyte co-culture conditions. This

supra-physiological increase in relaxation time is comparable to

effects caused by known pro-arrhythmic drugs such as propranolol

or E4031 (Hoang et al, 2018). The dramatic increase in relaxation

and activation time seen in SOX7-depleted conditions may relate to

alterations in the extra cellular matrix composition and/or stiffness,

or to altered levels of angiocrine signaling from endothelial cells.

Our data suggest that in vitro depletion of SOX7 function in endothe-

lial cells is sufficient to influence the contractile properties of cardio-

myocytes co-existing in culture.

Overall, several lines of experimental evidence support the idea

that modulating endothelial cell identity by interfering with Sox7

function has a dual outcome: (i) It leads to a lack of maintenance in

endocardial cell identity which in turn disrupts the fine balance

in the distribution of cardiac cell types, and (ii) these perturbations

of cell identity promote morphological and functional cardiac

defects caused by the alteration of heterotypic cell interaction

between cardiac tissues.

Discussion

In this study, we have identified Sox7 as a key regulator of cardiac

endothelial cell identity and showed that SOX7-dependent cross-talk
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Figure 7. Cardiomyocyte function is affected by Sox7 depletion in endothelial cells.

A Schematic showing the formation of endo/cardio-human cardiac organoids (hCO). SOX7 was knocked down in human arterial endothelial cells (HUAECS) by siRNA
transfection, then seeded with hiPSC-CMs and fibroblasts within extracellular matrix (ECM), and allowed to gel for 30 min at 37°C. Cells condense around the two
elastomeric poles. Deflection of these poles can be used to approximate the contractile properties of each hCO.

B Quantitative PCR on HUAECs showing the degree of knockdown of SOX7 across 5 days following siRNA transfection. The dashed line refers to the expression level of
gene expression in control samples and is arbitrarily set to 1.

C–F Contractile properties of endo/cardio-human cardiac organoid (hCO) showing the force of cardiomyocyte contraction (C), rate (D), 50% activation time (E), and 50%
relaxation time (F). Overall contraction parameters � SD from n = 31 endo/cardio-hCO cultured for 5 days in CTRL medium (10–11 hCO per condition).
****P < 0.0001 using one-way ANOVA with Tukey’s post-test.
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between endothelial cells and cardiomyocytes controls the process

of cardiac trabeculation and chamber myocardium compaction. At

the cellular level, we showed that endothelial-specific loss of Sox7

perturbs the finely tuned balance of different cardiac cell types dur-

ing heart embryogenesis. Loss of endothelial Sox7 promotes the

reduction of an endothelial progenitor population and this results in

the dysregulation of cardiomyocyte populations and erythro-

myeloid lineages. We demonstrated that the dysregulation of Sox7

in the endocardium promotes a hyper-trabeculation phenotype from

E12.5–E13.5 that is not associated with increased proliferation of

cells in the trabecular myocardium, but due to an increase in the

allocation of cardiomyocytes to the trabecular layer from the com-

pact myocardium.

Our results identified a reduction in the number of endocardial

cells at the trabecular base, suggesting that the endocardial popula-

tion depleted in the Sox7iECKO mutant embryos may derive from this

location, and therefore, be involved in the control of cellular process

occurring in the trabecular myocardium base. Cells of the trabecular

myocardium are in an advanced differentiation state compared to

the compact myocardium. Growth of the trabecular myocardium

occurs primarily from the trabecular base, with oriented cell divi-

sion allocating compact layer cardiomyocytes into the trabecular

layer, where they differentiate into trabecular cardiomyocytes (de

Boer et al, 2012; Li et al, 2016).

Our results suggest that endocardial Sox7 may control the pro-

cess by which cardiomyocytes are allocated to and differentiate in

the trabecular layer. The increased undifferentiated cardiomyocyte

population identified in the Sox7iECKO mutant samples in snRNA-Seq

experiments may therefore represent a population of cardiomyo-

cytes that have entered the trabecular layer but failed to totally dif-

ferentiate into trabecular myocardium due to the lack of inductive

signals from the missing basal endocardial population controlling

the process. Therefore, this study positions Sox7 as the key endothe-

lial regulator of chamber myocardial morphogenesis and shows that

signaling downstream of Sox7 controls myocardial cell lineage deter-

mination and cellular behavior during heart development.

Our data further show Sox7 is essential for coronary artery speci-

fication, and suggest that this is likely due to direct transcriptional

regulation of Notch signaling and Connexin molecules. However,

unlike the phenotype caused by the chromatin remodeler Ino80 loss

of function, the hyper-trabeculation and non-compaction defects in

the Sox7iECKO mutant hearts are not related to coronary angiogenesis

impairment. Instead, the coronary molecular and morphological

phenotype identified in Sox7iECKO mutants suggest that the estab-

lished molecular relationship among SOXF, Notch, and Connexin

signaling controls the process of arterialization and hierarchization

of coronary vessels during the late stages of heart formation.

The role of sox7 in arterial specification has been reported in

zebrafish vascular endothelium (Hermkens et al, 2015). Studies

in mice confirmed its role and showed that Sox7 controls arterial

development through transcriptional regulation of the Notch ligand,

Dll4, and its receptor, Notch1 (Sacilotto et al, 2013; Chiang

et al, 2017). In addition to its known role in the vascular endothe-

lium, here we show that Sox7 is also required for coronary artery

formation. Our data also confirm Dll4 as a downstream transcrip-

tional target of SOX7. We also report additional direct target genes,

including Cx37 and Cx40, which encode gap junction proteins that

play a key role in cell–cell communication.

Both Cx37 and Cx40 are expressed in the blood vascular endothe-

lium, including in arterial endothelial cells and smooth muscle (Simon

& McWhorter, 2002; Haefliger et al, 2004; Buschmann et al, 2010).

Cx37 has been shown to enable arterial specification through cell cycle

arrest in a mouse retinal model (Fang et al, 2017). Cx40 has been

linked to flow-driven arteriogenesis and collateral arterial network

development (Buschmann et al, 2010). Loss of Cx40 was further

shown to potentiate the appearance of arteriovenous shunts in Alk1-

haploinsufficent mice (Gkatzis et al, 2016), implicating Cx40 as an

important component in the maintenance of arterial cell identity.

Recently, through a single-cell transcriptomic analysis during heart

development, Su et al (2018) identified Cx40 as a marker of arterial

progenitor cells in the sinus venosus during coronary artery forma-

tion. This study showed that expression of Cx40 is a critical intermedi-

ary step for arterial specification. In line with and expanding on these

findings, our data suggest that Sox7 modulates the emergence of pre-

arterial cells via the direct regulation of a gene regulatory network that

involves Cx40, Cx37, and Notch effectors (Sacilotto et al, 2013; Chiang

et al, 2017).

Similar to the phenotype observed in the present study, failure to

form the coronary arteries was reported in a mouse model of

endothelial-specific loss of Sox17 function (Gonz�alez-Hern�andez

et al, 2020). Although the downstream molecular cascade regulated

by SOX17 to instruct coronary artery formation remains to be eluci-

dated, our study establishes that both Sox7 and Sox17 functions are

indispensable for this process. While it is possible that SOX17 might

regulate overlapping SOX7 target genes, such as those involved in

Notch signaling (Corada et al, 2013), the lack of compensation by

either molecule when the other is inactivated suggests they play

non-redundant roles in artery formation. This is reinforced by our

finding that SOX17 protein expression levels (Fig EV2B) remained

unaffected in the absence of Sox7. Hence, the loss of coronary arter-

ies due to altered Sox7 function is not mediated through perturbed

Sox17 activity. Although both Sox7 and Sox17 are involved in coro-

nary artery development, only Sox7 is expressed in endocardium by

E11.5 (Fig 1A and B; Gonz�alez-Hern�andez et al, 2020), suggesting

that Sox7 and Sox17 have distinct molecular roles in the cardiac

endothelium, especially at later developmental stages. It still

remains to be determined if depleting a Sox7-positive endocardial

cell pool directly contributes to the lack of coronary artery progeni-

tors, or whether there is a failure of arterial differentiation indepen-

dent from the endocardial contribution.

A role for SOXF transcription factors during endocardium differenti-

ation has been reported for both SOX17 and SOX7 (Doyle et al, 2019;

Saba et al, 2019; Hong et al, 2021). While Sox17 is thought to regulate

cardiomyocyte maturation in a non-cell autonomous manner, Sox7

was proposed to directly promote the endothelial lineage cell fate at

the expense of the cardiac lineage through positive regulation of Wnt

and BMP signaling in embryoid bodies (Doyle et al, 2019). Echoing

this in vitro finding, we report that deletion of Sox7 in cells committed

to an endothelial lineage causes an increase in a subpopulation of

cardiomyocytes. Nonetheless, lineage-tracing analysis using the Cdh5-

CreERT2:Sox7fl/fl;mT/mG mouse did not reveal any GFP-positive cardi-

omyocytes, suggesting that the expansion of the cardiomyocyte popu-

lation observed in Sox7iECKO mutants is not due to transdifferentiation

from a committed endothelial lineage into the cardiomyocyte lineage

(Appendix Fig S7). However, we cannot discount the possibility that

SOX7 plays a critical role at an early time point prior to fate
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specification when progenitor cells retain the bipotentiality to give rise

to either endothelial or cardiac lineages. Our data are consistent with

the possibility that the increase in cardiomyocyte number in the

absence of Sox7 is due to non-cell-autonomous effects from the cardiac

endothelium to the myocardium, akin to what has been described in

mice that are deficient for Sox17, Ino80, and Notch mutants, Fkbp1a

and Jarid2 (Mysliwiec et al, 2011; Chen et al, 2013; Saba et al, 2019;

Rhee et al, 2021).

In addition to a failure to specify coronary arteries, our work shows

that loss of Sox7 function depletes a subpopulation of endothelial cells

in the developing heart. The enriched expression of endocardial

marker Nrp3 and the absence of coronary markers Fabp4 and Apelin

suggest that this population is mainly endocardial in nature. This

observation coincides with an increase in the overall proportion of

hematopoietic cells, specifically the CD45lowCD31+ hematopoietic cells

and CD71highCD45�CD31� erythroblasts (Fig 6), and a subset of cardi-

omyocytes. Cells expressing both CD45 and CD31 have been previ-

ously associated with the hematopoietic stem cell niche (Shaw

et al, 2004). Interestingly, Sox7 has previously been shown to play a

critical role in directing endothelial specification and lineage mainte-

nance in the hemogenic endothelium, with its downregulation

required for the subsequent emergence of hematopoietic progenitors

(Gandillet et al, 2009; Costa et al, 2012; Lim et al, 2016). Akin to both

the dorsal aorta and the yolk sac vasculature, the heart endocardium

has been shown to have the capacity to undergo endothelial-to-

hematopoietic (EHT) transition from E9.5 in the mouse (Nakano

et al, 2013). This transition is observed in a specific group of cells inte-

grated into the outflow cushion and atria called the hemogenic endo-

cardial cells. Later in development between E11 and E14, aggregates of

endothelial and hematopoietic cells called the blood islands are

formed, emerging from the endocardium (Red-Horse et al, 2010;

Jankowska-Steifer et al, 2015). Consistent with the role of Sox7 in the

hemogenic niche in other organs, analysis of E13.5 embryonic hearts

from a Cdh5-CreERT2:Sox7fl/fl; mT/mG reporter line shows that GFP-

positive endothelial cells (e.g., Sox7 null) harbor the expression of

hematopoietic stem cell markers CD34 and pan-hematopoietic marker

CD45 (Fig EV5). These results suggest an important role for SOX7 in

the maintenance of the endocardial identity by preventing its transdif-

ferentiation toward a hematopoietic fate.

In summary, we have identified Sox7 as a key regulator of car-

diac endothelium identity. The present study further supports the

pivotal requirement for a specified, differentiated endothelium to

instruct heart morphogenesis (Mysliwiec et al, 2011; Chen

et al, 2013; Qu et al, 2019; Sandireddy et al, 2019; Rhee et al, 2021).

The finely tuned regulation of the number and state of cardiac endo-

thelial cells by Sox7 and its downstream effectors is intricately

linked to the distribution of other cardiac cell types, which in turn

determines tissue architecture, assembly, and function during car-

diac development. This finding sheds light on a potential novel etio-

logical component of non-compaction cardiomyopathies.

Materials and Methods

Transgenic mice and fish

Mice used in this study were Sox7:tm1 (Chiang et al, 2017), Cdh5-

CreERT2 (Wang et al, 2010), Sox7fl/fl (Lilly et al, 2017), Sox7-V5

(Chiang et al, 2023), Sox7Dex2/Dex2 (Wat et al, 2012), and mT/mG

(Muzumdar et al, 2007). Sox7 endothelial-specific conditional

knockout (C57BL/6) was a cross between Cdh5-CreERT2 and Sox7fl/

fl. To delete Sox7 in endothelial cells, two consecutive intraperito-

neal injections of tamoxifen (T5648, Sigma Aldrich), at 2 mg per

pulse, were administered to dams at E9.5 and E10.5, and embryos

were collected at the indicated time points. To detect the primary

gene targets of SOX7, pregnant dams were pulsed with tamoxifen at

E9.5, and embryos were harvested for FACs sorting 24 h after Cre

induction. Cx40-21:GFP was generated as described in Chiang

et al (2017) by cloning a 566 bp PCR fragment from human genomic

DNA into the zebrafish enhancer detector (ZED) vector (Bessa

et al, 2009). All animal work was approved by the relevant ethics

committees of the University of Queensland and University of Syd-

ney ethics ID: 084/19 Experimental Analysis of Lymphangiogenesis

in Development and Regeneration.

Immunofluorescence staining and tissue sectioning

Mouse embryos were fixed in 4% paraformaldehyde for either 1 h

or overnight at 4°C, depending on the developmental stage, and

then washed three times in PBS. Tissue embedding and sectioning

were performed according to standard protocols. Immunofluores-

cence staining of mouse embryos was performed as described in

Chiang et al (2023). Immunofluorescence of tissue sections for the

characterization is shown in Figs 2 and EV1, and Appendix Fig S1,

and was performed as described in Del Monte-Nieto et al (2018).

Antibodies used were as follows: anti-EMCN (1:300, sc-53941,

Santa Cruz), anti-SOX7 (1:300, AF2766, R&D System), anti-SOX17

(1:300, AF1924, R&D System), anti-ERG (1:300, AB92513, Abcam),

anti-phospho-histone H3 (1:500; H9908, Sigma Aldrich), anti-V5

(1:200, AB3792, Merck), anti-TPM (1:500; T9283, Sigma), anti-

VEGFR2 (1:200, AF644, R&D System), anti-CX40 (1:300, CX-40A,

Alpha Bio-diagnostic), anti-SMA (1:200, 14395-1-AP, Proteintech),

anti-CD31 (1:200, DIA-310, Dianova), anti-MF20-488 (1:500, 53-

6503-80, Thermo Fisher Scientific), anti-CD34 (1:300, rat 13-0341-81

ebioscience), anti-CD45 (1:300, rat 53082 BD Pharmingen) and anti-

Ki67 (1:200, ab15580, Abcam). Nuclear counter-stainings were

performed using DAPI (1:1,000, D9542, Sigma Aldrich) or Hoechst

33342 (1:1,000, B2261, Sigma Aldrich).

Secondary antibodies were as follows: donkey anti-rat IgG Alexa

488 (A21208), goat anti-mouse IgG Alexa 594 (A11005), donkey

anti-rabbit IgG Alexa 647 (A31573), donkey anti-goat IgG Alexa 647

(A21447), and donkey anti-rabbit Alexa 594 (A21207). Secondary

antibodies were sourced from Invitrogen and used at 1:300 unless

specified otherwise. For morphological characterizations, CD31 was

amplified using anti-rat-HRP (1:100, A18745, Thermo Fisher Scien-

tific) followed by tyramide-Cy5 amplification (NEL745001KT; Perkin

Elmer); Ki67 was amplified using anti-rabbit-Cy5 (1:100, A31572,

Thermo Fisher Scientific).

Cell isolation for snRNA-Seq

Cdh5-CreERT2, Sox7fl/fl males were crossed with Sox7fl/fl females,

who were dosed with tamoxifen at E9.5 and E10.5. Hearts were

harvested from E12.5 embryos, and immediately snap frozen in liq-

uid nitrogen before storage at �80°C. Subsequently, four hearts

from similar genotypes were pooled, and single nuclei extraction
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and isolation were performed as described, with modifications (Sim

et al, 2021). Briefly, isolation buffer was 0.3 M sucrose, 10 mM

Tris–HCl, 5 mM magnesium acetate, 5 mM CaCl2, 2 mM EDTA,

0.5 mM EGTA, and 1 mM DTT. Pooled hearts were suspended in

isolation buffer and homogenized with a 15 ml tissue grinder

(357544, Edwards Wheaton). Samples were then filtered through a

40 lM cell strainer, washed, and finally, resuspended in PBS saline

buffer containing Hoechst stain (1:1,000, Invitrogen). Nuclei were

then sorted using a BD InfluxTM Cell Sorter with a 70 lM nozzle,

before loading onto the 10× chromium single-cell chip (v3, 10×

Genomics).

Imaging and data analysis

Images were captured with a Zeiss LSM710 META BIG, Zeiss LSM 710

FCS or Leica TCS SP8 HyD confocal microscopes with the 10×, 20× or

40× oil objectives. Images were analyzed using the Bitplane IMARIS

suite and Image J. Imaging was performed in the Australian Cancer

Research Foundation (ACRF)’s Dynamic Imaging Facility at the Insti-

tute for Molecular Bioscience (University of Queensland) and the Syd-

ney Cytometry facilities at Centenary Institute (University of Sydney).

All graphs and statistical tests were performed with Graphpad Prism 9

and illustrated with Adobe Illustrator CS6. Morphological, cell count,

and proliferation experiments were imaged using a Leica SP8 inverted

microscope at Monash Microimaging platform.

Image quantification and data analysis

Image analysis to perform tissue area, quantification of cell number,

and actively proliferating cells was performed in Fiji. Image chan-

nels were isolated and overlaid with a mask for area quantification

and nuclear classification performed via intensity thresholding. We

generated endocardial, myocardial, and epicardial masks. Myocar-

dial masks were further segmented into trabecular and compact

myocardial masks by manual selection of the compact layer

boundary following endocardial touchdowns as described in Del

Monte-Nieto et al (2018). The luminal boundary of the trabecular

myocardium and endocardium was found by iteratively expanding

this compact layer selection in a pixel-wise manner until it encom-

passed the entirety of the tissue; the distance at which all tissue was

enclosed was labeled as the luminal apical boundary, with the

basal/apical boundary defined as halfway between the compact

myocardium and the apex of the trabeculae. This allowed further

sub-segmentation of the endocardial and trabecular myocardial

masks into basal and apical layers. Nuclear segmentation was

performed with the StarDist plugin in Fiji (Schmidt et al, 2018). Indi-

vidualized nuclei were subsequently classified using the previously

generated tissue masks. This identified nuclei from cells forming the

compact myocardium, basal and apical trabecular myocardium, epi-

cardium, and basal and apical endocardium. The average intensity

of Ki67 staining within each nucleus was then measured, and nuclei

were further classified as either Ki67+ or Ki67� based on a calibrated

threshold; positive nuclei were labeled red and negative blue. The

data collected were scaled to the characteristic length of the specific

tissue area analyzed and normalized to the control value. Once

scaled and normalized, data were plotted using GraphPad Prism.

Data were analyzed for normal distribution using Shapiro–Wilk test.

Once confirmed, statistical analysis was performed using parametric

Student’s t-test with significance achieved when P-value was < 0.05.

Data were represented in the graph as mean � SEM. For a summary

of the quantification process, see Appendix Fig S9.

Cloning

To generate the CX40-21 construct, a 566 bp fragment of the human

CX40 region (GRCh37/hg19_dna range: Chr1: 147,266,531–

147,267,096) was amplified from human umbilical venous endothe-

lial cell (HUVEC) (CC-2519A) genomic DNA and subcloned into the

linearized zebrafish enhancer detector (ZED) vector, with the fol-

lowing primers (attB1 and attB2 cloning sites are underlined):

hCX40-21_F: GGGGACAAGTTTGTACAAAAAAGCAGGCTGAGCCTA

GGCACAGGGAAT

hCX40-21_R: GGGGACCACTTTGTACAAGAAAGCTGGGTACACCA

GATTGGTATTGGGTTTCT

Construct was generated using Gateway Cloning Technology

(Thermo Fisher Scientific).

Single-cell dissociation and fluorescent-activated cell sorting
(FACS)

To validate the Sox7iECKO E10.5 RNA-Seq, staged matched (31–33

ss) sibling controls and Sox7iECKO embryos were harvested from

pregnant dams treated as specified with tamoxifen at E9.5. Whole

embryos were subjected to single-cell isolation using 0.071 mg/ml

liberase in PBS buffer. CD31+ endothelial cells were isolated using

Alexa 488–conjugated rat anti-CD31 (1:800, 563607, BD Phar-

migen), and live/dead cells were detected by 7AAD (1:1,000, Invi-

trogen). Cell sorting was performed on a BD FACSAria Cell Sorter.

To validate the number of hematopoietic and cardiac endothelial

cells observed in snRNA-Seq (Figs 5 and EV3), control and Sox7iECKO

mutants hearts at E12.5 were dissected in ice-cold PBS, and circulating

blood cells were flushed using a microinjection needle filled with

saline PBS. Hearts were dissociated in 0.071 mg/ml liberase in PBS

buffer, supplemented with 0.25 mg/ml collagenase II, 0.25 mg/ml col-

lagenase IV, 1 mg/ml deoxyribonuclease I, 0.9 mM CaCl2, and 10 mM

Hepes, followed by incubation at 37°C for 5 min and pipetting with

P200 pipette tips every 2 min to assist tissue dissociation. Tissue diges-

tion was stopped by addition of 2 mM CaCl2 and 10% fetal calf serum.

Digestion buffer was next removed before passing the dissociated sam-

ples through a 70 lm cell strainer, washed once then resuspended in

Fc Block (1:200, BD Bioscience) followed by 10 min blocking on ice.

Dissociated cells were stained with appropriate antibodies for 0.5 h on

ice. Antibodies used were Alexa 488-conjugated rat anti-CD31 (1:200,

563607, BD Pharmigen), Brilliant Violet 510-conjugated rat anti-CD71

(1:200, R17217, BioLegend), and PE/Cyanine 7-conjugated rat anti-

CD45 (1:400, 30-F11, BioLegend). Live/dead cells were detected by

DAPI (1:1,000, D9542, Sigma Aldrich). For compensation, UltraComp

eBeads (Invitrogen) were used as per manufacturer’s instruction. Sam-

ples were washed twice, and then two hearts from similar genotypes

were pooled (following genotyping by PCR). Pooled samples were

finally resuspended in 200 ll 1% FCS/PBS/2 mM EDTA solution

containing DAPI. Cell sorting was performed on a BD FACSAriaTM Cell

Sorter with a 100 lM nozzle. FACs sorting was performed in Sydney

Cytometry Facilities at Centenary Institute (University of Sydney).
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Bioinformatic analysis of single-nucleus RNA-Seq

Sequence reads were aligned with STAR Solo (v2.7.3) (preprint:

Kaminow et al, 2021) to the mouse genome (mm10) using the gene

model provided with 10× Genomics Cell Ranger 1.2.0 to generate

UMI counts for 33,939 genes. The parameters used for STAR Solo

alignment were as follows:

--soloAdapterMismatchesNmax 1 --soloUMIlen 12 --genomeSA

sparseD 3 --soloUMIfiltering MultiGeneUMI --soloCBmatchWLtype

1MM_multi_pseudocounts --soloCBwhitelist 3 M-february-2018.txt

--soloBarcodeReadLength 28

Single-cell gene counts were analyzed using the R package Seurat

(v3) (Stuart et al, 2019). The control or Sox7iECKO snRNA-Seq data-

sets were independently normalized and identified variable features

prior to defining anchor features (function FindIntegrationAnchors

with nfeatures = 2,000). Both datasets were then integrated before

being scaled and principal component analysis (functions ScaleData,

RunPCA). Twenty principal components were used for graph-based

clustering at a resolution of 0.3 (functions FindNeighbours and

FindClusters) and UMAP and t-SNE dimensionality reduction were

then computed (functions RunTSNE, RunUMAP). Cell clusters were

classified by identifying enriched gene sets (function FindMarkers).

Monocle3 (Trapnell et al, 2014) package (v3.0.0) in R (version

4.1.1) was used to analyze pseudo-time of development on integrated

data in Appendix Fig S6. For the primary analysis, all cell clusters

from either control or Sox7iECKO mutant hearts were subsetted into

separate Seurat objects and then analyzed with Monocle3 using the

default parameters. For C2 negative analysis, the subsetted control or

Sox7iECKO Seurat objects were then further subsetted to remove all but

five C2-defined cells before being subjected to Monocle3 analysis.

When displaying Monocle3 data, we replaced the Monocle3-defined

clusters with our predefined cluster identifications.

RNA-Seq and analysis

For RNA-Seq on FACS-sorted mouse endothelial cells at E10.5, tripli-

cate samples were processed for whole transcriptome sequencing

using the Smart-Seq 2 method as described in Picelli et al (2014).

Samples were sequenced using the IlluminaTM HiSeq 2500 platform.

Reads were then mapped to GRCm38/mm10 mouse reference

genome using STAR aligner (Dobin et al, 2013). Only unique aligned

reads were considered. Next, transcripts were assigned to mouse

genes using htseq_count in the HTSeq python package (Anders

et al, 2015) and differential expression between sibling control and

Sox7iECKO mutants was calculated using DEseq2 (Love et al, 2014)

and EdgeR (Robinson et al, 2010). Only genes with adjusted P-

value < 0.05 in both DEseq2 and EdgeR were considered significant.

Heatmaps for the RNA-Seq results in Appendix Fig S4A and C

were generated using pheatmap R package (Kolde et al, 2012), while

the bubble chart depicting gene ontological terms in Appendix

Fig S4B was plotted with ggplot2 R package (Wickham, 2009).

RNA amplification, cDNA synthesis, and real-time PCR

cDNA was synthesized using High-Capacity cDNA Reverse

Transcription Kit (Life technologies) from 1,000 ng purified

RNA. qRT–PCR was performed and analyzed as described in

Chiang et al (2017). For FACs-sorted mouse endothelial cells,

RNA was extracted and amplified, and cDNA was synthesized

as described in Chiang et al (2017) and Picelli et al (2014). To

quantify the transcript level of target genes, the following

primers were used:

Mouse
mSox7_F: 50-GCGGAGCTCAGCAAGATG-30

mSox7_R: 50-GGGTCTCTTCTGGGACAGTG-30

mDll4_F: 50-AGGTGCCACTTCGGTTACAC-30

mDll4_R: 50-GGGAGAGCAAATGGCTGATA-30

mPecam1_F: 50-CGGTGTTCAGCGAGATCC-30

mPecam1_R: 50-ACTCGACAGGATGGAAATCAC-30

mCdh5_F: 50-GTTCAAGTTTGCCCTGAAGAA-30

mCdh5_R: 50-GTGATGTTGGCGGTGTTGT-30

mCx40_F: 50-ACTGTTATGTTTCGAGGCCCA-30

mCx40_R: 50-CCCAGGTGGTAGAGTTCAGC-30

mCx37_F: 50-GGCAAGCAGGCGAGAGA-30

mCx37_R: 50-TGCGGAAGATGAAGAGCACC-30

mVwf_F: 50-TGGTCCTGAAGCACACATACC-30

mVwf_R: 50-GACGGGGTCTTCCTCCAC-30

mCol3a1_F: 50-TGACTGTCCCACGTAAGCAC-30

mCol3a1_R: 50-GAGGGCCATAGCTGAACTGA-30

mPdlim3_F: 50-TTGACAGGGCAGAAACTCGC-30

mPdlim3_R: 50-CGCGGTACCAATGGGTTTGA-30

mTnni1_F: 50-CACGAGGACTAAACTAGGCACT-30

mTnni1_R: 50-AGCATGAGTTTACGGGAGGC-30

mCdkn1c_F: 50-CAGCCAGCCTTCGACCAT-30

mCdkn1c_R: 50-ACTGGGAAGGTATCGCTGGA-30

mLyve1_F: 50-GGTGTCCTGATTTGGAATGC-30

mLyve1_R: 50-AGGAGTTAACCCAGGTGTCG-30

Human
hSOX7_F: 50-AGCTGTCGGATGGACAATCG-30

hSOX7_R: 50-CCACGACTTTCCCAGCATCT-30

hSOX17_F: 50-AAGGGCGAGTCCCGTATCC-30

hSOX17_R: 50-CACGACTTGCCCAGCATCTTG-30

hSOX18_F: 50-CAAGATGCTGGGCAAAGCGTG-30

hSOX18_R: 50-GCGGGGGCGCTAATCC-30

hVEGFR3_F: 50-ATAGACAAGAAAGCGGCTTCA-30

hVEGFR3_R: 50-CCTCCCTTGGGAGTCAGG-30

hVEGFR2_F: 50-GAACATTTGGGAAATCTCTTGC-30

hVEGFR2_R: 50-CGGAAGAACAATGTAGTCTTTGC-30

hCX40_F: 50-TCGTTATGGCCAGAAGCCTG-30

hCX40_R: 50-TGGCCTTACTAAGACGTCGC-30

hCX37_F: 50-GAATGTGGCTTTGCCTGAGC-30

hCX37_R: 50-TGAGGTTGGGGTAAGTTGGC-30

hVWF_F: 50-CACAGGGGGACCAAAGAGTC-30

hVWF_R: 50-ACAAAGCCATAGGCCTCACC-30

hDLL4_F: 50-CCATGCAAGAATGGGGCAAC-30

hDLL4_R: 50-GCCATCCTCCTGGTCCTTAC-30

hERG_F: 50-TCGATGGGAAGGAACTGTGC-30

hERG_R: 50-GGAAGAGGAGTCTCTCTGAGGT-30

hGAPDH_F: 50-CCCCGGTTTCTATAAATTGAGC-30

hGAPDH_R: 50-CACCTTCCCCATGGTGTCT-30

hHPRT_F: 50-AATGACCAGTCAACAGGGGACA-30

hHPRT_R: 50-TACTGCCTGACCAAGGAAAGCA-30
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Cell culture and siRNA-mediated silencing experiment

For gene expression study in Fig 4B, cell culture and gene silencing

experiment was conducted in human umbilical arterial endothelial

cells (HUAECs) (C-12202), using Smartpool: ON-TARGETplus

Human SOX7 (83595) siRNA 50 nM (containing a mixture of four

siRNA mixes against SOX7) (Dharmacon) and scrambled siRNA

(Dharmacon) (Chiang et al, 2023). Cells were harvested 48 h post-

transfection for RNA extraction with the Direct-Zol RNA kit (Zymo

Research).

For co-culturing between SOX7 knockdown endothelial cells with

human pluripotent stem-cell-derived cardiac organoid, gene silenc-

ing was conducted as described above, except that cells were

harvested at day 3 and day 5 post-gene silencing to assess the tran-

script levels of SOXF transcription factors.

Heart dyno assay and hCO fabrication

Cardiac cells were differentiated, and hCO and Heart-Dyno culture

inserts were fabricated as described in Mills et al (2017).

All cell lines used in this study have tested negative for myco-

plasma contamination.

In situ hybridization assay

Whole-mount and section in situ hybridization was performed as

described in Fowles et al (2003) and Metzis et al (2013). Cx37 (clone

ID: 4971608) probe was from Dharmacon. In situ hybridization on

tissue sections was performed as described in Kanzler et al (1998).

Cx40 probe was generated by Dr. Gonzalo del Monte-Nieto while

working at Prof. Richard Harvey Laboratory. Please contact

Dr. Gonzalo del Monte-Nieto for more details.

HCR and immunofluorescence.

Slides were taken from �80°C and incubated for 20 min in the oven

at 65°C. Dewaxing was done by placing the slides in xylene for

3 × 10 min, dehydrating them in ethanol series (100% 2 × 10 min,

90% 2 × 5 min, 70% 5 min, 50% 5 min, and 30% 5 min), and

finally, washing them in 1 × PBS for 2 × 5 min. Slides were incu-

bated in 200 ll of probe hybridization buffer and prehybridized in

the humidified chamber at 37°C. 2.4 pmol of probe solution was

added using the following probes: Gpc3 (NM_016697.3, Molecular

Instrument), Sox9 (NM_011448.4, Molecular Instrument), Hopx

(NM_175606.3, Molecular Instrument), and Nppa (NM_008725.3,

Molecular Instrument). After overnight incubation at 37°C, excess

probes were removed by adding 100% probe wash buffer (75%

PWB/25% SSCT, 50% PWB/50% SSCT, 25% PWB/75% SSCT, and

100% SSCT) for 15 min each. 200 ll of amplification buffer was

added and sections were pre-amplified for 30 min at RT. 12 pmol of

hairpin (h1 and h2) was prepared separately by heating at 95°C for

90 s and then cooling at RT for 30 min. 200 ll of hairpin solution

was added on the samples and incubated o/n at RT. Excess hairpins

were removed by washing with 5× SSCT for 40 min. Immunofluo-

rescence protocol was followed from this point. Sections were incu-

bated in primary antibody: endomucin (sc-65495, Santa Cruz

Biotechnology) o/n and secondary antibody: goat anti-rat-A680

(A21096, Thermo Fisher Scientific) for 2 h at RT. The slides were

washed with 0.3% Triton-X100 in PBS for 2 × 10 min after each

step. Sections were then counterstained with SMA-FITC (F3777-

2ML, Sigma-Aldrich) and Hoechst (B2261, Sigma-Aldrich).

Graphics

The synopsis graphics were created with BioRender.com

Data availability

Bulk RNA-seq and snRNA-seq datasets have been deposited to the

GEO repository under unique identifiers: (i) snRNAseq and bulk

RNAseq in conditional Sox7 knock-out: Gene Expression Omnibus

GSE231636 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE231636). (ii) Bulk RNAseq in constitutive Sox7ko: Gene

Espression Omnibus GSE236846 (https://www.ncbi.nlm.nih.gov/

geo/query/acc.cgi?acc=GSE236846). Raw data images have been

deposited to DataDryad repository. To review data dryad accession:

(DOI): https://doi.org/10.5061/dryad.qv9s4mwm3. Access prior to

public release: https://datadryad.org/stash/share/vQG6vb3l5sJZH3

YJWGZQ9YIKQ8fGYDa7uF0XeAovl40.

Expanded View for this article is available online.
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