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Sox 17 Controls Emergence and Remodeling of
Nestin-Expressing Coronary Vessels

Sara Gonzélez-Hernandez, Manuel J. Gémez, Fatima Sanchez-Cabo, Simén Méndez-Ferrer®, Pura Mufoz-Cénoves,
Joan Isern

RATIONALE: The molecular mechanisms underlying the formation of coronary arteries during development and during cardiac
neovascularization after injury are poorly understood. However, a detailed description of the relevant signaling pathways and
functional TFs (transcription factors) regulating these processes is still incomplete.

OBJECTIVE: The goal of this study is to identify novel cardiac transcriptional mechanisms of coronary angiogenesis and vessel
remodeling by defining the molecular signatures of coronary vascular endothelial cells during these complex processes.

METHODS AND RESULTS: We demonstrate that Nes-gfp and Nes-CreER™ transgenic mouse lines are novel tools for studying
the emergence of coronary endothelium and targeting sprouting coronary vessels (but not ventricular endocardium) during
development. Furthermore, we identify Sox17 as a critical TF upregulated during the sprouting and remodeling of coronary
vessels, visualized by a specific neural enhancer from the Nestin gene that is strongly induced in developing arterioles.
Functionally, genetic-inducible endothelial deletion of Sox17 causes deficient cardiac remodeling of coronary vessels,
resulting in improper coronary artery formation.

CONCLUSIONS: We demonstrated that Sox17 TF regulates the transcriptional activation of Nestin's enhancer in developing
coronary vessels while its genetic deletion leads to inadequate coronary artery formation. These findings identify Sox17 as
a critical regulator for the remodeling of coronary vessels in the developing heart.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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network of microvascular endothelium, organized

through higher-order vessels into the main coro-
nary arteries (CAs) and coronary veins (CVs). This highly
branched system is assembled during development from a
relatively simple vascular plexus, which extends by sprout-
ing angiogenesis from multiple sources and penetrates
the ventricular myocardium.™ Upon connecting with the
aortic lumen, the primitive plexus already in place is further
reorganized because of increasing shear stress forces,

The muscular walls of the adult heart contain a deep

provided by the nascent intracoronary flow? ultimately
maturing in the hierarchical definitive arteriovenous coro-
nary vasculature. Understanding the essential molecular
signals regulating the patterning, assembly, and remodel-
ing of coronary vessels is of great interest given the high
incidence of cardiovascular disease and congenital coro-
nary anomalies.* Moreover, genetic programs activated
during neovascularization or in response to pathological
ischemia often recapitulate morphogenetic programs from
healthy development; thus, identifying the critical molecular
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Sox17 in Developmental Coronary Arteriogenesis

Novelty and Significance

What Is Known?

* Tissue-specific sets of regulatory sequences, known
as enhancers, dynamically regulate gene expression
during mammalian organogenesis.

* Previous genetic tools have been applied to study the
coronary and endocardial lineages. However, the pre-
cise pathways that regulate coronary angiogenesis are
not completely defined at the molecular level.

» Coronary arteriogenesis involves the remodeling of
an immature vascular plexus. This primitive network
of small vessels undergoes an extensive morphogenic
process, transforming into mature, large-caliber arteries.

¢ Vascular endothelial cells have been reported to
express Nestin, suggesting a related local signaling in
the vessel environment able to activate this enhancer.

What New Information Does This Article
Contribute?

* This study provides a thorough characterization of the
Nes-gfp and Nes-creER'? transgenic mouse lines for
studying the emergence of coronary vessels.

» We have examined a previously reported neural regu-
latory region within Nestin's gene and found that it is
active in developing coronary vessels.

* Nestin's enhancer activity is specific to coronary ves-
sels regardless of their possible origins (sinus venosus
or endocardium) but is barely active in the endocardial
layer of the developing 4-chambered heart.

» The enhancer drives gene expression in sprouting cor-
onary endothelial cells and contains putative binding

motifs for the Sox17 transcriptional factor, that could
be required for its arterial activity.

» Sox17 is a critical regulator of arterial formation during
coronary development. The remodeling of prospective
arterial coronary vasculature is profoundly impaired by
Sox17 genetic loss of function in the developing heart.

Coronary artery disease is the main leading cause of car-
diovascular-related deaths worldwide. Current research
in vascular regenerative medicine could benefit from a
better knowledge as to how coronary arteries form dur-
ing development, or how these pathways might become
reactivated during disease. In mammals, the coronary
endothelium and their mural layer are assembled from
multiple cellular progenitor sources, controlled by distinct
regulatory mechanisms. Here, we show that the previ-
ously generated Nes-gfp and Nes-CreER"™? mouse lines,
based on the presence of a neural regulatory element
from the Nestin’s gene, are additional tools for precisely
studying the development of the coronary vasculature
and the arteriogenic differentiation. We found that the TF
(transcription factor) Sox17 is progressively enriched in
intramyocardial vessels and prospective coronary arteries.
Several binding sites were identified within the Nestin’s
enhancer region, suggesting that Sox17 could be needed
for its arterial activity. Furthermore, coronary-specific loss
of Sox17 leads to defective arterial remodeling of the
coronary plexus, establishing a potential new future thera-
peutic pathway to target for cardiac vascular regeneration.

Nonstandard Abbreviations and Acronyms

CA coronary artery

CoronEC coronary endothelial cell

Ccv coronary vein

EC endothelial cell

Emcn endomucin

ESR estrogen receptor

ETS erythroblast transformation specific

FPKM fragments per kb of exon model per mil-
lion reads mapped

GFP fluorescent green protein

HIF hypoxia-inducible factor

MCEC mouse cardiac endothelial cell

POU (Pit-1, Oct-1/2, unc86) family of genes

RBPJ recombination signal binding protein for
immunoglobulin kappa J region

SOX SRY-related-HMG box

SV sinus venosus

TF transcription factor

TGF transforming growth factor

VEGF vascular endothelial growth factor
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regulatory factors at the molecular level in coronary devel-
opment might pave the ground to design novel strategies
to improve revascularization and intrinsic cardiac repair.

Functional analysis of genomic regulatory regions has
proven to be a potent tool to identify the cell's underly-
ing transcriptional activating machinery, as enhancers
often integrate multiple upstream signals to regulate gene
expression in a cell type-specific manner. In this work, we
have taken advantage of Nestin’s neural enhancer-driven
transgenic mouse lines as novel tools for studying TFs
(transcription factors) upregulated during sprouting and
remodeling of coronary vessels.

The intermediate filament Nestin was originally identi-
fied as an abundant protein in rat neuroepithelial pro-
genitors,® although its tissue expression domains are
highly dynamic and not entirely restricted to the neuro-
genic lineages.® Although the endogenous expression of
a gene is determined by the combined activity of mul-
tiple enhancers proximal or even far away from its locus,
each enhancer might reveal or act as a proxy of the dis-
crete transcriptional pathway that ultimately activates
it. Several independent regulatory elements have been
identified in the Nestin (Nes) locus,” with the best char-
acterized being a strong transcriptional neural enhancer
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located in the second intron of the rat gene.® This intronic
enhancer, in conjunction with 5.8-kb of the proximal pro-
moter region, was initially used to generate a Nestin-GFP
(fluorescent green protein; Nes-gfp onward) transgenic
mouse line driving the expression of a GFP reporter,
aimed to reproduce its particular pattern of expression
in the brain.? Intriguingly, vascular ECs in some instances
(like abnormal vasculature from glioma tumors) have also
been reported to express Nestin, suggesting a related
local signaling in the vessel environment able to activate
the enhancer. Indeed, the Nes-gfp allele has been used
to effectively visualize tumor angiogenesis in xenogeneic
models.”® Given the organ-specific characteristics of
vascular beds, it is unclear whether this enhancer would
also be induced in the heart vasculature or during coro-
nary formation. In bone marrow, a combination of surface
markers with GFP reporters of different brightness has
been used to prospectively separate arterial ECs.'

In the heart, some markers and transgenic mouse
strains based on them have been previously applied to
study the coronary endothelial and endocardial lineages,
such as Apelin-nLacZz, Apinr-CreER, Fabp4-Cre, or Nfatc1-
Cre, Npr3-CreER, respectively. Characterizing additional
fluorescent reporter transgenic alleles that may label
coronary angiogenesis would improve imaging and would
allow examination of unfixed cells. Here, we have lever-
aged the activation of Nestin's neural enhancer specifi-
cally in vascular ECs of the murine embryonic heart to
study coronary formation at unprecedented resolution. By
combining Nes-gfp reporter and Nes-CreER"™ driver (both
randomly integrated transgenic alleles) with other mark-
ers, we have been able to separate and profile molecularly
the distinct cardiac endothelial cell (EC) subtypes, includ-
ing endocardial, prospective arterial and venous ECs. We
identified Sox17, a member of the SoxF subgroup of the
SOX (SRY-related-HMG box) family of transcriptional
regulators, to be highly enriched in Nestin-labeled ECs.
Coronary EC-specific inactivation of Sox77 in the embry-
onic heart leads to defective coronary vascularization and
a lack of CA formation, reinforcing its critical role only for
the proper arterial remodeling of the coronary vasculature.

METHODS

Detailed methods are available in the Data Supplement section.

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
Please see the Major Resources Table in the Data Supplement
for a complete list of the Research materials.

All sequencing datasets in this article are deposited in the
International Public Repository, Gene Expression Omnibus
database, under accession code GSE147128.
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RESULTS

The Tg(Nes-gfp) Allele Robustly Labels the
Emerging Coronary Vascular Plexus and the
Arteriogenic Remodeling Zones

Previous studies in bone marrow using the transgenic
Nes-gfp mice have revealed a dual Cxcl1Z2-expressing
population, which comprises both GFP+ vascular endo-
thelial and vessel-associated GFP+ stromal cells.'?'®
Given the important role of the Cxcl12 signaling axis
in coronary development and injury-induced arterio-
genesis,®'* we speculated that this same GFP reporter
would be transiently activated in nascent coronary ECs
(coronEC) during cardiac development, reminiscent of a
shared regulation or conserved functions. Because the
expression pattern of the Nes-gfp allele at those stages
(and specifically within the vascular compartment) has
not been carefully inspected, we focused our attention
on studying the endothelial lineage. We observed that the
Nes-gfp reporter efficiently labeleld developing coronEC
in embryonic hearts (Figure 1). Indeed, we confirmed that
the sprouting GFP+ cells were of bona fide endothe-
lial nature by (1) their overlap with Tie2-lineage-traced
cells (which was genetically marked with tomato reporter
and the pan-endothelial Tie2-cre driver, which also labels
the inner trabeculated endocardium; Figure 1A); and
(2) by coexpression in the nucleus of the endothelial-
specific Erg marker (Online Figure IA). We could directly
observe endogenous GFP signal from fresh and fixed
intact hearts, which when combined with whole-tissue
clearing (using CUBIC method with confocal micros-
copy, Online Figure IB) allowed us to reconstruct the
early primitive vessel arrangement during the E12.5-P1
developmental window at unprecedented volumetric res-
olution (Figure 1B and 1C). We acquired z-stacks com-
posed of multiple consecutive single optical slices (up to
~500-pm thick), reaching the internal cardiac chambers
with a high level of detail and preserving the vascular
structure (Online Figure IC). The coronary arteriogenic
remodeling zones, throughout the left anterior ventricle,
could be easily appreciated (Figure 1B, arrowheads). At
later stages, the maturing CAs were brightly delineated
by GFP+ expression, including neonatal Nes-gfp hearts
(white asterisks). Deeply remodeling regions coalescing
into arterioles from the posterior side, were also visible
(Figure 1C, open arrowheads). Considering that Nes-gfp
allowed visualizing cardiac vasculature with high reso-
lution and especially big arteries during embryonic and
neonatal stages, we crossed Nes-gfp mice with the mice
null for the Cxcl12 allele. Indeed, compound transgenic
Nes-gfp; Cxcl12¥0 hearts at E17.5 showed (without the
need of further stainings) a persistent unremodeled cor-
onary plexus and the complete absence of the left CA
(Online Figure ID), as has it been previously reported.>'®
Thus, this allele can be useful to directly reveal the normal
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Figure 1. Temporal development of coronary plexus formation and arterial remodeling directly visualized by Nes-gfp allele
expression.

A, Representative image of a E12.5 Nes-gfp; Tie2-Cre; R26-tomato heart showing the overlay of the GFP (fluorescent green protein) and Tie2-
lineage (tom) channels. (A1) Individual channels of an optical slice close to the dorsal surface. Inset from the boxed region shows an enlarged
view of the sprouting GFP+ vessels. B and C, Representative whole-mount confocal images of embryonic Nes-gfp clarified hearts, from E12.5
to P1 in the ventral and dorsal view, respectively. Arrowheads show remodeling zones of the prospective coronary arteries. (D) Representative
confocal images from CUBIC-cleared hearts of Nes-gfp; R26-Tomato (LSL-out) at E13.5. Sprouts GFP+ emerging from the blood island located
in the ventral surface of the heart. (E) A zoomed area from the right ventricle (RV) is shown. Subepicardial GFP+ vessels (white arrowheads) have
lower GFP levels than the intramyocardial plexus. Scale bar 300 and 100 ym in boxed areas. z1:n designates the number of individual optical
slices composing each projected stack. IVS indicates interventricular septum; LA, left atrium; LV, left ventricle; RA, right atrium; SV, sinus venosus;
and VG, ventricular groove.
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pattern and, specifically, abnormalities in fetal coronary
plexus formation and subsequent remodeling and matu-
ration of CAs.

Focusing on the early sprouting phase at E12.56 to
13.25 (Figure 1A through 1D), we could observe fine
angiogenic processes of dorsal coronECs invading
the myocardial wall proximal to the sinus venosus (SV)
region and extending toward the intraventricular septum
(arrowheads, boxed regions). We observed that the Nes-
gfp allele was activated in ventral coronECs (sprouting
laterally toward the surface of the primitive left ventricle),
within the anterior ventricular groove region (Figure 1B
and 1D, arrowheads), which have been suggested to
originate from endocardial progenitors.’®'" Therefore,
with the detailed analysis of hearts from Nes-gfp Tg
mice, we confirmed that most of the primitive endothelial
sprouts have the promoter/neural enhancer that controls
the GFP reporter expression activated in coronary ves-
sels during the angiogenic phase, regardless of the dif-
ferent origins of the primitive plexus.

We then asked whether we could track the deeper
ventricular coronary vessels during the remodeling
phases. As reported,"'® we observed that GFP+ coro-
nECs expand quickly subepicardially, covering the dorsal
surface of the heart and penetrating the myocardial wall,
and the septum (Figure 1C and 1E). The reporter expres-
sion remained absent in the ventricular endocardium at
the analyzed stages (Online Figure IA and IE). Inter-
estingly, the vessels sprouting toward, and within, the
intramyocardium upregulate the GFP signal (Figure 1E,
boxed area, arrowheads). At late embryonic stages
(E16.5), the venous subepicardial plexus (Online Figure
IE, arrowheads) showed downregulated GFP expression,
while the endocardium in the trabeculae was still nega-
tive (Online Figure |E, orange asterisks).

Taken together, these data suggest that signals acti-
vating the Nes promoter/neural enhancer are present in
all sprouting ECs, regardless of the origin (SV or ven-
tricular endocardium). At midgestation, because of the
dynamic relative expression levels driven by the activ-
ity of the neural enhancer in coronECs, subepicardial
vessels progressively downregulate GFP expression
whereas the reporter is highly maintained in intramyocar-
dial plexus and subsequent remodeled CAs.

Discrimination of Coronary From Endocardial
Endothelium in Developing Hearts Based on
Endomucin and Nes-gfp

Considering that the Nes-gfp allele specifically labeled
coronECs and was barely expressed by endocardial cells
from the ventricular chambers (which otherwise express
high levels of endomucin (Online Figure A through IIC),
we aimed to separate both endothelial subsets from the
same hearts. We enzymatically dissociated cardiac cells
from dissected Nes-gfp+ ventricles. After excluding
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debris/nonviable cells and red blood/hematopoietic cells
(by DAPI/CD45/Ter119 expression), we FACS-isolated
viable CD31+ ECs, separating them based on Emcn
(endomucin) surface levels and endogenous GFP fluo-
rescence (Figure 2A). Analysis by qRT-PCR (Real-Time
Quantitative Reverse Transcription PCR) of these isolated
subpopulations confirmed the high purity of each subset,
given the reciprocal enrichment in mRNA expression of
the coronary EC-specific markers Apelin (Apln) and Fabp4
in the Emcn(low)/Nes-GFP(+) vessels, and the endocar-
dial EC markers Npr3and Emcn, respectively (Figure 2B).
Thus, the combination of GFP reporter with Emcn stain-
ing shows mutually exclusive expression pattern of
these EC subpopulations (Figure 2D and Online Figure
[IC). This strategy allowed us to quantify at the cellular
level the dynamic expansion of the ventricular coronary
vascular compartment by FACS (Figure 2C). During the
E13.5-175 window, ECs of the primitive coronary plexus
increased >3-fold. Conversely, the endocardial compart-
ment is dominant at E13.5 (coinciding with the big and
intricate surface of the trabeculae) and is progressively
reduced, consistent with compaction and thickening of
the vascularized ventricular myocardial walls.
Considering that the most superficial coronary plexus
downregulated the GFP expression from E13.5 onward
(Online Figure IIC and |E), we expected that, after remod-
eling, the reporter should be maintained in intramural
capillaries and CAs, but not in the subepicardial prospec-
tive CVs. Whole-mount and tissue section immunostain-
ings of Nes-gfp+ hearts at 175 to 18.5 revealed that
the microvasculature and arterial ECs maintained high
levels of GFP reporter whereas CVs (Emen+) showed
decreased levels of GFP (Figure 2E and 2F).
Collectively, the combination of Nes-gfp reporter with
CD31 and Emcn markers, which display nonoverlapping
expression patterns, allow us to discriminate between
ventricular endocardium (CD31+Emcn+GFP—) from
coronary vessels (CD31+Emcn, GFP+) with high reli-
ability from the same pool of hearts during development.

Lineage Tracing With Tg(Nes-CreER™) Labels
Coronary Vessels but Not Endocardial Cells in
Developing Ventricles

Based on our observation of the Nes-gfp allele cardiac
expression pattern, we next investigated whether the
tamoxifen-inducible Nes-CreER™ transgenic line (Nes-
CreER onwards), developed initially to follow postnatal
neurogenesis,'® could target embryonic coronary endo-
thelium. Both nes-based transgenic lines have in com-
mon the presence of the same regulatory neural-specific
enhancer element from Nestin’s second intron®®; how-
ever, the Nes promoter region is only present in Nes-gfp
allele and not in Nes-CreER driver (Online Figure 1ID). To
genetically label cells expressing Nes-CreER and their
descendants, we crossed it with the R26-tomato reporter
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Figure 2. Combination of Nes-gfp reporter and Emcn (endomucin) marker to differentiate ventricular endocardium from
coronary endothelial cells (coronECs) and also arteries from veins.

A, FACS strategy to isolate ventricular endocardium from coronECs in enzymatically dissociated hearts. B, Relative mRNA expression heatmap of
selected endocardial-enriched (Emcn, Npr3) and coronary-enriched genes (Apln, Fabp4), assessed by quantitative reverse transcription PCR (RT-gPCR)
analysis of the indicated populations. Data are the average value of the individual replicate measurements (2-3), from 2 independent biological samples
(each from >8 embryonic hearts pooled together). C, Representative FACS plots showing the proportion between endocardium and coronary vessels
throughout development. D, Coronary veins (CVs) progressively downregulate GFP (fluorescent green protein) reporter and increase Emen (endomucin)
marker whereas coronary arteries (CAs) express high level of GFP and are negative for Emen. E, Immunostaining for Emen on E175 heart sections
and (F) representative image of the whole-mount ventral view of E18.5 Nes-gfp heart showing that GFP reporter is downregulated in CVs and highly
expressed in intramyocardial arteries and capillaries. Scale bars 500 pm in (E) and (F; 20 um boxed areas); 500 pm in (F; 200 pm boxed areas). Ao
indicates aorta; DAPI, 4', 6-diamidin-2-phenylindol; FSC-A, forward-scatter area; LA, left atrium; LV, left ventricle; RA, right atrium; and RV, right ventricle.
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line, which expresses the fluorescent tdTomato (tom)
reporter upon Cre-mediated recombination.

To determine if we could label the earliest superfi-
cial vessels arising in the dorsal ventricular wall around
E11.5," we used tamoxifen to induce expression of Nes-
CreER at E10.5 and analyzed the labeled cells 48 hours
later. As hypothesized, we efficiently labeled the primi-
tive coronary plexus, being able to visualize tom+ primi-
tive endothelial tubes in whole-tissue clarified hearts,
extending throughout the dorsal ventricular region
(Figure 3A and 3B). Furthermore, induction of label-
ing during the E10.5 to E12.5 window allowed tracing
most coronECs (including intramyocardial capillaries/
arteries and subepicardial veins) but not the ventricular
endocardium. Thus, whole-mount confocal imaging of
cleared hearts at E15.5 showed the same pattern of
tom+ coronary vessels upon induction at both stages
(Online Figure IlIA and [lIB). In sections, the main dif-
ference found when inducing at E10.5 or E12.5 was
the number of traced ECs in the intraventricular septum
(Online Figure I1IC and I1ID).

We further crossed Nes-CreER with the Nes-gfp
line to concurrently visualize Nes-GFP+ cells and the
(tom+) Nes-lineage. In Online Figure IIIE through IG,
we showed a whole-mount triple transgenic E18.5
heart, tamoxifen-induced at E10.5, where remodeled
coronary vessels and capillaries were traced by tomato
expression. Vascular smooth muscle cells surrounding
the CA and many pericytes also expressed the Nes-
gfp reporter (quantified by FACS at E17.5, Online Fig-
ure llIH). Taking together, these date demonstrate that
Nes-CreER line is more restricted in marking coronECs
at the stages examined.

Considering the dynamism of Nes-gfp expression
and its downregulation in subepicardial ECs during the
remodeling phase (Online Figure |E; Figure 2E), we pre-
dicted that the Nes-CreER driver could be used to selec-
tively mark intramyocardial vessels, including capillaries
and prospective arteries, and excluding subepicardial
veins and ventricular endocardium. Immunostaining with
ESR (estrogen receptor) antibody as a surrogate of Nes-
CreERexpression showed that the NesCreER-expressing
cells were confined to the intramyocardial wall and not
to the subepicardial layer nor the endocardium, in E15.5
embryonic heart sections (Online Figure IVA). Subse-
quently, we quantified the traced cells from E175 hearts
by flow cytometry after tamoxifen induction at E12.5 or
E15.5 (Figure 3C). Tamoxifen-induced hearts at E12.5
showed that 72% of the tom+ population had endothelial
lineage identity (CD31+), including prospective arteries
and veins, based on Emcn expression levels (Figure 3D).
In contrast, fate-mapping inducing with a lower dose of
tamoxifen at E15.5 showed that >90% tom+ cells were
intramyocardial ECs, with much lower coverage (from
30% to 7% of recombined cells) of the venous subpopu-
lation (CD31+ tom+ Emcn+; Figure 3E).
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To further investigate these 2 tracing conditions, we
performed confocal microscopy of longitudinal cardiac
sections (Figure 3F and 3G). We found that the Nes-
CreER allele could mark all coronECs (both subepi- and
intramyocardial layers, black and green bars, respec-
tively) when induced at E12.5 (Figure 3F). We also mea-
sured in sections the colocalization between tom+ cells
and Isolectin B4 marker in the ventricular walls (Online
Figure IVB and IVC). Conversely, when inducing with the
lower tamoxifen dose at E15.5, only capillaries and arter-
ies from the deeper ventricular wall became labeled, with
most of the subepicardial vessels escaping recombina-
tion and remaining tom-negative (Figure 3G). Moreover,
during the E10.6 to E15.5 induction windows, we could
not detect endocardial cells labeled in the ventricles, con-
firming its coronary vessel specificity. We also reported
in Online Figure IVD the maximal projection of whole-
mount E175 heart showing at high resolution tom+ CAs
and capillaries (ventral side), whereas CVs (identified
with Emcn in the dorsal side) escaped recombination.

Overall, these data strongly suggest that Nes-CreER
driver is a useful tool for specific lineage tracing of
embryonic coronECs and primarily to drive coronary-
restricted excision of conditional floxed alleles to carry
out functional genetic studies.

Developmental Profiling of Endocardial and
CoronECs

Taking advantage of the novel genetic tools that we have
characterized to label specific subsets of cardiac endo-
thelium, we aimed to reveal the dynamic transcriptional
changes occurring in coronECs during plexus emer-
gence and maturation. We determined the global tran-
scriptomic profiles between highly purified embryonic
endocardium and coronary endothelium by using the cell
sorting strategy. Primary cardiac ECs were isolated by
FACS from developing hearts based on their distinctive
phenotypes at 2 selected stages: during active sprout-
ing (E13.5), and when immature plexus is undergoing
extensive remodeling (E17.5). Starting from dissociated
Nes-gfp fetal hearts, by using the pan-endothelial marker
CD31, Emcn, and GFP levels, we separated bona fide
coronECs (marked by GFP expression), from ventricular
endocardium (which was GFP-negative and presented
higher Emen surface staining, Online Figure VA).

Four biological replicates were used for E13.5 stage
and 2 replicates for E175 (Figure 4D). Expression of
coronary plexus-enriched versus endocardial-enriched
genes were represented in FPKM (fragments per kb
of exon model per million reads mapped) in Online Fig-
ure VB. Moreover, the expression levels of a selection of
marker genes confirmed that transcriptomic profiles were
specific of vascular endothelium and that contamina-
tion from other population, such as hematopoietic cells,
cardiac fibroblast, or cardiomyocytes, has been avoided
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Figure 3. Characterization of Nes-CreER-derived lineage in the developing heart.

A, Representative image of the dorsal whole-mount view of a E12.5 Nes-CreER™;R26-tomato heart pulse-labeled with tamoxifen (TMX) at E10.5
stage. B, Boxed area show developing endothelial plexus traced in tomato (tom). C, Scheme comparing tom+ traced cells at E17.5 when induced
at E12.5 or E156.5, respectively. D, Representative FACS analysis reveal that induction at E12.5 traced endothelial (>70%) and nonendothelial
cells. Focus on endothelial subpopulation (Tom+ CD31+), we traced both arteries (Emcn—) and veins (Emen+). E, Induction at E15.5 trace almost
exclusively coronary endothelial cells (coronECs; >90%), restricted mainly into arteries (Emen—). F, Immunostaining confirm that induction at
E12.5 trace all coronECs but not endocardium. G, TMX at E15.5 exclusively trace intramyocardial arteries/capillaries. Scale bars 300 um; 100 ym
boxed areas. Emcn indicates endomucin; LV, left ventricle; and RV, right ventricle.
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Figure 4. Transcriptional profiling comparing ventricular endocardium vs coronary plexus endothelial cells (ECs) during
sprouting (E13.5) and after remodeling phase (E17.5).

A and B, Clustering of differentially expressed genes. Four thousand six hundred fifteen genes detected as differentially expressed with adj
F<0.05 and abs(logFC)>1 in the 4 contrasts represented in Online Figure VD were grouped into 16 clusters using Kmeans on their expression
profiles. Eleven of those preliminary clusters were selected and merged to define 5 final clusters (I-V). A, Heatmap showing relative expression
levels of all genes in each final cluster, with indication of some representative gene. B, Expression profiles of all genes in each final cluster, and
mean expression profiles (dotted lines). C, Circular GOplot representing a selection of enriched Gene Ontology terms detected for cluster Il genes,
connected to the associated differentially expressed genes, as described in Methods. D, Expression profile-based clustering of samples by principal
component analysis. E, Detailed comparison of expression levels for selected candidate genes from cluster Il. Data are mean+SEM, from n=2 to
4 biological replicates (sorted from pooled 16—24 embryonic hearts for endocardium and coronary plexus at E13.5, and from 7 to 8 at E17.5, per
each biological replicate). Adjusted P (Benjamini and Hochberg method) are shown. CPM indicates counts per million; and FC, fold change.
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(Online Figure VC). We identified 7519 and 8925 genes
differentially expressed (PadJ<O.O5) between endocardium
and coronECs and also between sprouting (E13.5) and
remodeling phase (E175), respectively (Online Figure
VD). These genes were clustered into 5 groups based on
their expression pattern (Figure 4A and 4B). Clusters | and
V corresponded with genes exclusively expressed in coro-
nECs or endocardium, respectively, indicating specificity
for each endothelial subset independently of the devel-
opmental stage. Conversely, clusters Ill and IV contained
genes overexpressed from sprouting to remodeling phase
regardless of the endothelial subtype. Finally, we focused
our attention, however, on genes differentially expressed
between coronary plexus and endocardium whose expres-
sion increased from the angiogenic to the remodeling
phase (cluster II), as this implied that these genes could
be necessary not only for the development of the primitive
plexus, but specially for the posterior remodeling and mat-
uration. Pathway analyses of the differentially expressed
gene (DEG) are depicted in a circular GOplot showing
some functions associated with them (Figure 4C).

Among all candidates found in Cluster I, we focused
on genes sharing the same expression profile than GFP
reporter, with particular interest on TFs that could be
simultaneously regulating the reporter activation in these
cells and having a relevant role in arterial specification
and remodeling (Figure 4E).

Gene Expression Profiling of Coronary Arterial-
Versus Venous-Enriched ECs

Next, based on our genetic ability to selectively label
intramyocardial vessels (Figure 3G), we combined
this specific tracing with the Nes-gfp/emcn strategy
to isolate from the same hearts the 3 subsets of ECs:
endocardium, intramyocardial arteries/capillaries, and
subepicardial veins. We dissociated pools of ventri-
cles from E175 Nes-gfp; Nes-CreER; R26-tom hearts
(tamoxifen-induced at E15.5), and based on Emcn and
GFP levels, we segregated by FACS: (1) endocardial
ECs (CD31*EmcnhehGFP°¥) from the rest of coronECs
(CD31*Emcn"GFP*). Then, the coronary vessels were
further split in (2) tom+ cells (fate-mapped arterial and
capillaries-enriched subset), and (3) the remaining more
heterogeneous tom— GFP®" fraction (enriched in pro-
spective subepicardial venous ECs; Online Figure VE
and VF). Finally, we performed bulk RNAseq from the 3
isolated cardiac endothelial subtypes.

Principal component analysis showed that we suc-
ceeded in sampling the 3 main EC populations, which
occupied separated coordinates in the bidimensional plot
(Figure BA). Because we had previously demonstrated
the high efficiency separating endocardium versus coro-
nECs, we also represented in Online Figure VG and VH
the expression of selected arterial-specific (Cxcr4, DIl4,
Gjab) and venous-enriched genes (Aplnr, Nr2f2) between
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arterial- and venous-enriched subpopulations. When com-
pared together, the arterial- and venous-enriched subsets
were transcriptionally distinct. Circular GOplot in Figure 5B
showed differentially expressed genes between both
populations. Figure 5C presented previously unreported
arterial-enriched genes compared with subepicardial veins
and ventricular endocardium, including Stmn2, Rgsb, Art3,
St8siab, and Alox12. Interestingly, although the expression
pattern in veins were slightly closer to the endocardium,
we could identify not only differentially expressed genes
compared with arteries (Ren3, Cpe, Dik1, Den, Post) but
also genes that were exclusively expressed in the venous
population, including Ogn, Dpt, Colla1 (Figure BD). Finally,
we also compared in volcano plots differentially expressed
genes between arterial coronECs and endocardial ECs
(Figure BE), that s, Vwf, Nig1, and Cldn 11 in the endocardial
side and Kitl, Nes, Prdm1, and Sox17 as arterial-specific.

Thus, we have established a novel method to separate
different subsets of cardiac ECs from the same hearts
based on Nestin-related transgenic lines. Bulk RNA-
seq at different stages allowed us to analyze differential
expression patterns not only between subpopulations
but also to track the maturational trajectories for each
endothelial subtype. Ultimately, this strategy allowed us
to identify novel potential factors involved in sprouting
and/or subsequent remodeling process and arteriove-
nous specification.

Sox17 Is Upregulated in Prospective Coronary
Arteriolar Endothelium

From both RNAseq profiling results, we focused our atten-
tion on discovering potential TFs that could mediate the
activation of the Nes-gfp enhancer in developing coro-
nary vessels but not in the ventricular endocardium, where
expression of this reporter is very low. The SoxF subgroup
of TFs have been previously implicated in vascular devel-
opment and lymphangiogenesis, as well as arterial speci-
fication identity?'?? We found that all 3 SoxF members
(Sox7,17,18) were expressed at diverse levels in coronECs,
but only Sox77 had an expression pattern and kinetics simi-
lar to the Egfo mRNA, as proxy of activation of the Nes-gfp
allele (Figure 6A). Moreover, at E17.5, Sox17 expression,
like that of Nes-gfp, was significantly higher in the sorted
arterial population, compared with venous and endocardial
cells (Figure 6B). We validated by immunostaining the coex-
pression of Sox17 protein in GFP+ vessels and confirmed
strong nuclear reactivity that correlated with increasing
GFP levels. Remarkably, in E11.5 cardiac sagittal sections,
the first immature coronary sprouts in the anterior side of
the ventricular wall, and extending dorsoventrally behind
the epicardial layer, already displayed nuclear Sox17+
expression, which correlated with the onset of the Nes-gfp
activation in the invading ventricular wall vascular plexus
(Figure BC). Later on, coinciding with the downregulation of
the GFP reporter in prospective veins, we quantified Sox17
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Figure 5. Transcriptional profiling between ventricular endocardium, intramyocardial arteries/capillaries and subepicardial
veins in E17.5 hearts.

A, Expression profile-based clustering of samples by principal component analysis. B, GOplot representing a selection of enriched Gene Ontology
associated to genes detected as differentially expressed (adj £<0.05) in a contrast comparing arterial-enriched endothelial cells (ECs) and
venous-enriched ECs. € and D, Detailed comparison of expression levels for selected candidate genes in arterial-enriched ECs and venous-
enriched ECs, respectively. Data are mean+SEM, from n=3 biological replicates (each biological replicate from pools of 3 hearts for endocardium
and from pools of 4-5 hearts for arterial/venous-enriched samples, respectively). Adjusted P value (Benjamini and Hochberg method) are shown,
unless indicated. E, Volcano plot summarizing differential expression analysis results (colored dots represent differentially expressed genes with
adj P<0.05), for a comparison between endocardium (purple) and intramyocardial vessel (coronary plexus, red) transcriptomic profiles. Selected
endocardial- and arterial-enriched specific genes are featured.
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Figure 6. Dynamic expression of Sox17 (SRY-related-HMG box) 17 in developing coronary endothelial cells.

A, Heatmap shows SoxF (SOX [SRY-related HMG-box genes] group F) gene expression in endocardium and coronary plexus at E13.5 and E17.5,
respectively. B, mRNA expression of Egfp and Sox17 in each sorted subpopulations. Data are mean+SEM from n=2 to 4 biological replicates, as
in Figure 4E and Figure 5C and 5D. Adjusted P (Benjamini and Hochberg method) are shown, unless indicated. C, Sagittal sections in E11.5 Nes-
gfp+ hearts showing Sox17-expressing cells in emerging coronary plexus and its colocalization with Emen (endomucin) and GFP (fluorescent
green protein). D, Sagittal sections of E14.5 hearts showing downregulation of Sox17 expression in subepicardial endothelial cells (ECs) as well
as Nes-gfp reporter. E, Quantification of the maximum fluorescence intensity (MFI) of Sox17 marker and Nes-gfp expression in subepicardial and
intramyocardial ECs in E13.5 heart sections. Data (measured from n=>5 ventricular sections, with >35 cells quantified per each individual region/
image) are presented as violin plots; the solid horizontal line indicates the median. Statistical significance assessed by the Mann-Whitney U-test.
F, Representative image of the whole-mount of E17.5 Nes-gfp+ heart shows Sox17 expression restricted to coronary arteries after remodeling
(boxed area). Scale bar 300 and 100 pm in boxed areas. AVC indicates atrioventricular canal; LV, left ventricle; OFT, outflow tract; RA, right atrium;
RV, right ventricle; and SV, sinus venosus.
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expression by immunofluorescence in sections and con-
firmed a robust upregulation at E13.5, concomitant with a
progressive GFP expression increase, in the intramyocardial
plexus (Figure 6D and 6E). It has been reported that some
endocardial cells activate Sox17 in the anterior left ven-
tricle, close to the interventricular septum.’® We confirmed
this in E13.5 whole-tissue hearts and found co-expression
of Sox17 and GFP reporter in anterior ventricular groove
blood island-like structures. We also detected sparse cells
in the Emen+ endocardial layer with nuclear Sox 17 staining
in both ventricles. Intriguingly, most of the Emcn+ Sox 17+
endocardial cells were located at the base of the trabecu-
lae (Online Figure VIA through VIC), apparently sprouting
from the lumen of the ventricle into the intramyocardial wall,
giving rise to structures resembling the described endo-
cardial flowers.® We suggest that these endocardial cells
that invade the myocardium and contribute to the coronary
vessels should activate Sox17 for this transition. Interest-
ingly, the endocardial-derived cells that upregulate Sox17
in the base of the trabecule also activate Nes-gfp reporter,
showed in sections in E16.5 hearts (Online Figure VID).
Finally, in more advanced stage hearts, at the end of the
remodeling phase, whole-mount staining showed the main-
tenance of Sox17 expression in bright GFP+ arterioles
(Figure 6F). Because of the tight colocalization observed
between Sox17 and GFP-expressing cells, we propose
that this TF may directly regulate Nestin neural enhancer
in coronECs during sprouting phase and be therefore
involved in the remodeling of intramyocardial vessels.

Identification of an Intronic Nes Transcriptional
Enhancer With Sox17-Dependent Activity in
Coronary Endothelium

To determine if our candidate Sox17 could be responsi-
ble for the cardiac endothelial induction of the Nes-gfp
and Nes-CreER alleles, we searched for genomic evolu-
tionary conserved regions at Nestin's locus. The second
intron is the common element present in both transgenic
constructs and could be responsible for the extraneural
enhancer activity in coronECs. We found a 1.44-kb region
located at the 3 end of the intron, which contains 2 well-
conserved sequence stretches (CR1 and CR2) with pre-
dicted SOX-binding motifs (Figure 7A). The SOX family of
TFs share similar DNA-binding domains, so distinct mem-
bers can potentially recognize the same canonical sites.
Using a more restrictive matrix, the predicted SOX sites
identified in both CR regions displayed also a high score in
jaspar for Sox17 binding, with absolute nucleotide conser-
vation across species in the critical positions of the motif.
Multiple ETS (erythroblast transformation specific) sites
with conserved sequences where also identified nearby.
To validate whether the predicted SOX motifs in
CR1/2 could represent a bona fide binding sites for
Sox17,we performed electrophoretic mobility shift assays
with nuclear extracts from a Sox17-overexpressing
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mouse cardiac endothelial cells (MCEC) line (Online Fig-
ure VIIA). Analysis by gPCR of different genes showed
that MCEC expressed a mix of markers for the different
ECs subpopulations (FoxC1, Cdh11, Nr2f2, Cxcl12, Nes,
Uncbb, among others), but they did not express any of
the SoxF TFs that are present in the developing coro-
nary vasculature in vivo (Online Figure VIIB). Both CR1
and CR2 labeled oligos (red and green, respectively)
were bound by the extract, but the CR1 element showed
stronger specific binding, which could in turn be dis-
placed by excess of unlabeled probe. In contrast, excess
of the same probe with mutated nucleotides in the bind-
ing motif did not compete as efficiently (Figure 7B).

To explore whether this enhancer could be functional
in cardiac ECs and transactivate a heterologous reporter,
we performed transient luciferase reporter assays with
the full-length intact second intron (i2_full) or with
deleted fragments (ACR1, ACR2) of the intron in MCEC
overexpressing Sox 17 protein (Figure 7C; Online Figure
VIIC). Deletion of both CR in the Nes neural enhancer
reduced the luciferase activity by 5-fold, although resid-
ual reporter activity remained, similar to controls not
overexpressing Sox17. Because Sox18 was also differ-
entially expressed between Nes-GFP+ coronECs and
GFP— endocardium (Figure 6A), we also tested if this
TF could be able to activate the enhancer. We showed
that there were no differences in the reporter activity with
or without overexpressing Sox18 (Figure 7C). Coexpres-
sion of both Sox17 and Sox18 did not have an additive
effect but rather reduced the luciferase reporter induc-
tion (Online figure VIID). In addition, we generated a
double transgenic doxycycline-inducible Sox17 MCEC
clone containing Nestin's second intron fused to tomato
reporter construct. By increasing doxycycline concentra-
tion, we could see the progressive induction of tomato
reporter expression (Online Figure VIIE through VIIG).

Collectively, these results demonstrate that in coronECs,
Sox17 interacts with the SOX motif present in the CR1
and CR2 of the Nestin promoter, showing specificity for the
CR1. This interaction is sufficient for activation of the Nes-
tin neural enhancer in vitro. Altogether, Sox17 TF is directly
regulating Nestin neural enhancer in coronECs but not in
the ventricular endocardium, suggesting a potential role in
sprouting immature plexus before arterial specification.

Sox17 Mediates the Correct Formation and
Subsequent Remodeling of the Coronary
Vasculature

We further performed human umbilical vein endothelial cells
(HUVECS) tube formation assay to determine whether the
absence of SoxF TFs could affect the angiogenic capac-
ity of ECs. HUVECs were cotransfected with a plasmid-
expressing the Sox18 Ragged opossum variant, which acts
in a dominant-negative for all SoxF family members2* We
concluded that transfection of HUVECs with Sox718%“
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Figure 7. Interaction of Sox17 (SRY-related-HMG box) 17 TF (transcription factor) with Nestin neural enhancer in vitro.

A, Multispecies alignment using ClustalW shows that Nes second intron enhancer contains 2 putative binding sites for SOX TFs (CR1 and CR2,
respectively), as well as other binding sites for ETS (erythroblast transformation specific) and POU (Pit-1, Oct-1/2, unc86 [family of genes])
factors. B, EMSA (electrophoretic mobility shift assay) demonstrates that Sox17 is able to physically interact in vitro with both CR1 (lanes 2-4)
and CR2 (lanes 5-7), showing specificity for CR1 where the protein was competed by excess unlabeled self-probe (wild type [WT], lane 3)

but not by mutant self-probe (MUT [mutated], lane 4). C, Luciferase assay in mouse cardiac endothelial cells (MCEC) overexpressing Sox17 or
Sox18, respectively. D, Tube formation assay in HUVECs transfected with a control plasmid and Sox 18 Ragged Opossum-expressing plasmid
(RaOp, right) shows that overexpression of the dominant negative protein in endothelial cells (ECs) abolish the tube formation. E, Quantification
of total number of loops and branching points comparing control and mutant conditions. Data are meantSEM; n=3 (C and D); Pvalues were
determined by 1-way ANOVA with Tukey correction (C) and the unpaired ¢ test (E).

resulted in a significant decrease in the number of loops
and branching points in the tube formation, compared with
control situation (Figure 7D and 7E).

After demonstrating that Sox77 regulated Nestin
enhancer in ECs in vitro, we next decided to deleted
Sox17 in vivo specifically in coronary vessels at the time
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they start to develop. To overcome the lethality of global
Sox17 null embryos, we conditionally deleted Sox17
within the endothelial lineage, taking advantage of the
Nes-CreER driver to precisely test Sox17 function in
Nes+ cells, and to restrict excision primarily to coronary
vessels, thus avoiding indirect effects from the endocar-
dium. We generated Sox17 conditional mutant embryos
(Sox17%9) carrying the Rosa26-tomato reporter allele to
follow recombined cells and also carrying the Nes-gfp
reporter allele to directly inspect any coronary network
miss-patterning. Tamoxifen-induced deletion of the Sox-
]7exed was performed at E10.5 and E12.5 (Figure 8A)
to target the earliest coronary sprouting cells from the
SV at E11.5 and analyzed the vascular phenotype in the
coronary network. E16.5 Nes-CreER;Sox 17! embryos
only had a few remaining ventricular Sox17+ cells com-
pared with wild type (WT) embryos (not shown), con-
firming the effective deletion within the E10 to E12.5
window. Figure 8 and Online Figure VIII show that Sox-
170 hearts had severe coronary remodeling defects,
with abnormal CA formation and retarded unremodeled
coronary plexus, compared with stage-matched control
WT littermates. The penetrance of the phenotype was
variable, but most of the mutant embryos presented
coronary defects, with the most affected ones showing
overt lack of the main anterior left CA (Figure 8B and 8C;
Online Figure VIIIA) and in fewer cases, also complete
absence of the posterior right artery (Figure 8D). By con-
trast, CVs remain unaffected (Online Figure VIIIB). The
connections of both left and right CAs appeared to form
normally in most of the Sox 77 hearts, as assessed by
deep confocal optical reconstruction of the proximal aor-
tic region (Online Figure VIIIC). In the mutants, we further
observed an expansion of Sox17+ tom— cells, possibly
derived from activated, nonrecombined endocardium that
had incorporated into the plexus to compensate for the
vascular defects (Figure 8D; Online Figure VIIID, boxed
area), indicating that Sox17 was necessary for the arte-
riogenic maturation of the primitive plexus. However,
even with such ectopic overexpression of Sox17 in ven-
tricular endocardium, mutant hearts fail in the correct
remodeling to give rise to proper CAs.

Collectively, we propose that contrary to what had
been described in other tissues,® expression of the
other SoxF factors (Sox7 and Sox18) in coronECs is
not sufficient to compensate for the lack of Sox77 in
this developing plexus. More importantly, our data reveal
that Sox17 has a crucial role in initial steps of coronary
plexus development and not only in the subsequent
remodeling of CAs.

DISCUSSION

In the present study, we exploited a novel set of car-
diac genetic tools, including both the Nestin's neural
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enhancer-driven Nes-gfp and Nes-CreER™ Tg mouse
lines, to explore the signals controlling the formation and
maturation of the coronary endothelium. We identified
the TF Sox17 as a critical regulator for the remodeling
of coronary vessels. In fact, its genetic deletion led to
inadequate CA formation.

The same intronic enhancer—shared by both lines
used here—has been the critical element (in conjunc-
tion with variable regions of Nestin’s proximal promoter
region) to generate a number of Nestin-based Tg reporter
lines lines, mostly for neurogenesis studies.®?® Over the
recent years, Nes-gfp has been shown to label not only
neural stem cells but also a dynamic range of non-neural
cell types in multiple organs, including heart.'9'2%" |t is
therefore becoming clear that Nes-GFP+ expression,
although restricted, should not be considered a definer
of cell-lineage identity, but rather as a dynamic marker
that is upregulated in specific scenarios by distinct cell
types, including ECs, as we show here during cardiac
development. In our study, we have employed these Nes-
tin-related transgenic models just as a tool for visualizing
developing coronary vessels. Of interest, several reports
have found expression of the endogenous Nestin protein
in rat and human blood vessels,273° particularly during
neovascularization and following myocardial infarction.®'
It will be interesting to inspect further the biological rele-
vance of the intermediate filament Nestin's cellular func-
tion in this context. According to the postinfarct temporal
pattern of expression in adult heart, it has been sug-
gested that Nestin may be needed for the cardiac repar-
ative angiogenesis response.® Therefore, future studies
will be required to assess whether Sox17 (or other SoxF
factors) might play any role in regulating Nestin endog-
enous re-expression and, perhaps, participate in the vas-
cular remodeling under pathological conditions.

The developmental origins of coronary vessels has
remained a controversial topic in recent years, with the
SV and the endocardium considered 2 of the main sou
rces.2'6173334 Despite the relative contributions of each
compartment, it is increasingly clear that the develop-
mental assembly of the coronary system is highly plastic,
although still very poorly defined, with compensation of one
source for deficiencies from the other to ultimate assure
the proper functional vascularization of the heart, which is
critical for the further growth and survival of the embryo.®
An emerging concept in the vascular biology field is EC
heterogeneity within vascular beds and organ-specific EC
signatures. In this study, we performed RNA-seq profiling at
high depth after precise separation of coronary and endo-
cardial ECs at E13.5 and E17.5. An analogous separation
was previously reported by Bin Zhou’s laboratory using
Npr3-CreER and Fabp4-Cre mouse lines, which allowed to
prospectively fate-map and isolate endocardium and coro-
nary vessels, respectively, from E14.5 hearts.®® Although
our current expression datasets are consistent with those
reported by Zhang et al for the equivalent populations
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Nes-CreER™; Sox17f

Ventral B

Dorsal

Boxed area D1
Boxed area D2

Boxed area D3
Boxed area D4

Sox17- J

Figure 8. Sox17 (SRY-related-HMG box) 17 is required for the correct formation of developing vessels and posterior remodeling
of coronary arteries.

A, Scheme of tamoxifen inductions at E10.5 and E12.5 and analysis of E16.5 hearts. B, Whole-mount of Nes-gfp+ hearts show that Sox17#©
have impaired development of coronary plexus and completely abolished the remodeling of coronary arteries (CAs; right, asterisk) compared with
control hearts (left, arrowheads). C, Ventral and (D) dorsal view of tom+ hearts showing Tom+ endothelial cells where Sox17 is abolish in cKO
(conditional knockout) hearts. Boxed areas show normal remodeling of the CAs in wild type (WT) hearts (C1, left coronary artery [LCA] in ventral
surface; D1, right CA in dorsal surface). In mutant hearts, cells that express Sox17 are insufficient for normal remodeling boxed area C2 and D3).
Scale bars, 500 pm; 100 pm in boxed areas. The most representative images better depicting the observed phenotypes are shown. GFP indicates
fluorescent green protein; LCA, left coronary artery; LV, left ventricle; RV, right ventricle; and TMX, tamoxifen.
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(not shown), our method allows to segregate and isolate
these subpopulations from the very same pool of hearts,
allowing for a better developmental synchronicity and bet-
ter sample matching. Moreover, taken advantage of our
strategy, we could perform a second RNAseq from the 3
segregated subsets of cardiac ECs (endocardium, intra-
myocardial arteries/capillaries, and subepicardial veins) at
E175. Single-cell (sc) transcriptomics has emerged as a
potent technology to identify cellular heterogeneity, while
bulk RNAseq can better capture subtle gene expres-
sion differences because of its higher sequencing depth.
Indeed, our transcriptional profiling between prospective
arteries and veins confirms and complements the recently
reported scRNAseq analysis of cardiac cells building the
CAs by the Red-Horse laboratory.®®

In this work, we have identified putative binding motifs
for Sox17/SoxF within the rat Nestin second intron
sequence, most likely responsive for its coronary arterio-
genic activation. In general, SOX family factors require
other binding partners and cofactors, which are tissue-and
cell-type specific, for achieving full transcriptional activa-
tion of target genes. Previous studies showed a synergistic
inactivation between group B1/C SOX and class Il POU
(Pit-1, Oct-1/2, unc86 [family of genes]) to regulate Nestin
enhancer in neural progenitors.*® The SOX:POU motif is
located in the CR2, no POU-family member gene expres-
sion was detected in our RNAseq data. It remains to be
defined which other TFs may synergistically cooperate
with Sox17 specifically in coronECs to regulate the neural
enhancer, besides the endothelial-abundant ETS factors.®”
A recent study evaluated the signaling pathways operative
in developing mouse hearts using a collection of well-char-
acterized vascular enhancers.® Intriguingly, they described
a preference for SoxF/RBRJ regulatory pathways in sinus-
venosus-derived arterial vessels. Although we have not
evaluated the role of Notch/RBPG in our system, Sox17
has been reported to act upstream of Notch and hence
fine-tune Notch signaling during vessel sprouting. Whereas
the Wnt/B-catenin signaling pathway has been reported to
be a downstream target of Sox17 in postnatal vasculature
of the retina, another potential pathway that might be tar-
geted by Sox17, in the vascular context, is VEGF (vascular
endothelial growth factor) signaling (which is also linked to
Notch induction). Moreover, we have observed that in vitro
overexpression of Sox17 in MCEC led to the induction of
Cxcl12 expression in these cells (data not shown). Thus,
this chemokine could be a potential target downstream
Sox17 in the coronary vasculature, coinciding with data
reported by Corada et al in brain ECs. However, further
investigation should be performed in vivo to confirm this
observation and whether it is direct. In further studies, it will
be interesting to compare the transcriptional profiling from
coronary vessels between WT and Sox17 mutants and
examine candidate signaling pathways, including Notch,
Wnt/B-catenin, VEFG, hypoxia (HIF [hypoxia-inducible
factor] factors), and Cxcl12-mediated signaling.
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Initial confocal imaging and transcriptional profiling data
suggested that Sox17 is not normally expressed in the
ventricular endocardium. However, we observed that some
cells at the trabecular base upregulate Sox17, invaginate,
and penetrate into the compact myocardium (giving rise
to endocardial flower-like structures). Interestingly, Nes-
gfp reporter is also activated in these endocardial-derived
sprouts that invade the ventricle. We speculate that Sox17
activation is required in sprouting coronary vessels, regard-
less of their origin (SV- or endocardium-derived vessels).

Next, we investigated the role of Sox17 in the for-
mation of the coronary vessels by conditional deleting in
coronECs with the Nes-CreER driver line. A similar goal
was pursued by the Dejana laboratory to analyze the role
of Sox17in controlling the brain-blood barrier permeabil-
ity using an inducible Cdh5-CreER™ driver to inactivate
Sox17in ECs.* Considering that SoxF factors (including
Sox17) play an important role in early endocardial forma-
tion and are required for heart development,*® we lev-
eraged the Nes-CreER driver to restrict Sox17 excision
primarily to coronary vessels, thus preserving endocardial
ECs, thus avoiding indirect effects from the endocardium.
It has been suggested that endocardial-derived coronary
vessels can expand and fully compensate for impaired
vessel development in several mutants such as Apj or
Ccbel, which present defective development of SV-
derived vascular plexus.'® Intriguingly, the activated endo-
cardium seems to upregulate Sox17 (which is usually
downregulated in these cells). In our work, we have also
observed an increased expression of Sox17+ cells in the
prospective ventricular activated endocardium. There-
fore, we noticed the presence of residual Sox17+ cells
partially integrated into the defective arterioles, which are
most likely derived from nonrecombined cells of the acti-
vated endocardium. However, there was no full arterial
remodeling of the primary plexus even under overexpres-
sion conditions. These results suggest that there is a crit-
ical threshold of Sox17+ prearterial ECs to populate the
maturing CAs and correctly form the left CAs. It is known
that remodeling of CAs requires of fluid shear stress sig-
nals triggered after attachment of coronary plexus to the
aorta. While the phenotype observed could be related
with this process, we found normal attachment to the
aorta in our mutants. On the other hand, subepicardial
CVs in the heart's dorsal surface remained unaffected in
the absence of Sox17, suggesting that this TF may not
be necessary for its correct remodeling.

In summary, we demonstrate that in coronary vessels,
lack of Sox 17 cannot be compensated by overexpression
of the other SoxF factors as described in other tissues.
Even if the penetrance was variable in each littermate,
most of the analyzed hearts showed lack of left coro-
nary artery (LCA) in the ventral surface, whereas com-
plete absence of right coronary artery (RCA) in the dorsal
part of the heart was less common. The strongest phe-
notype showed absence of developing coronary plexus
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in the ventral surface of mutant hearts. These findings
suggest that, in contrast to what happens in other gene
mutants, the compensatory upregulation of Sox17 in
activated endocardial cells is not enough to fully coun-
teract the coronary vascular phenotype when this TF
is not expressed in developing coronary vessels. Alto-
gether, conditional deletion of coronECs during the initial
sprouting phase (E10.5—E12.5) revealed the crucial role
of Sox17 factor in the correct colonization of develop-
ing plexus in embryonic hearts as well as subsequent
remodeling into mature arteries and arterioles.
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