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Abstract

Background—During the final stages of heart development the myocardium grows and becomes
vascularized via paracrine factors and cell progenitors derived from the epicardium. There is
evidence to suggest that retinoic acid (RA), a metabolite of vitamin A, plays an important role in
epicardial-based developmental programming. However, the consequences of altered RA-signaling
in coronary development have not been systematically investigated.

Results—We explored the developmental consequences of altered RA-signaling in late
cardiogenic events that involve the epicardium. For this, we employed a model of embryonic RA
excess based on mouse embryos deficient in the retinaldehyde reductase DHRS3, and a
complementary model of embryonic RA deficiency based on pharmacological inhibition of RA
synthesis. We found that alterations in embryonic RA-signaling led to a thin myocardium and
aberrant coronary vessel formation and remodeling. Both excess, and deficient RA-signaling are
associated with reductions in ventricular coverage and density of coronary vessels, altered vessel
morphology and impaired recruitment of epicardial-derived mural cells. Using a combined
transcriptome and proteome profiling approach, we found that RA treatment of epicardial cells
influenced key signaling pathways relevant for cardiac development.
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Conclusions—Epicardial RA-signaling plays critical roles in the development of the coronary
vasculature needed to support myocardial growth.
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INTRODUCTION

Retinoic acid (RA), an active metabolite of vitamin A, carries out regulatory roles in many
essential processes during both embryonic and postembryonic life (Clagett-Dame and
Knutson, 2011). The activities of RA are mediated by ligand-activated transcription factors,
known as retinoic acid receptors (RARs) and retinoid X receptors (RXRs), which are found
associated with DNA motifs, termed RA response elements (RARES), in the vicinity of
target genes (Cunningham and Duester, 2015). Binding of RA to RAR/RXR heterodimers
leads to the activation, or repression, of hundreds of genes resulting in pleiotropic effects,
which influence tissue growth, differentiation and repair (Paschaki et al., 2013). RA-
signaling is regulated by a complex transport and enzymatic pathway, which controls the
levels of available cellular RA (reviewed in (Shannon et al., 2017)). The cellular RA levels
are also influenced by the health and nutritional status of the individual, which can affect,
the dietary availability, uptake, or tissue storage of retinol and provitamin A carotenoid
precursors (Rubin et al., 2017).

Alterations in RA-signaling resulting from excess or deficiency of dietary vitamin A, or due
to treatment with RAR agonists can lead to congenital disorders manifested as craniofacial,
cardiac, limb, thymus, ear and neural tube malformations (Kochhar, 1973; Lammer et al.,
1985; Rothman et al., 1995; Vieux-Rochas et al., 2007; Ackermans et al., 2011). The
magnitude of the teratogenic effects of altered RA-signaling depends both on the extent of
deficiency or excess, and on the developmental stage of the fetus at the time of exposure
(Collins and Mao, 1999). The development of the heart is very sensitive to altered RA levels.
Better understood are the effects of RA on early stages of cardiogenesis, when RA controls
the determination of the cardiogenic progenitor pool and the anteroposterior patterning of
the primitive heart tube (reviewed in (Xavier-Neto et al., 2015; Stefanovic and Zaffran,
2017). As a result, altered RA-signaling can induce a series of defects related to looping,
outflow tract and chamber formation (Lammer et al., 1985; Lee et al., 1997; Yasui et al.,
1997; Kolodzinska et al., 2013). Paradoxically, excess and deficiency of RA can often result
in similar defects, due to either compensatory mechanisms or simply because both excess or
deficiency of RA ultimately result in impaired development (Frenz et al., 2010; Lee et al.,
2012; Rydeen et al., 2015)

Following the formation of the chambered heart, RA-signaling is involved in several late
developmental processes in the embryonic heart, which include the growth of the myocardial
compact zone and the formation of the coronary vasculature. The main source of RA in the
late heart is the epicardium, a mesothelial layer of cells that covers the heart starting at E9.5—
E10 in mouse embryos (Moss et al., 1998). The epicardium secretes trophic factors, which
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support myocardial expansion, such as Fibroblast Growth Factor (FGF) 2 and 9 the latter of
which is responsive to intrinsic epicardial RA signaling (Lavine et al., 2005). The
epicardium also responds to extra-cardiac RA signaling. For example, embryonic liver RA
signaling stimulates erythropoietin (EPO) secretion to induce the production of insulin-like
growth factor 2 (IGF2) in the epicardium, which stimulates myocardial expansion (Brade et
al., 2011; Shen et al., 2015). Thereby, an RA-Epo-1gf2 signaling axis operating from the
fetal liver to the epicardium coordinates erythropoiesis with myocardial growth. Moreover,
epicardial-derived precursor cells (EPDCs) undergo epithelial-to-mesenchymal transition
(EMT) giving rise to cardiac vascular smooth muscle cells (VSMCs) and perivascular and
interstitial fibroblasts, which stabilize the coronary vasculature and provide functionality to
the contracting heart (reviewed in (Lajiness and Conway, 2014; Sharma et al., 2017). Since,
the formation of the vasculature and myocardial compaction must proceed in a timely and
well-orchestrated manner, defects in the formation of epicardial derivatives are often
associated with both compromised formation of coronary vessels and hypoplastic ventricles
(Smith et al., 2011; von Gise et al., 2011; Trembley et al., 2015; Singh et al., 2016). This is
also true in the case of mouse models of altered RA-signaling, which manifest both thin
myocardium (Chen et al., 2002; Stuckmann et al., 2003; Brade et al., 2011; Shen et al.,
2015) as well as defects in the formation of the coronary vasculature (Merki et al., 2005; Lin
et al., 2010). However, despite the evidence of the contribution of RA-signaling in late heart
development, many questions remain regarding its exact roles in this process.

Here, we examined the effects of altered RA-signaling during late gestation development of
the heart focusing on coronary vessel formation and myocardial growth. Recent studies
suggest that RA may play an important role in the epicardial cytoskeletal rearrangement,
migration and differentiation of EPDCs (MerKki et al., 2005; Azambuja et al., 2010; Braitsch
etal., 2012; Wang et al., 2018; Xiao et al., 2018). Using complementary models of either
excess or deficiency of RA, we demonstrate that RA plays an indispensable role in the
development of the primary endothelial plexus of the coronary vasculature and the
recruitment of mural cells by the endothelial bed. In addition, both excess and deficiency of
RA were found to cause reduction in the ventricular myocardial growth. Through a
combined transcriptome/proteome analysis, we found that /n vitro activation of RA-
signaling in epicardial cells led to changes in expression of genes involved in cardiogenic
pathways such as FGF, Serum Response Factor (SRF) and Hypoxia-Inducible Factor 1-a
(HIF1-a). Taken together, our study describes the effects of altered RA-signaling on the
development of the coronary vasculature and the myocardium and provides evidence for the
requirement of epicardial RA signaling to orchestrate the development of the coronary
vasculature required to support myocardial expansion.

Excess RA affects development of the heart during late gestation

To test the teratogenic effect of excess RA on development of the heart, we employed a
mouse model lacking the enzyme, DHRS3, which reduces the RA precursor, retinaldehyde,
to retinol and thus prevents the synthesis of excess RA (Haeseleer et al., 1998). Studies from
our lab and others have previously shown that in the absence of DArs3, RA accumulates and
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causes alterations in RA-signaling both globally and within the developing hearts of
Dhrs37!~ embryos (Feng et al., 2010; Billings et al., 2013; Kam et al., 2013; Adams et al.,
2014; Wang et al., 2018). Here, we first asked whether DArs3-ablation results in altered RA-
signaling in the hearts of DArs3”~ mice at E12.5, a stage marked by the rapid myocardial
growth and coronary plexus development. We crossed the D/rs3*/~ mice with the RARE-
LacZmouse strain, which expresses a LacZ reporter gene driven by a promoter controlled
by a RARE derived from the mouse Rarb promoter (Rossant et al., 1991). This allowed us to
visualize the tissues exhibiting active RA-signaling in the developing embryos. The
detection of LacZ-encoded B-galactosidase revealed that at E12.5, ablation of DArs3 causes
an expansion of RA-signaling in the mutant heart (not shown), which agrees with findings of
RARE-LacZ gene expression observed in E10.5 and E14.5 DArs3”~ embryos (Billings et
al., 2013; Shannon et al., 2017; Wang et al., 2018). The expansion of RA-signaling seen in
the hearts of DArs37~ embryos is also consistent with the observed increases in the global
levels of RA as quantified by direct analysis via LC-MS/MS at E12.5 and E14.5 in DArs3™~
embryos (Billings et al., 2013; Wang et al., 2018).

When DArs3*/~ dams were fed on a vitamin A sufficient (VAS) diet containing 4 1U
preformed vitamin A per gram of food, their DArs3-null offspring (VAS-Dhrs37") displayed
mid-gestational lethality accompanied by defects in the development of the heart. As we
have previously reported, global ablation of DArs3is associated with a membranous
ventricular septal defect, agenesis of the atrial septum and a double-outlet right ventricle
(DORV) in E14.5 VAS-Dhrs3~ embryos (Billings et al., 2013). Examination of the gross
morphology of the E14.5 VAS-DArs3”~ embryos presented evidence of peripheral edema
suggesting cardiac insufficiency in the absence of DArs3 (Fig. 1A vs. B). The ventricular
myocardium of E14.5 VAS-DArs3™~ embryos exhibited a 2-fold reduction in the thickness
of its compact zone in comparison to wild type littermates (VAS-wild type) (Fig 1C vs. D,
via hematoxylin and eosin quantified in 1E). This phenotype is similar to observations made
in other models with altered RA-signaling (Niederreither et al., 2001; Merki et al., 2005; Lin
et al., 2010).

Ablation of DhArs3is also associated with defects and delays in the formation of the coronary
vasculature. Most notably, on the ventral side of the ventricles of E14.5 VAS-DArs3™~
embryos, we observed larger numbers of PECAM1-positive endothelial nodules of greater
size and broader distribution than seen in their VAS-wild type littermates (Fig 2A vs. B,
quantified in 2D). Such epicardial PECAM1-positive nodules may originate as ectopic blood
islands and have been observed in other mouse models that exhibit defects in the
development of the coronary vasculature (Mellgren et al., 2008; Tian et al., 2013; Wu et al.,
2013; Trembley et al., 2015). Additional related cardiovascular defects became noticeable
VAS-Dhrs37~ hearts at E14.5. As the primitive plexus matures, the vessels of the hearts of
VAS-wild type littermates undergo remodeling, including pruning and branching (Fig. 2F).
However, in the hearts of E14.5 VAS-Dhrs37~ embryos, the vessels remained tortuous,
aberrantly enlarged, and lacking branching from pre-existing vascular beds (Fig. 2G). This
defect is especially noticeable near the atrioventricular canal (AVC) of the hearts of E14.5
VAS-Dhrs3™~ embryos, where the vessels formed a large endothelial mass, with few
branches (Fig 2G, red arrow). In addition, the hearts of E14.5 VAS-Dhrs3”~ embryos
displayed reduced coronary vessel coverage of the heart compared to VAS-wild type
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littermates (Fig. 2F vs. G). Therefore, excess embryonic RA and expanded RA-signaling
observed in the hearts of VAS- DArs37~ embryos is associated with coronary defects.

To confirm that the coronary vessel malformations observed in DArs3”~ embryos develop as
a consequence of excessive RA, we fed DArs3*/~ dams from weaning with a vitamin A-
deficient (VAD) diet to generate VAD-DArs3”~ embryos. Our hypothesis was that the lower
levels of RA precursors found in VAD-DArs3™~ embryos would reduce the levels of RA
being formed and restore normal development in DArs3”~ embryos. Indeed, feeding
Dhrs3*/~dams a VAD diet led to restoration of vascular coverage of the dorsal ventricles of
VAD-DArs3™~ embryos to the levels observed in E14.5 VAS-wild type littermates (Fig. 2H
vs. G and vs. F, quantified in 2E). Moreover, feeding DArs3*/~ dams a VAD diet also led to
reduced formation of endothelial nodules in the DArs3~ hearts (Fig 2C vs. B) compared to
hearts of VAS- DArs37~ embryos. In fact, feeding dams a VAD diet for three successive
generations, allowed us to bypass the embryonic lethality associated with the Dhrs3
deficiency to obtain viable DArs3~ pups that survived into adulthood (Supplement Movie
1). In conclusion, our data suggest that the cardiac developmental defects resulting from
genetic deletion of DArs3are chiefly caused by increased formation of RA.

Coronary vessels of E14.5 VVAS-Dhrs37~ hearts had an altered morphology. Whereas wild
type hearts developed extensive arborization including both small and large vessels,
coronary vessels of VAS-DArs3”~ hearts were consistently larger (PECAM1
immunostaining Fig. 2K vs. L, quantified in 21). In addition, VAS-DArs3™ hearts had
significantly reduced vascular density per area of myocardium (Fig. 2J). In particular, there
was an accumulation of dilated and superficial vessels in the subepicardial space of VAS-
Dhrs3”~ embryos (Fig. 2L, white arrowheads), which we identified as COUP-TFII-positive
veins (Fig 2M vs. N). However, /n sifu hybridization of COUP-TFII in VAS-Dhrs37~ hearts
at £9.5 revealed relatively normal localization and expression levels of COUP-TFII in the
primitive VAS-DArs3~~ heart tube, suggesting that the expression of COUP-TFII at early
stages as well as the patterning of the primitive heart tube was normal (not shown). Thus,
altered RA homeostasis led to perturbations in the morphology, organization and vascular
density of coronary vessels in VAS-D/rs3~ mouse embryos. Taken together, our results
suggest that excessive formation of RA in VAS-D/rs37~ embryos affects not only the
cytoskeletal reorganization of epicardial cells and migration of epicardial cells reported
previously (Wang et al., 2018), but also the subsequent development of their coronary
vessels.

Excess RA does not affect vessel formation in the placenta and the embryonic yolk sac

RA was proposed to play a role in the development of the placental and yolk sac vascular
plexuses (Lai et al., 2003) and in the formation of hematopoietic stem cells from the
hemogenic endothelium (Chanda et al., 2013). Since deletion of DArs3 has been found to
cause global changes in alter RA-signaling, we assessed whether development of the
placental, and yolk sac vascular plexuses was affected in DArs37~ embryos. Histology
analysis using hematoxylin and eosin revealed a normal placental morphology in VAS-
Dhrs3™~ mice when compared with wild type littermates at E13.5 and E14.5 (Fig. 3A-D).
Quantification of the thickness and density of the vascular labyrinth did not reveal any
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significant differences between wild type and DArs3 mutant embryos (Fig. 3E-F). Deletion
of Dhrs3did not impede the formation and branching of vascular tubes from the chorionic
plate, nor did it impact placental vascular patterning (Fig. 3G-J). In addition, both VAS-
Dhrs3™~ embryos and their stage-matched wild type littermates had an intact embryonic
yolk sac plexus composed of a finely branched and properly developed network as
illustrated by whole-mount PECAM1 immunostaining (Fig. 3K, L). Therefore, altered RA-
signaling in VAS-D#Ars3”~ embryos did not affect vasculogenesis and remodeling of
placental and yolk sac plexuses.

Excess RA interferes with the recruitment and differentiation of VSMC progenitors

VSMCs and pericytes are critical for coronary vessel morphogenesis and function (Mellgren
et al., 2008; Trembley et al., 2015). Coronary vascular mural cells, which are derived
predominantly from the epicardium via an EMT, migrate into the myocardium where they
are required in vascular stabilization and remodeling (Smith et al., 2011). We and others
have shown that RA-signaling plays a critical role in both the formation, migration and
differentiation of epicardial cells (Azambuja et al., 2010; Braitsch et al., 2012; Wang et al.,
2018). Specifically, Dhrs37~ EPDCs were found to migrate deeper into the myocardium of
E14.5 Dhrs3”~ mice (Wang et al., 2018; Xiao et al., 2018). Since studies described herein
suggest that DArs37~ mice have compromised coronary vasculature, we investigated if the
recruitment of VSMCs by the coronary plexus is affected in DArs3™ hearts.

We characterized the localization and recruitment of VSMC progenitors to the endothelial
tubes by immunostaining with VSMC and endothelial markers, PDGFRB and PECAM1
respectively, in DArs37~and control hearts. PDGFRB marks not only progenitors of
VSMCs but also pericytes that are recruited to capillaries and postcapillary venules. Most
PECAM1-positive vessels were associated with PDGFRB-positive vessels at E14.5 in both
wild type and DArs3”~ hearts (Fig. 4A-H, red arrows). However, we observed noticeably
more PECAMZ1-positive endothelial tubes that were not associated with PDGFRB-positive
VSMC progenitors in the DArs3”~ myocardium compared to wild type (Fig. 4C vs. G,
yellow arrow). At the same time, there were more PDGFRB-positive cells unassociated with
any vessels in the D/rs37~ hearts (Fig. 4C vs. G, white arrowheads).

The enlarged coronary vessels persisted in the few surviving E17.5 VAS- DArs3™~ fetuses,
which exhibited a combination of normal-sized intramyocardial arteries and very large,
collapsed, superficial veins compared to wild type controls (Fig. 5A vs. B, white arrows).
When we examined the recruitment of VSMC progenitors in DArs3~ embryos that survived
to E17.5, we noticed a remarkable reduction in the number of PDGFRB-positive VSMC
progenitors near PECAM1-positive vessels in the DArs3”~ hearts (Fig. 41-P). This
recruitment defect was most noticeable in the case of the large subepicardial veins observed
in Dhrs3™~ hearts at E17.5 which were found to be devoid of mural PDGFRB-positive cells
(Fig. 4K-L vs. 40-P). Furthermore, VSMC progenitors failed to differentiate into mature
VSMCs in Dhrs3™~ hearts when compared to wild type hearts, as revealed by the lack of
expression of SM22a. in mural cells around major vessels (Fig. 5C-H, yellow arrows). In
contrast to larger vessels, PDGFRB-positive VSMCs or pericytes were found to be in direct
contact with the PECAM1-positive endothelial cells of capillaries (Fig. 41 vs. M, blue
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arrowheads) though this colocalization does not provide information about whether the two
types of cells had established proper communication. In conclusion, excess RA influenced
the recruitment, stabilization and differentiation of PDGFRB-positive VSMC progenitors,
and this effect was most apparent in the case of the large subepicardial veins of DArs3~
embryos.

RA deficiency leads to defective formation of the myocardium and the coronary vessels

Previously we have described the establishment of a mid-gestational model of /n utero RA
deficiency by administration of Win 18, 446 (WIN), an irreversible inhibitor of the aldehyde
dehydrogenase 1A (ALDH1A) family of enzymes, which convert retinaldehyde to RA
(Chen et al., 2018). WIN, having been briefly investigated as a potential male contraceptive
(Heller et al., 1961), was shown to be a potent inducer of congenital heart defects including
coronary defects, yet, the cause for such defects remains poorly understood (Oster et al.,
1974; Kilburn et al., 1982; Binder, 1985; Tasaka et al., 1991; Ito et al., 1992; Okishima et al.,
1992; Kuribayashi and Roberts, 1993; Jackson et al., 1995; Nishijima et al., 2000; Okamoto
et al., 2004; Fujino et al., 2005; Kise et al., 2005; Hanato et al., 2011). We found that
administration of WIN between E9.5 and E13.5 dramatically reduced the amount of RA and
alters RA-signaling in developing mouse embryos and their hearts (Wang et al., 2018).
Importantly, we also discovered that administration of WIN affects the reorganization of the
epicardial cytoskeleton and the migration of EPDCs into the myocardium (Wang et al.,
2018).

In this study, we also observed that WIN-treated embryos of C57/BL6 mice showed signs of
edema possibly resulting from cardiac insufficiency (Fig. 6A vs. B). Despite apparently
normal chamber formation, we noticed a 50% thinner myocardium compact zone in WIN-
treated embryos when compared to the vehicle control-treated group (Fig. 6C vs. D, via
hematoxylin and eosin quantified in 6K). Inadequate formation of RA during mid-gestation
also led to coronary defects. Whole-mount immunostaining of endothelial cells via
PECAML1 indicated that the coronary vessels failed to fully expand to the ventricular apices
in WIN-treated hearts, whereas the vessels developed and sprouted normally in the hearts of
the vehicle control group, (Fig. 6E vs. F, red dashed-line marks the edge of expanding
vasculature). Quantification of vessel coverage revealed a 20% reduction in the hearts of the
WIN-treated group compared to controls (Fig. 6L). In addition, RA deficiency also altered
the vascular hierarchy of the coronary plexus. At E14.5, vehicle-treated embryonic hearts
displayed a well-organized coronary vessel network with several major vessels developing
from the AVC coursing towards the apex and branching out to smaller vessels (Fig. 6E). In
contrast, WIN-treated embryos showed evidence of defects in the formation and maturation
of the vascular network marked by having few clearly distinguishable major branches
(quantified in Fig. 6M) and a conspicuous absence of the septal artery (Fig. 6F, yellow
arrow), a normally constant feature of the control-treated mice and C57/BL6 mice in general
(Fernandez et al., 2008). Upon examining intramyocardial vessel morphology we found that
WIN treatment led to formation of vessels of a smaller diameter on average (Fig. 6G vs. H,
quantified in N). Consistent with the reduced vascular coverage observed through whole-
mount PECAML1 staining, the myocardium near the apex of the E14.5 WIN-treated heart
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was devoid of vessels and the density of intramyocardial vessels was reduced overall in
WIN-treated hearts (Fig. 61 vs. J, density quantified in 60).

We next investigated the effect of WIN-reduced RA-signaling on the recruitment of VSMC
progenitors to the coronary vessels of E14.5 embryos. Endothelial cells and VSMC
progenitors were visualized by double immunostaining of PECAML1 (green) and PDGFRB
(red), respectively, at E14.5 in embryonic hearts (Fig. 7). Previously, we reported reduced
migration of epicardial cells in response to WIN treatment in both /n vivo and in vitro
models (Wang et al., 2018). Consequently, there were fewer PDGFRB-positive cells in the
myocardium surrounding the coronary vessels of WIN-treated embryos (Fig. 7B vs. F).
However, the few PDGFRB-positive EPDCs that had infiltrated the myocardium in WIN-
treated mice reached positions near or adjacent to endothelial tubes (Fig. 7E, G), which
indicates that the initial recruitment of VSMC progenitors to the coronary vessels is not
severely altered as a consequence of reduced RA-signaling in the WIN-treated group.

RA-signaling influences the epicardial transcriptome and proteome

Both fetal and postnatal epicardium secretes signaling molecules that stimulate the growth
and repair of the heart (Olivey and Svensson; Zhou et al., 2011). RA-signaling can stimulate
epicardial cells to produce trophic factors that enhance the proliferation of cardiomyocytes
(Chen et al., 2002; Stuckmann et al., 2003; Merki et al., 2005; Brade et al., 2011; Shen et al.,
2015).

To define the effects of altered RA-signaling on epicardial cell signaling we performed
transcriptome and proteome profiling on a ventricular epicardial cell line, mouse embryonic
epicardial cell line 1 (MEC1) (Li et al., 2011), treated for 48 hr with 10nM TTNPB, a stable
RAR pan-agonist. We identified 6,931 genes being differentially regulated in MECL cells by
TTNPB treatment compared to the vehicle control-treated group (Wang et al., 2018), and
737 proteins whose expression level was altered in response to TTNPB (Fig. 8 inset). Of
these we identified 311 genes whose expression was consistently altered at both the
transcript and protein level (Fig. 8 and 9). Predictably, activation of RA- signaling in MEC1
epicardial cells led to upregulation of the expression of multiple known RA-modulated
genes, including Rarp, Rbp1 and Hoxal (Supplementary Table 2). TTNPB treatment also
induced compensatory responses in RA metabolism by suppressing the expression of genes
responsible for RA synthesis (Raldh1, Raldh2, and Rdh10) and inducing the expression of
those whose products reduce RA formation or catalyze its degradation (Cyp26al, Cyp26b1
and Dhrs3).

Using the Ingenuity Pathway Analysis (IPA) package (Kramer et al., 2014), we analyzed the
set of 311 genes considered differentially expressed at both the protein and transcript levels
in MECL1 cells in response to TTNPB. Based on the number of genes and their role in each
pathway we assigned an activation Z-score which correlates with the potential activation
(positive) or downregulation of the specific pathway (negative) (Kramer et al., 2014) (Fig. 8
and 9). Of all genes differentially expressed at both the protein and transcript levels, the set
of genes involved in signaling by Rho family GTPases achieved the highest Z-score (Fig. 8).
This observation agrees with our findings that TTNPB influences the cytoskeletal
rearrangement of epicardial cells via the Rho pathway (Wang et al., 2018). Related processes
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that involve regulation of actin-based motility by Rho, cardiac hypertrophic signaling, Rac
and PAK-signaling were also upregulated. In contrast, the antagonistic Rho GDP
dissociation inhibitor (GDI) signaling pathway was downregulated. These observations are
consistent with an increase in cell migration and cytoskeletal remodeling of epicardial cells
in the presence of RAR agonists. When we employed the IPA Upstream Regulator Analysis
algorithm we identified several potential upstream regulators which would be predicted to
cause similar expression changes in MEC1 as TTNPB. Specifically, we found that TTNPB
treatment of MECL1 cells evokes similar gene expression changes as the activation of
cytokine (interferon), growth factor (EGFR), and serum response factor (SRF) signaling
(Supplementary Table 3).

Next, we focused solely on the MECL1 transcriptome data set for clues regarding the roles of
epicardial RA in the secretion of cardiotrophic factors. Genes involved in several
developmentally important growth factor- and hypoxia-signaling pathways were determined
to be differentially regulated by activation of RAR via the treatment of TTNPB
(Supplementary Table 2). Within the list of differentially expressed genes, we also found that
RAR-agonist treatment of MECL1 cells induced the expression of known cardiotrophic
factors such as Fgf2and Fgf9 (Lavine et al., 2005), as well as mediators of FGF signaling
(Supplementary Table 2). Analysis of the transcriptome data derived from TTNPB or
control-treated MEC1 cells also revealed that HIF-1a and IGF-signaling was broadly
attenuated by activation of RAR in epicardial cells. This was evident by the down-regulation
of Hifla as well as multiple known effectors of HIF-1a signaling, including Vegfa, Tgfa
and Hyoul (Supplementary Table 2). The expression of several angiopoietin and
angiopoietin-like proteins known to be hypoxia-responsive were also observed to be altered
in response to TTNPB-treatment in MEC1 epicardial cells. In conclusion, analysis of the
RNAseq data revealed that RA alters the gene expression profile of epicardial cells resulting
in alterations in growth-promoting and angiogenic pathways. Collectively, our results
suggest that besides its well understood roles in early cardiogenesis, RA-signaling also plays
critical roles in regulating the growth of the myocardium and the formation and maturation
of the coronary vasculature (Fig. 10).

DISCUSSION

Deficiency or excess RA can result in various cardiovascular malformations in developing
embryos (Lammer et al., 1985; Niederreither et al., 2001; Ryckebusch et al., 2008; Sirbu et
al., 2008). Due to the essential roles of RA during early embryogenesis, changes in early
embryonic RA-signaling often result in embryonic lethality. As a result, the role of RA in
heart development during late gestation is less well understood. The main source of cardiac
RA during late gestation heart development is the epicardium (Moss et al., 1998;
Niederreither et al., 2002; Perez-Pomares et al., 2002). Therefore, we sought out to
investigate whether alteration in epicardial RA-signaling during late gestation heart
development influences epicardial-related developmental events.

We report here that either excess or deficiency of RA can cause defects in growth of the
myocardial compact zone and in the formation of the coronary vasculature (summarized in
Figure 10). Using DArs3~ embryos, a mouse model exhibiting mildly elevated embryonic
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RA (Billings et al., 2013; Wang et al., 2018), we showed that excess RA caused defects in
the formation of the coronary vascular plexus and abnormalities in coronary vessel
morphology and branching. These delays are accompanied by the formation of ectopic
endothelial nodules and large aberrant subepicardal veins devoid of mature VSMCs, as seen
in the few Dhrs3”~ embryos which survived to late gestation. The cardiac defects and
embryonic lethality observed in DArs3~~ embryos could be averted by reducing the
maternal vitamin A intake of the dam, thus, demonstrating that the effects of DArs3-ablation
on development were, indeed, the result of excess RA. In a second approach, starting at mid-
gestation, we administered WIN to block RA synthesis. By doing so, we avoided the
lethality and early cardiogenic defects resulting from RA deficiency previously observed in
embryos treated with WIN during early gestation (Oster et al., 1974). WIN-treated
embryonic hearts were properly chambered and had similar gross morphology when
compared to the vehicle-treated group, yet, experienced a 60% reduction in the global levels
of all-trans-RA and showed very restricted RA-signaling at E14.5 (Wang et al., 2018).
Importantly, RA deficiency caused by WIN administration led to the formation of
predominantly small-caliber vessels with few major arterial branches. Therefore, our results
establish a critical role for RA in the formation, remodeling and maturation of the coronary
vasculature.

RA-signaling is a shared component of the pathways that control the EMT, migration and
differentiation of epicardial cells. We have shown that RA-signaling plays an important role
in the PDGF-induced cytoskeletal reorganization of epicardial cells by activating Rho-
signaling (Wang et al., 2018). Epicardial expression of the RA synthetic enzyme, RALDH2,
is controlled by WT1 and defects in epicardial EMT caused by ablation of WT1 can be
partially rescued by RA supplementation (Guadix et al., 2011; von Gise et al., 2011). RA-
signaling also plays an important role in the subsequent differentiation of epicardial cells
into VSMC:s by repressing the differentiation of EPDCs into VSMCs via TCF21 (Azambuja
et al., 2010; Braitsch et al., 2012). Epicardial EMT and EPDC differentiation is also
controlled by Hippo-signaling (Singh et al., 2016; Xiao et al., 2018). We and others have
shown that the retinaldehyde reductase DArs3 counteracts the formation of RA, and is a
direct target of the Hippo effectors, Yes-associated protein (YAP) - TEA domain
transcription factor (TEAD) (Billings et al., 2013; Wang et al., 2018; Xiao et al., 2018).
Unrestricted Yap/Taz activity as a result of ablation of the Hippo kinases, Lats 1/2, results in
increased Dhrs3expression, and is associated with reduced fibroblast differentiation, and
coronary vascular defects (Xiao et al., 2018). Crosstalk of Hippo and RA-signaling has also
been invoked in the case of neural crest cells (Hindley et al., 2016). In conclusion, RA-
signaling plays important roles in epicardial EMT and differentiation acting in conjunction
with major signaling pathways that regulate epicardial development, and organ size and
patterning.

Recruitment of mural cells in the form of VSMCs and pericytes is required for proper
angiogenic remodeling and maturation of vessels (reviewed in (Gaengel et al., 2009)).
Defects in the formation or recruitment of VSMCs or pericytes can often lead to coronary
vascular defects and decreased ventricular vascular coverage (Hellstrom et al., 1999;
Hellstrom et al., 2001; Mellgren et al., 2008; Smith et al., 2011; Trembley et al., 2015; Volz
et al., 2015). Consequently, defects in VSMC/pericyte formation or recruitment observed in
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the hearts of DArs3~ or WIN-treated embryos could account for the compromised coronary
vessel remodeling and maturation seen in these models, however, this possibility will require
further studies. Of note, analysis of the proteome and transcriptome of TTNPB-treated
epicardial cells revealed that SRF could be a potential upstream activator of epicardial RA-
signaling (Supplementary Table 3). SRF is known to induce the differentiation of epicardial
precursors into VSMCs via Rho (Lu et al., 2001), and, through interactions with the
myocardin-related transcription factor (MRTF)-A and -B, SRF is important for epicardial
cell migration, pericyte differentiation and coronary angiogenesis (Trembley et al., 2015).
The influence of SRF or MRTF on RA-signaling during the recruitment of VSMCs and
pericytes to the endothelia is a potentially important subject for future studies.

RA generated from cardiac (epicardial) and extra-cardiac sources influences the secretion of
cardiotrophic factors by the epicardium. The ventricular myocardium grows during mid-
gestation and is sensitive to altered levels of RA-signaling in the heart (Sucov et al., 1994;
Merki et al., 2005; Lin et al., 2010). Notably, among differentially expressed proteins and
genes in RAR agonist-treated epicardial MECL cells we identified FGF2, FGF9, thymosin
B4, and follistatin-like 1 (FSTLZL), all previously proposed to be involved in myocardial
growth and coronary vascularization (Lavine et al., 2005; Pennisi and Mikawa, 2005; Smart
et al., 2007; Vega-Hernandez et al., 2011; Wei et al., 2015). Importantly, RA had been
previously shown to induce the expression of the epicardial mitogen FGF9 which controls
myocardial proliferation (Lavine et al., 2005). The growth of the myocardium is also
dependent on epicardial IGF2, whose expression was at first proposed to be controlled by
epicardial RA (Chen et al., 2002; Stuckmann et al., 2003; Merki et al., 2005), and more
recently shown to depend on RA-signaling in extra-cardiac (liver and placental) tissues
signaling controlled at first by EPO and later by the placenta (Brade et al., 2011; Shen et al.,
2015). We observed that in MEC1 epicardial cells, the expression of IGF2 was down-
regulated in response to TTNPB treatment (Supplementary Table 2) consistent with the
explanation that IGF2 secretion by the epicardium relies on signaling from RA produced by
extra-cardiac sources. Since WIN-exposure and Dhrs3-deficiency affect RA signaling
globally, we cannot exclude that altered RA signaling in extracardiac tissues may also
indirectly contribute to the myocardial growth defects observed in these models. However,
based on the effects observed in isolated epicardial explants and cell culture (Wang et al.,
2018), it is evident that intrinsic epicardial RA signaling plays a non-redundant role in the
formation, migration and differentiation of EPDCs.

Alterations in RA-signaling during late gestation heart development often translate into
defects in both myocardial growth and the formation of the coronary vasculature (Fig. 10).
For example, a hypoplastic ventricle and coronary vascular defects have been observed in
mice with either an epicardial-ablation of RXR (Merki et al., 2005) or a deficiency in
RALDH2 (Lin et al., 2010). Here, we show that embryos experiencing RA excess, or
deficiency exhibited defects in formation of the primary coronary plexus and that their
coronary vessels did not become invested with mature VSMCs. In the above-mentioned
examples the coronary vascular defects were often accompanied by a hypoplastic
myocardium and, in some cases, by other cardiac defects in outflow tract formation,
chamber formation and septation (Sucov et al., 1994; Lin et al., 2010; Billings et al., 2013).
In the current study, we observed that RA treatment of MEC1 epicardial cells caused a
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reduction in the expression of factors involved in HIF1a-signaling and angiopoiesis. HIFla.-
signaling in both the myocardium and epicardium is developmentally important for fetal
growth, angiogenesis and the proper formation of the coronary vessels (Yue and Tomanek,
1999; Tomanek et al., 2003; Wikenheiser et al., 2006; Tao et al., 2013). However, since the
growth of the compact zone of the myocardium is dependent upon the proper provision of
oxygen and nutrients via the coronary vasculature, excessive hypoxia resulting from
coronary defects may ultimately compromise its growth (Ream et al., 2008). The causal
relationship among congenital coronary anomalies and other congenital cardiac defects is
not currently understood. However, it is quite possible that they share common pathogenic
mechanisms that influence each other through reciprocal interactions (Perez-Pomares et al.,
2016).

In summary, these results contribute to our understanding of the importance of RA-signaling
in cardiovascular development. While hepatic RA-supports erythropoiesis via EPO, and
myocardial expansion via epicardial IGF2 (Makita et al., 2001; Brade et al., 2011; Shen et
al., 2015), epicardial RA stimulates myocardial growth via FGF, and controls coronary
vascular development to support the growth of the myocardium (Lavine et al., 2005; Merki
et al., 2005; Azambuja et al., 2010; von Gise et al., 2011; Braitsch et al., 2012; Wang et al.,
2018; Xiao et al., 2018). Through these concurrent actions embryonic RA coordinates the
timing of definitive erythropoiesis, myocardial growth and vascularization of the heart and
plays an integral role throughout the development of the heart, its vascular system, and
hematopoiesis (Xavier-Neto et al., 2015; Canete et al., 2017).

EXPERIMENTAL PROCEDURES

Mice

Dhrs3*~, RARE-LacZ and Dhrs3"~; RARE-LacZ mice have been previously described
(Billings et al., 2013). The RARE-LacZ mice carry a LacZ gene under the control of an RA-
inducible promoter (Rossant et al., 1991) and are available at the Jackson Laboratories
identified as strain RARE-hsp68LacZ, stock 008477. Unless otherwise noted, mice have
been maintained on 2018 chow diet (Envigo) containing 15 1U vitamin A/gram and kept in
rooms with controlled temperature and humidity with a 12 hr light-dark cycle. Studies of the
effect of WIN were performed on C57/BL6 mice purchased from Taconic.

After mating female mice were checked for vaginal plugs in the morning and that noon is
considered as embryonic day (E0.5). Caesarean sections were performed at designated
embryonic stages to harvest pups or embryonic tissues. All animal protocols were approved
by the Institutional Animal Care and Use Committee at the University of Kansas.

Generation of Dhrs3~~ mice in vitamin A-deficient dams

Dhrs3*/~ parent mice were kept on a vitamin A sufficient diet (VAS) and their female
Dhrs3*/~ offspring were reared on a vitamin A deficient (VAD) diet from weaning. VAD-fed
female DArs3*/~ mice were bred overnight with male DArs3*/~ mice to generate VAD-
Dhrs3™~ embryos. Caesarean sections were performed at designated embryonic stages to
harvest pups. In other studies, we continued the VAD diet of dams over successive
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generations while mating to male D/rs3%/~ mice and genotyping for presence of living
Dhrs3™~ mice. Both VAS and VAD diets are derived from AIN-93G growing rodent diet
(Reeves, 1997). The VVAS diet contained 4 IU of preformed vitamin A per gram of food
(D13112B, Research Diets) whereas the VAD diet is deficient in both preformed vitamin A
and provitamin A carotenoids (D13110GC, Research Diets).

Whole-mount PECAM1 and COUP TF Il staining

Mouse embryonic hearts were isolated in PBS and fixed in 4% paraformaldehyde (PFA) at
4°C overnight. Hearts were dehydrated through a series of increasingly concentrated
methanol/PBS into 100% methanol. Endogenous horseradish peroxidase activity in the heart
was quenched by Dent’s bleach (Methanol: DMSO: 30%H,0,=4:1:1) at room temperature
for 4 hours and then the hearts were rehydrated through a decreasing methanol/PBS series
into 100% PBS. Embryonic hearts were blocked in blocking buffer (5% non-fat milk/0.1%
Tween 20/PBS) for 2 hours and then incubated with diluted primary antibody against
platelet/endothelial cell adhesion molecule 1 (PECAML) (1:500, Cat# 553370; BD-
Pharmingen) for an hour at room temperature and subsequently overnight at 4°C. The
specificity of antibodies employed has been validated by western blotting. After washing
with PBS, a HRP-conjugated secondary antibody recognizing the species of the primary
antibody was applied to samples and incubated for an hour. Detection of HRP was
performed using the DAB Peroxidase substrate kit (\ector Laboratories, Cat# SK-4100) and
the stained hearts were photographed and documented using a Leica DMS300 Dissection
Microscope equipped with digital camera. /n situ hybridization of chicken ovalbumin
upstream promoter transcription factor (COUP-TF)-I1 in E9.5 embryonic hearts was
performed as previously described (Bruneau et al., 2001). For each embryonic stage, at least
3 distinct mouse embryos of each genotype or treatment group were analyzed by whole-
mount PECAM1 immunostaining.

Immunofluorescent staining

Immunofluorescent staining was carried out as previously reported (Billings et al., 2013).
Embryos at various developmental stages were harvested in ice-cold PBS, fixed in 4% PFA
overnight at 4°C, embedded in paraffin and transverse sectioned. Sample sections were
deparaffinized and rehydrated at room temperature. Antigen retrieval methods specifically
adapted in the case of different antigens were then applied: for CD31, sections were treated
with 0.1mg/ml proteinase K for 5 minutes at room temperature; for PDGFRA/B and COUP-
TF 11, heat-mediated antigen retrieval was performed using pH6.0 trisodium citrate solution.
In case of double-stained slides, embryonic tissues were fixed for 2 hours at 4°C and
processed for frozen sectioning. Tissue sections were incubated with 3% H,0, for 5 min to
quench endogenous HRP activity, and were blocked with blocking buffer (5% normal goat
serum/0.1% Tween 20/PBS) for an hour at room temperature, to prevent non-specific
binding. Diluted primary antibody was subsequently added to slides and incubated at 4°C
overnight. Primary antibodies employed are listed in Supplementary Table 1. After washing
with 0.1% Tween 20/PBS solution, an Alexa Fluor-conjugated secondary antibody that
recognizes the species of the primary antibody was applied. If signal amplification was
needed, an HRP-conjugated secondary antibody was used together with the TSA Plus
Fluorescein Evaluation Kit (PerkinElmer, Cat# NEL741E001KT) according to the
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manufacturer’s protocol. Nuclei were stained with 1 uM DAPI (Life Technologies) and
sections were mounted with Vectashield mounting medium (Vector Laboratories, Cat#
H-1000). Images were acquired either using a 20x air objective (0.3NA, Olympus Scientific
Solutions Americas) on an inverted epifluorescent microscope (Olympus 1X-81 with ZDC,
Olympus Scientific Solutions Americas) with Hamamatsu Flash 4.0 v1 CMOS camera
(Hamamatsu Corporation), or by a 40x oil objective (1.3NA, Olympus Scientific Solutions
Americas) on an Olympus 31 spinning disk confocal microscope (Olympus 1X-81, Olympus
Scientific Solutions Americas) equipped with Andor Zyla 4.2 CMOS camera (Andor
Technology Ltd). Images were representative of at least 5 images collected from each
biological replicate. The intensity and contrast of each image were adjusted simultaneously
and globally to accomplish a fair comparison between images.

Mouse embryos were isolated at E14.5 and fixed overnight in 4% paraformaldehyde at 4°C.
Fixed embryos were embedded in paraffin and transverse sectioned at 7um with a Leica
RM2255 microtome. The slides were stained using hematoxylin and eosin reagents as
previously described (Fischer et al., 2008). Staining results were documented using a Leica
DMS300 Dissection Microscope equipped with digital camera.

LacZ staining

Dhrs3*~; RARE-LacZ mice were mated to produce DArs3™~; RARE-LacZ and Dhrs3*/*;
RARE-LacZ embryos which were isolated at various developmental stages and stained for
LacZ activity as previously described (Billings et al., 2013). Samples in both experimental
and control groups were processed simultaneously using identical protocols and incubation
times and documented using a Leica DMS300 Dissection Microscope equipped with a
digital camera.

Transcriptome analysis

MEC1 cells were treated with vehicle (DMSO) or 10nM TTNPB for 48 hours. Total RNA
was isolated from 4 independent biological replicates per treatment using TRIzol reagent
(Cat # 15596026, Thermo Fisher Scientific, Waltham MA) according to manufacturer’s
protocol and stored at —80°C. RNASeq was performed as described (Wang et al., 2018). The
sequencing data is deposited at the NCBI Sequence Read Archive (SRA) as SRP132380.

Proteome analysis

Mouse MECL cells treated with 10 nM TTNPB, or DMSO-vehicle control for 48 hrs were
lysed in 5 % sodium deoxycholate after washing in phosphate-buffered saline using three
biological replicates for each treatment. Lysates were washed, reduced, alkylated and
trypsinolyzed on filter based on previously described methods. (Wisniewski et al., 2009;
Erde et al., 2014). Tryptic peptides were separated on a nanoACQUITY UPLC analytical
column (CSH130 C18, 1.7 pm, 75 pm x 200 mm, Waters) over a 180-minute linear
acetonitrile gradient (1-40%) with 0.1 % formic acid on a Waters nano-ACQUITY UPLC
system, and analyzed on a coupled Thermo Scientific Orbitrap Fusion Tribrid mass
spectrometer as previously described (Williamson et al., 2016). Full scans were acquired at a
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resolution of 120,000, and precursors were selected for fragmentation by collision-induced
dissociation (normalized collision energy at 35%) for a maximum 3-second cycle. Tandem
mass spectra were searched against a UniProt mouse reference proteome using a Sequest HT
algorithm as previously described (Eng et al., 2008) with a maximum precursor mass error
tolerance of 10 ppm. Carbamidomethylation of cysteine and deamidation of asparagine and
glutamine were treated as static and dynamic modifications, respectively. Resulting hits were
validated at a maximum false discovery rate of 0.05 using a semi-supervised machine
learning algorithm Percolator developed by Kall et a/. (Kall et al., 2007). Protein abundance
ratios between the TTNPB treated cells and the vehicle control were measured by comparing
the MS1 peak volumes of peptide ions, whose identities were confirmed by MS2 sequencing
as described above. Label-free quantifications were performed using an aligned AMRT
(Accurate Mass and Retention Time) cluster quantification algorithm developed by Qi et al.
(Qi et al., 2012). Of the 4,562 protein species detected, 3,543 were quantifiable. Differential
expression analysis of the three TTNPB versus the three DMSO data sets revealed that 737
protein species were differentially expressed (p<0.05), of which 301 protein species had a
fold change greater than 1.5, and 114 protein species had a fold change greater than 2.
Pathway and upstream regulator analysis were performed using the Ingenuity Pathway
Analysis package (QIAGEN Bioinformatics) as described (Kramer et al., 2014).

Statistical analysis

Data were represented means + standard deviation and unpaired Student’s f-test was utilized
to evaluate statistical difference between groups.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Ablation of DArs3 compromises myocardial growth. Genetic ablation of DArs3 leads to

subcutaneous edema at E14.5 (A-B) in Dhrs3~ maintained on a vitamin A sufficient (VAS)
diet. Examination of heart morphology at E14.5 revealed an evident reduction in myocardial
thickness in ventricles of VAS-Dhrs37~ (-/- VAS) embryos when compared to VAS-wild
type (+/+ VAS) controls (C-D, via hematoxylin and eosin, quantified in E). Scale bars
represent 2mm in A—B, 200pm in C-D. N=3 DArs3”~ vs. 3 wild type embryos. ** p<0.01
vs. VAS-WT
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Figure 2.
Dhrs3 deficiency affects coronary development via excess RA. Whole-mount PECAM1

staining (purple) of endothelial cells revealed that E14.5 VAS- DArs3™~ (-/- VAS) embryos
developed more numerous and larger ectopic endothelial nodules on the ventral side of the
heart than VAS-wild type controls (+/+ VAS) (A vs. B, yellow arrow, numbers of nodules
quantified in D). At E14.5 VAS-Dhrs3™~ embryos had a compromised vascular network
morphology as well as reduced vascular expansion towards the apices compared to VAS-
wild type controls (F vs. G, quantified in E; red dashed lines mark the apical edge of the
plexus). Near the AVC of DArs37~ hearts, the vessels fused to form a large diffuse
endothelial trunk (G, red arrow). Feeding VAD diet to the dam restored the vascular
coverage of E14.5 VAD-DArs3™~ embryos and decreased size and number of endothelial
blisters compared to VVAS-Dhrs37~ embryos (B vs. C, G vs H, vascular coverage quantified
in E). Dhrs3-deficiency resulted in enlargement of both intramyocardial and subepicardial
coronary vessels (K vs. L, white arrowheads, lumen sizes are quantified in I), accumulation
of superficially localized-veins (M vs. N, yellow dashed line marks the surface of the heart)
and reduced intramyocardial vessel density (J) as observed via PECAML1 (in K, L, green)
and COUP-TFII (in M, N, violef) immunostaining of sections of transversal sections. N=3
Dhrs3™~ vs. 3 wild type embryos. Scale bars represent, 400um in A-C and F=H, 20pum in
K-N. Error bars represent standard deviation. * p<0.05 vs. VAS-wild type; ** p<0.01 vs.
VAS- wild type; *** P<0.001 vs. VAS- wild type; » p<0.05 vs VAS-Dhrs37".
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The vascular development of the placenta is not affected by the absence of DArs3. Histology
of the placenta of DArs37'~ and wildtype embryos at E13.5 (A vs. C) and E14.5 (B vs. D) as
visualized via hematoxylin and eosin staining revealed it to be grossly normal. PECAM1
immunostaining of transversal sections of the placenta (G-J) suggested that ablation of

Dhrs3does not significantly alter the thickness of vascular labyrinth layer (E) or the

vascularization of the placenta (F). The number and branching pattern of the vessels in the
yolk sac at E13.5 was found to be comparable between DArs37~ and wildtype embryos.
N=3 Dhrs3™~ vs. 3 wild type embryos for each developmental stage. Scale bars represent

50um.
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Figure 4.

RA excess due to Dhrs3-ablation affects the recruitment of PDGFRB-positive VMSC
progenitor cells to endothelial tubes. At E14.5, PDGFRB-positive (red) cells were found to
be in juxtaposition to both superficial and deep PECAM1-positive (green) endothelial
tubules of wild type (+/+) embryos (A-D, red arrow) and near the superficially-localized
vessels in Dhrs3™~ (~1-) embryos (E-H, red arrows). There were PDGFRB-positive cells
that were not associated with endothelial cells (G, white arrowheads), as there were
PECAM1-positive vessels that were not associated with PDGFRB-positive cells in DArs3”~
hearts (G, yellow arrow). At E17.5, large-caliber intramyocardial vessels in the wild type
embryos were surrounded by a layer of PDGFRB-positive, VMSC progenitor cells (I-L,
yellow dashed line marks the surface of the heart). In contrast, vessels of similar size in
Dhrs3™~embryos had a thin, sparse coverage of PDGFRB-positive cells (M-N, yellow
arrows). Many of the abnormally enlarged superficial, subepicardial vessels were found to
be devoid of coverage by VMSCs at E17.5 in in DArs3™~ hearts (O-P, yellow arrows).
However, the smaller PECAM1-positive vessels in DArs3~~ hearts seemed to be associated
with PDGFRB-positive cells (b/ue arrowheads). N=3 Dhrs3”~ vs. 3 wild type embryos in
A-H, and N=3 Dhrs3™~ vs. 4 wild type embryos in I-P. Scale bars represent 50um in A-B,
E-F, 1-J and M-N; 20pm in C-D, G-H, K-L and O-P.

Dev Dyn. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

E17.5
PECAM1 SM22A

Figure 5.
RA excess due to DArs3-ablation affects the recruitment and differentiation of VSMCs.

Dhrs3™~ hearts exhibited aberrantly enlarged PECAM1-positive vessels at E17.5 (A vs. B,
marked by white arrow heads), when compared to wild type littermates. Double labeling of
PECAM1 (green) and VSMC marker SM22A (red) in Dhrs3™~ (—1-) and wild type (+/+)
embryonic hearts at E17.5 revealed a reduced expression of SM22A in the mural vascular
cells of DArs3~ embryos in contrast to the presence of SM22A-positive cells around
vessels in the wild type hearts (C vs. D, yellow arrow). A yellow dashed line marks the
surface of the heart. N=3 D/rs37~ vs. 4 wild type embryos. Scale bars represent 20pm in A—
B, and 100um in C—H.
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Figure 6.

RA deficiency compromises myocardial growth and coronary vessel formation. Embryos
from dams treated with vehicle (DMSO) or WIN 18,446 (WIN) from E9.5 to E13.5 were
isolated at E14.5. Embryos from the WIN-treated group showed evident subcutaneous
edema (A vs. B, arrow), and significantly compromised growth of the ventricular
myocardium as visualized by hematoxylin and eosin staining (C vs. D, quantified in K).
Whole-mount PECAM1 immunostaining (E, F, purple) indicated that vehicle control-treated
embryos develop a finely branched and a well-organized vascular network. In comparison,
WIN treatment altered the number and localization of the major branches of vessels that
sprout towards the apex of the heart (E vs. F, number of major branches was quantified in
M) including the absence of the septal coronary artery (E vs. F, yellow arrows). WIN
treatment resulted in a 20% reduction in vascular coverage of the ventricles when compared
to the vehicle group (E vs. F, quantified in L, a red dashed line marks the apical edge of the
vascular network on the dorsal side of ventricles) leading to avascular areas near the
ventricular apices (I vs. J). Administration of WIN led to a reduction in the density and
caliber of intramyocardial vessels (G vs. H, lumen sizes quantified in N, vessel density per
area in the myocardium quantified in O) as revealed by PECAML1 (G, I, green)
immunostaining of transversal sections (yellow dashed line marks the surface of the heart).
N=4 WIN- vs. 4 DMSO-treated embryos. Scale bars represent 2mm in A-B, 200um in C-F,
20um in G-J.
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E14.5
PECAM1 PDGFRB

Figure 7.
RA deficiency alters the migration of epicardial-derived VSMC progenitor cells in WIN-

treated embryonic hearts. Endothelial cells and VSMC progenitors were visualized by
double immunostaining of PECAML1 (green) and PDGFRB (reqd) at E14.5 in embryonic
hearts. When compared to vehicle control group, WIN-treated embryos have fewer coronary
vessels in the myocardium, accompanied with decreased number of PDGFRB-positive
VSMC progenitor cells in the myocardium (B vs. F; D vs. H). Though lower in number, the
intramyocardial PDGFRB-positive cells in WIN-treated embryos were found to either
surround or in proximity to vessels, similar to the vehicle control group. N=4 WIN- vs. 4
DMSO-treated embryos. Scale bars in A-B and E-F are 50um and those in C-D and G-H
are 20pm.
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Figure 8.
Analysis of the genes differentially expressed in MEC1 cells treated with TTNPB. MEC1

cells were treated with 10nM TTNPB, or vehicle DMSO, for 48hrs following which the
RNA was isolated and subjected to RNASeq as previously described (Wang et al., 2018).
The protein isolated from MEC1 cells treated in the same manner was then used to analyze
the proteome. The left inset Venn diagram shows the number of genes which are
differentially expressed at transcript, or protein level, or at both. The 311 genes found to be
differentially expressed based on both transcript and protein level were analyzed via
Ingenuity Pathways whose categories are indicated in labels next to each bubble. The size of
each bubble corresponds to the —log(p-value) and the x-axis displacement indicates the
activation Z-score corresponding to potential upregulation or downregulation of the specific
pathway. Analyses are based on the transcriptome and proteome profile of 4 WIN- vs. 4
DMSO-treated MEC1 cultures.

Dev Dyn. Author manuscript; available in PMC 2019 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Wang et al.

Gene Name
1810026J23Rik
2010002M12Rik
Acatl
Acotl
Acox2
Actnl
Adam10
Adhs
Adss
Ahnak
Aif1l
AkS

Ak9
Akap12
Akap5
Alad
Alcam
Aldhi8al
Aldh1a2
Aldh112
Ankrd13a
Anxal
Anxa2
Anxa3
Anxa8
Ap3si
Apmap
Apol9a
Arc
Arhgef2
Arl6ips
Asicl
Asl
Atp2b1
Atp2bd
Baspl
8d2i1
Bicd1
8ripl
8st2
Calm1
Cavi
Cbrl
CcdcgSa
cd34
cd3g
cdas
cds2
Ccdh3
Celfl
Cenpf
Cercam

Figure

S
o
eﬁ&i@@
<Ce®

m

“m

9.

@&
&

fi&‘&

Gene Name <& <€

cfi2

Chafla

Clicl

clipt

Ccmpk2

Cndp2

cnn3

Cnpy4

Col12a1

Coltal

Col1a2

Col3al

Coldab

Col6al IIIII

Col6az

Colgal

Cotl1

Cp

Cpne3

Crebrf

Cregl

Cstb

ctsl

oxcl12 |

Cypibl

Cyp2si

Daam2

Dab2

Ddah2

Ddx50

Dennddc

Dhrs3 Ilhl

DIk1

Dock11

Dpysi3

Dyrk2

Ecml

£hd2

Ehd3

Ehdé

Eiflax

Entpds

Epdr1

Ephx1

Epn2

Ermp1

Esd

Exockh

Flir

Fads3

Fam114al

Q”O&

ﬁﬂ#&
Gene Name <& <€
Fam129a
Fam162a
Fam3c
Farl
Fbins
Fbxo2
Fgd6
Fgfrl | |
Fhil
Fhi2
Fkbp14
Flot2
Gas1
Gas6
Gbel
Gbf1
Gbp2
Gda L.
Ggox
Gimap8
Gipc3
Git1
Glo1
Gloda
Gng12
Gng2
Gpméa
Gpresa
Gsdmd

P

RS
Gene Name < <
Igfbp7

Igsf8

Impact

inf2

17

Iscu =
Islr

Itga3

itih2

Imjde

Kdelr3

Kif11

Kif21b

Kpna2

Lamal

Mthfd1l
Mxra8

Myl9

Naaa

Neam1

Ncapg

Neapg2

Nef2

Nckaps [
Ndrgl

Ndst1

Neol =

Nid1

S
&
S8

o

&

<
o
S
GeneName < <
Nup107
ogdhl
Oxnad1
Paha2
Pabpcl
Pacsin2
Palm
Park?
Parps
Pawr
Pdias
Pdk3
Pdlims
pdlim?
Pebpl
ez [N
Pikp
Phidb2
Plazgda
Plcb3
Pld3
plekhgl [
Plod1
Plod2
Plp2
Pls3
Plscrl
Plxnad
Polal
Pole
Por
Ppfibp2
Ppmih
Pppirizb
Ppp2r4
Prdx6
Prim2
Procr ]
Psmb8
Ptges2
Ptgrl
Ptgs1
Pti7
Ptpn13
Ptprf
Pycrl
Pygl
Raild
Rangap1
ropl [
Rbpms
Renbp

&
'

&5

Gene Name <& <©

Rhoc

Robo2

Rras

Scara3

sec23a

sec2ad

Sec6lal

Senp6

Serpinbéb

Serpinb9

Sfr1

sgpl1

Sicl6al

Siclas

Slc2a1

siczas [

Slcagal

Sic7as

slit3 [ ]

Smad3

sme2

smpd [N

Soat1

p100

Sparc

Spes3

Specc

Spr

sptons [

sqrdl

Tagin

Thi2

Tinagll

Tmem119

Tmem176b |

Tmem214

Tmsbax

Tnc

Tnfsf13b

Top2a

Tom1 [ |

Tsc22d1

Tspyld

Txnrd1

Uap1i1

Uchl1

Ugtla2

Unc13a

Vasn

Vnn1

Xreel

I

Page 31

Consistent
expression
profiles
(p<0.05)

log2FC (vs control)
52

1

0

2
| BX)

Heatmap of 311 genes found be differentially expressed based on both transcriptome and
proteome profiling of TTNPB-treated MECL cells. Fold changes of expression versus
control are represented in a green (downregulated) to red (upregulated) gradient. Analyses
are based on the transcriptome and proteome profile of 4 WIN- vs. 4 DMSO-treated MEC1
cultures.
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Figure Legend:
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Figure 10.

Diagram summarizing our observations of the influence of altered RA-signaling on the
formation of the coronary vasculature and the growth of the myocardial compact zone.
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