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SUMMARY

Gprl26 is an adhesion G protein-coupled receptor (GPCR) that is required for peripheral
nervous system (PNS) development in mice and zebrafish. In the heart, Gpri26 is expressed in
the endocardium and its inactivation in mice leads to embryonic lethality and defective ventricular
trabeculation. These defects are also recapitulated in zebrafish larvae using morpholinos, but the
mechanistic bases of this phenotype are unknown. Here, we have generated a series of standard,
conditional loss- and gain-of-function alleles in mice and zebrafish, to decipher the role of Gpri26
in development. We found that Gpri26 standard knockout mice lacking exons 3 and 4
(Gpr126**) develop to term and show abnormal joint stiffness in the forelimbs and hindlimbs
and impaired mobility, indicating that the deleted CUB and PTX adhesive domains are essential
for PNS development. Deletion of exon 7 disrupts Gpr126 protein translation, and Gpr26*" mice
show a thinner ventricular wall and trabeculae and die at embryonic day 13.5 (E13.5) with no
signs of ventricular patterning, metabolic or proliferation defects. In contrast, endocardial-specific
deletion of exon 7 in Gpr126" mice does not cause lethality, and mutant mice are normal and
reach adulthood. In addition, gpr126 nonsense and promoter-less zebrafish mutants show normal
trabeculation. Interestingly, the embryonic lethality of Gpr126“” mice is not rescued by transgenic
expression of GPR126 in the endocardium, suggesting that the cause of death is likely due to
defective development of another tissue. Gpri26 is also expressed in the trophoblast giant cells
that invade and remodel the maternal spiral arteries of the placenta. Gpr/26*” mutant placentas
show downregulation of two placenta-specific cathepsins, Cts7 and Cts8, the last one involved in
the maternal uterine vasculature remodeling from high-resistant to low-resistant vessels, by
mediating the loss of smooth muscle a-actin. These changes in vessel architecture allow a crucial
increase in the blood flow supply to the fetus at much-reduced pressure, and failure of this process
can lead to pregnancy pathologies such asearly pregnancy loss, intrauterine growth
restriction and preeclampsia. We have used the Sox2-Cre driver line, active in the maternal
germline or the zygote depending on its female or male origin, to establish the requirement of
Gprl26 for placentation and embryonic development. We found that Gpri26*” homozygous
mutants associated with a heterozygous placenta survive to term but show typical Gprl26-
defective PNS phenotypes. In contrast, homozygous mutants associated with a mutant placenta
die at the same stages that Gpr/26"” mutants. In summary, we demonstrated that Gprl26 is
essential in the trophoblast-derived cell lineage to sustain embryonic progression, by promoting
spiral artery remodeling during placental development. We propose the placenta-heart axis as an

explanation for heart abnormalities concurrent with placental defects in Gpri26 mouse mutants.
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RESUMEN

Gpr126 es un receptor de adhesion acoplado a proteina G (GPCR) implicado en el desarrollo
del sistema nervioso periférico (PNS) tanto en raton como en pez cebra. En el corazon se expresa
en el endocardio de las camaras, y su inactivacion ocasiona letalidad embrionaria y defectos en el
proceso de trabeculacion en raton, un fenotipo recapitulable en el pez cebra mediante el uso de
morfolinos. Sin embargo, poco se conoce acerca de su mecanismo de sefializacion en el corazon.
En este trabajo hemos generado dos modelos constitutivos de pérdida de funcion (knock-out) en
ratén y en pez cebra, ademas de dos alelos condicionales de pérdida (Gpri26"™) y ganancia de
funcion (R26-GPR126°°F) en ratén, para esclarecer el papel de Gpr126 durante el desarrollo
embrionario. Los ratones knock-out con una delecion en los exones 3 y 4 (Gprl26***) presentan
rigidez en las articulaciones y una limitacion del movimiento desde que nacen, lo cual apunta a
que los dominios de adhesion CUB y PTX son esenciales para el desarrollo del PNS. Por otro
lado, los ratones knock-out con una delecion del exon 7 (Gpr126“7), una mutacion sin sentido que
genera un codon STOP prematuro, mueren durante el desarrollo embrionario (E13.5) y presentan
defectos cardiacos, aunque el patron de expresion génico, el metabolismo y la tasa de
proliferacion de los ventriculos son normales. La delecion condicional del mismo exén en el
endocardio no provoca letalidad embrionaria, y los ratones mutantes alcanzan la edad adulta. En
el pez cebra, la falta del promotor de gpri26 tampoco compromete el proceso de trabeculacion ni
la viabilidad embrionaria. Ademas, la sobreexpresion de GPRI26 en el endocardio no rescata la
letalidad embrionaria de los ratones Gpr126°7%7, lo cual indica que la muerte temprana podria
estar ocasionada por defectos en el desarrollo de otro(s) organo(s). Gprl26 también se expresa en
las células gigantes del trofoblasto que invaden las arterias espirales maternas de la placenta. Las
placentas de embriones Gpr126*”* tienen disminuida la expresion de dos catepsinas placentarias,
Cts7 y Cts8, esta ultima implicada en el remodelado de las arterias uterinas mediante la
degradacion de la capa de musculo liso. Esta modificacion permite una dilatacion de los vasos
fundamental para incrementar el flujo sanguineo en el titero sin que exista riesgo de hipertension.
Fallos en este proceso estan asociados a patologias del embarazo como la preeclampsia, la
restriccion del crecimiento intrauterino e incluso abortos. Con la linea Sox2-Cre, activa en el linaje
germinal o en el epiblasto dependiendo del origen materno o paterno de la Cre recombinasa,
hemos comprobado que los embriones mutantes asociados a placentas heterocigotas llegan a
nacer, pero muestran un fenotipo caracteristico asociado a defectos en el desarrollo del PNS. Por
el contrario, los mutantes asociados a placentas homocigotas mueren en los mismos estadios
embrionarios que los embriones Gpr126°7%7. Este trabajo demuestra que Gpr126 juega un papel
fundamental en el desarrollo de la placenta para garantizar la viabilidad embrionaria, al promover
el remodelado de las arterias espirales uterinas desde el linaje trofoblastico, y resalta la

importancia del eje placenta-corazon.
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1. INTRODUCTION

Cardiac development in mice and zebrafish

The heart is the first organ to form and function during vertebrate embryonic development,
and key steps of cardiovascular development are conserved among species. It begins beating and
pumping blood at embryonic day (E) 8.5 in mice, and at 22 hours post-fertilization (hpf) in
zebrafish, highlighting its early critical function (Andrés-Delgado and Mercader, 2016).

Cardiac progenitor cells derive from the mesoderm, which emerges from the primitive streak
during gastrulation, at E7.0 in mice (Fig. 1A) and 5 hpf in zebrafish (Fig. 1G). Then, they move
anterior-laterally to form a crescent in the cephalo-medial region at E7.5 in mice (Buckingham et
al., 2005; Liu and Stainier, 2012; Moorman and Christoffels, 2003) (Fig. 1B). In zebrafish,
progenitor cells migrate towards the embryonic midline to end up at the anterior lateral plate
mesoderm at 16 hpf (Fig. 1H), and they converge at the midline at about 22 hpf to form the cardiac
disk (Brown et al., 2016; Liu and Stainier, 2012) (Fig. 1I). At this time, the cardiac mesoderm
contains two populations of progenitors: the first heart field (FHF) and the second heart field
(SHF) (Fig. 1B, H). At E8.0 and 28 hpf, the FHF migrates to the midline of the embryo and builds
the primitive heart tube (Fig. 1C, J), which consists of an inner layer of a specialized endothelium
called endocardium, a middle layer of extracellular matrix called cardiac jelly, and an outer layer
of myocardial cells. This linear heart tube will form the left ventricle and part of both atria of the
four-chambered heart of mammals (Buckingham et al., 2005) (Fig. 1C), and the atria and part of
the ventricle in the two-chambered heart of zebrafish (Perl and Waxman, 2019) (Fig. 1J).
Subsequently, the primitive heart tube grows by the addition of cells from the SHF, which migrate
anteriorly (arterial pole) and posteriorly (venous pole) and contribute to the future outflow tract
(OFT), the right ventricle, and portions of both atria in mammals (Buckingham et al., 2005; Kelly
et al., 2001) (Fig. 1D). In zebrafish, the SHF gives rise to the distal half of the ventricle, the
bulbous arteriosus in the outflow tract (Grant et al., 2017), and a small portion of the atrium (Perl
and Waxman, 2019) (Fig. 1K). Simultaneously, the heart tube undergoes a characteristic
rightward looping (R-loop), by which the initial anteroposterior axis of the primitive heart

switches into a left-right orientation (Moorman and Christoffels, 2003) (Fig. 1D, K).

In mice, the still immature E9.5 heart consists of four anatomically and molecularly distinct
regions: the atrium, the ventricle, the atrioventricular canal (AVC) at the border of both chambers,
and the OFT (Fig. 1E). In zebrafish, by 48 hpf, the heart consists of a sinus venosus (the inflow
tract), one atrium, the AVC, one ventricle and the OFT. Later in development, this outflow tract
will further develop into the bulbous arteriosus, a pseudo-chamber that serves as a resistor to
regulate blood flow through the aorta (Fig. 1L). Besides, the epicardium develops from an extra-
cardiac population of cells called the pro-epicardium, which spread over the myocardial surface.

Once the epicardial cells have covered the ventricle, endocardial cells from the AVC and the OFT
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1. INTRODUCTION

Figure 1. Heart development in mice and zebrafish. (A-E) Stages of heart development in
mouse embryos in a ventral view. (A) At E7.0, cardiac progenitors (pink) migrate to the center
of the embryo to form the cardiac crescent (B). (B) At E7.5, two cardiac fields can be
distinguished: the first heart field (FHF; pink) and the second heart field (SHF; blue). (C) At ES.0,
the cardiac tube is formed, which undergoes an R-loop to form a looped heart (D). (E) Transversal
section depicting an E9.5 heart, with four anatomically distinct regions: atria, atrioventricular
canal (avc), ventricles (rv, right ventricle; lv, left ventricle) and outflow tract (oft). Trabecular
ridges emerge in the ventricular chambers. (F) Longitudinal section of an E13.5 heart, in which
valve primordia are remodeled and trabeculae undergo compaction to form a thick ventricular
wall. Coronary vessels (red circles) irrigate the maturing ventricular wall. Adapted from
(D'Amato et al., 2016a). (G-L) Stages of heart development in zebrafish embryos in a dorsal (G-
I) and ventral (J-L) view. (G) At 5 hpf, cardiac progenitors are located at the lateral margin of
the egg. (H) At 16 hpf, the FHF closer to the embryonic midline, and SHF in the margins, migrate
bilaterally to the anterior lateral plate mesoderm. (I) By 22 hpf, cardiac progenitors fuse to form
the cardiac disk. (J) From 24 to 28 hpf, the disk elongates into the linear heart tube, which begins
a leftward looping. (K) Concurrently, from 28 to 36 hpf, SHF cells are added to the arterial and
venous poles. (L) Longitudinal section of the heart at 3 to 5 days post-fertilization (dpf), featuring
trabeculae in the outer ventricle wall, cardiac valves, and covering of the heart by the epicardium.
Adapted from (Brown et al., 2016). (M) Trabecular ridge, formed by trabecular cardiomyocytes
covered by endocardium, and separated by the cardiac jelly. The outer layer of cardiomyocytes
forming the cardiac wall is the compact myocardium.

undergo an epithelial-to-mesenchymal transition (EMT) to form the endocardial cushions, which
are primordia of the future cardiac valve leaflets (Brown et al., 2016; D'Amato et al., 2016a) (Fig.
1F, L).

The first sign of chamber development is the formation of trabeculae. Starting at E8.5 in
mice (Grego-Bessa et al., 2007; Sedmera et al., 2000), and 72 hpf in zebrafish (Liu et al., 2010),
trabeculation is the process by which protrusions of ventricular cardiomyocytes grow towards the
ventricular lumen, forming a complex sponge-like meshwork (Ben-Shachar et al., 1985) (Fig. 1E,
L, M). In mice, it is speculated that occurs via polarized cell division (Passer et al., 2016), whereas
in zebrafish embryos, trabeculae emerge through delamination (Liu et al., 2010). This process
leads to two distinct myocardial layers in the ventricle: an outer compact zone and an inner
trabecular zone (Sedmera et al., 2000) (Fig. 1M). Trabeculae increase the myocardial mass and
facilitate oxygen and nutrient exchange in the heart muscle before coronary vascularization. At
later stages of mouse chamber development, trabeculae become compressed within the ventricular
wall resulting in the formation of a thicker, compact ventricular wall (Fig. 1F). This process is
termed compaction, occurs at E13.5 and requires enhanced oxygen delivery, triggering an influx
of endothelial cells that undergo vasculogenesis to form a capillary plexus (D'Amato et al., 2016a)

(Fig. 1F). In contrast, trabecular projections in zebrafish do not undergo compaction and the
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compact layer remains as one cell thick, while the complexity of trabeculae organization increases

(Liu et al., 2010) (Fig. 1L).

Trabeculation plays a key role in cardiac ontogeny. Failure of trabeculac formation
frequently causes embryonic lethality in mice, while excessive trabeculation causes
cardiomyopathy and heart failure in humans. A finely tuned communication between the
endocardium and the myocardium is a prerequisite for ventricular chamber development, as
several signaling molecules released from both layers have been implicated in this process (Liao

etal., 1997; Luxan et al., 2016; Stainier et al., 1995).

Development of the mouse placenta

The placenta is the transient support organ that connects the embryo to the mother during
gestation (Hemberger et al., 2020). It forms the interface between the maternal and fetal
circulation, facilitating metabolic and gas exchange, as well as fetal waste disposal. Besides, the
placenta produces hormones that alter maternal physiology during pregnancy and forms a barrier
that protects the fetus against the maternal immune system (Watson and Cross, 2005). Thus, the
survival and growth of the fetus are critically dependent on a functional placenta. Primate and
rodent placentas are hemochorial, meaning that the maternal vasculature of the placenta is lined
by fetal-derived trophoblasts, and not by endothelial cells like fetal blood vessels (Wooding and
Flint, 1994).

The mature placenta in rodents is composed of three broad zones including the maternal
decidua on the outside, the junctional zone, and the innermost labyrinth, these last of fetal origin
(Fig. 2G). The decidua is devoid of trophoblast cells until mid-gestation, when fetal trophoblast
cells invade into the decidua and reach spiral arteries, replacing the endothelium and thereby
promoting the transition from endothelial cell-lined to trophoblast cell-lined maternal blood
spaces of the hemochorial placenta (Hu and Cross, 2010) (Fig. 2G). Next is the junctional zone,
consisting of spongiotrophoblast (SpT) cells and a layer of trophoblast giant cells (TGCs) that
line the implantation site (Fig. 2G). The inner compartment is the labyrinth, named for the
tortuous network of maternal and fetal blood spaces, and is the region of nutrient, gas and waste
exchange between the fetal and maternal circulations (Simmons et al., 2008a) (Fig. 2G). The
mouse placenta is defined mature when the fetal-maternal interface is established and evidenced

by the presence of maternal blood in the placental labyrinth, which takes place at E12.5.
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Figure 2. Placental development in mice. (A) The blastocyst forms by E3.5 and consists of the
outer trophectoderm (TE) and inner cell mass (ICM) cells. (B) Between E3.5 and E4.5, the inner
cell mass further differentiates into epiblast and primitive endoderm lineages, and the TE divides
into polar TE and mural TE. (C) The continued proliferation of the polar TE gives rise to the
extraembryonic ectoderm (ExE) by E6.5. (D) With gastrulation, EXE cells that are located farther
away from the embryo form the ectoplacental cone (EPC), whereas EXE cells close to the embryo
form the chorion. The allantois emerges from the epiblast-derived extraembryonic mesoderm at
E7.5. (E) At E8.5, the ectoplacental cavity collapses, and the chorioallantoic fusion takes place.
(F) Shortly after, mesoderm-derived blood vessels invaginate into the chorionic trophoblast layer
to form the placental labyrinth. (G) The placenta develops further and grows in size, giving rise
to the mature placenta at E12.5, which consists of three main layers: the decidua; the junctional
zone consisting of a layer of parietal trophoblast giant cells (P-TGCs), spongiotrophoblast and
glycogen cells; and the labyrinth. Three new subtypes of TGC originate and associate with the
maternal vasculature, (from the maternal to the fetal side): spiral artery-associated TGC (Spa-
TGC), canal associated TGC (C-TGC) and sinusoidal TGC (S-TGC). (H) The interhemal barrier
in the labyrinth is made up of three trophoblast cell types (from the maternal to the fetal side),
which are sinusoidal trophoblast giant cells (S-TGC), syncytiotrophoblast I (SynT-I),
syncytiotrophoblast II (SynT-II), and an endothelial cell (EC) layer of the fetal vasculature. RBC,
red blood cells.

From the blastocyst (E3.5) to the mature placenta (E12.5)

In mice, placental development begins in the blastocyst at E3.5, with the formation of two
cell lineages: the trophectoderm, which will give rise to a variety of differentiated trophoblast cell
types, and the inner cell mass (ICM), which will give rise to the allantois (a component of the
umbilical cord) and the fetal vasculature of the placenta (Dunwoodie, 2009). At this stage, the
trophectoderm forms an outer shell of cells surrounding the ICM (Fig. 2A). Following
implantation (E4.5), the ICM differentiates into the epiblast, which will generate the embryo
proper, and the primitive endoderm. Besides, the trophectoderm is subdivided into polar
trophectoderm, which covers the epiblast, and mural trophectoderm, which overlays the

blastocyst cavity (Fig. 2B).

Mural trophectoderm cells stop dividing and undergo endoreduplication, consisting of
repeated rounds of DNA replication in the absence of intervening mitosis to become polyploid,
thus giving rise to primary TGCs. They are termed parietal TGC (P-TGC) due to their location
lining the implantation site (Fig. 2C, 3). Their main function is helping the embryo to penetrate
the uterine epithelium and implanting into the endometrium (Woods et al., 2018), hence forming
an anastomosing network of blood sinuses for the early diffusion of oxygen, nutrients and
endocrine signals from the maternal circulation into the embryo (Bevilacqua and Abrahamsohn,
1988). In contrast, the polar trophectoderm continues to proliferate. Initially, an arising column

of trophoblast cells forms the extraembryonic ectoderm (ExE), comprising a population of
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trophoblast stem cells responsible for the proliferative potential of this region (Fig. 2C, 3). With
gastrulation starting at E6.5, the EXE expands to form the ectoplacental cone (EPC), farthest away
from the epiblast, and the chorionic ectoderm, at the base, both separated by the ectoplacental
cavity (Woods et al., 2018) (Fig. 2C, 2D, 3). The EPC comprise progenitor cells that will
ultimately form the junctional zone and remodel the maternal vasculature, whereas the chorion

will lead to the formation of the labyrinth, in proximal contact to the embryo.

Historically, it has been thought that at E7.5, Tpbpa (Trophoblast specific protein alpha )"
(initially called 4311) trophoblast stem cells residing in the EPC proliferate and differentiate into
all specialized trophoblast subtypes that will populate the different layers of the placenta: diploid
SpTs and glycogen trophoblasts (GlyT), diploid and multinucleated syncytiotrophoblasts I and 11
(SynT-I and -II), and four different subtypes of polyploid TGCs (Simmons and Cross, 2005). This
later wave of TGCs is called ‘secondary’ to distinguish them from the initial ‘primary’ group
(Simmons et al., 2007), and are named according to their spatial location in the placenta (from
the decidua to the labyrinth): spiral artery-associated TGC (Spa-TGC), parietal-associated TGC
(P-TGC), canal-associated TGC (C-TGC) and sinusoidal-associated TGC (S-TGC) (Dunwoodie,
2009). Of particular interest is the SpT, which in turn acts as a precursor of Spa-TGCs, P-TGCs,
C-TGCs and GlyT. However, lineage-tracing studies have shown that only Spa-TGCs and GlyT
cells arise from Tpbpa” precursor cells, whereas S-TGCs emerge from Tpbpa precursors and both
P-TGCs and C-TGCs have mixed developmental origins (Fig. 3). Based on these results, a new
hypothesis is proposed, in which the outer EPC and later on undifferentiated and differentiated
SpT cells form a previously uncharacterized Tpbpa " precursor population, whereas the base of

the EPC nearest to the chorion contain 7pbpa precursor cells (Simmons et al., 2007).

Labyrinth formation and function

Late in gastrulation (E7.5), the extraembryonic mesoderm lineage is generated from the
epiblast, forming the allantois, which is a projection at the posterior end of the embryo, as well as
the chorionic epithelium, a thin layer that lines beneath the chorion (Rossant and Cross, 2001)
(Fig. 2D). The occlusion of the ectoplacental cavity takes place at ~E8.0, bringing cells from the
bottom of the EPC in contact with the distal side of the chorion, which results in the loss of
trophoblast stem cell potential of the chorionic ectoderm. Shortly after ectoplacental cavity
occlusion, the allantois grows and attaches to the basal side of the chorion at ~E8.5 (Simmons et

al., 2008a) (Fig. 2E).
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Figure 3. Summary of the trophoblast cell lineage and origins of different TGC subtypes.
(A) C-TGC, canal-associated trophoblast giant cells; EPC, ectoplacental cone; EXE,
extraembryonic ectoderm; GlyT, glycogen trophoblast; P-TGC, parietal trophoblast giant cells;
S-TGC, sinusoidal trophoblast giant cells; Spa-TGC, spiral artery-associated trophoblast giant
cells; SpT, spongiotrophoblast; SynT-I, syncytiotrophoblast I; SynT-II, syncytiotrophoblast II;
TE, trophectoderm; Tpbpa, trophoblast specific protein alpha.

This event is termed chorioallantoic fusion, although no actual cell fusion takes place, and
is critical for further developmental progression (Watson and Cross, 2005). At E9.0, immediately
after allantoic attachment occurs, the extraembryonic mesodermal cells that are in direct contact
with the chorionic ectoderm start to invaginate in finger-like projections that will generate the
vascular network of the placental labyrinth (Woods et al., 2018) (Fig. 2F). Trophoblast cells at
the tips of these primary branches elongate, differentiate and fuse to form the innermost layer of
syncytia, the syncytiotrophoblast layer-II (SynT-II). As branching continues, SynT-II cells get in
contact with cells on the distal side of the chorion, which express the fusogenic gene Syncytin-
A (Syna), and induce their lateral fusion giving rise to the outermost layer of syncytia, the
syncytiotrophoblast layer-I (SynT-I). Both SynT-I and SynT-II cells become intimately
juxtaposed and function together as the transporting epithelium of the definitive placenta (Woods
et al., 2018) (Fig. 2H, 3). Continued elongation of the primary branches extends them into the
developing maternal sinuses at the base of the EPC, through which maternal blood (brought in by
the spiral arteries and canals) percolates into the labyrinth. These maternal blood spaces are lined
by a TGC subtype called S-TGC, which is likely of chorionic trophoblast origin (Fig. 2H, 3).
Together, a trilaminar layer of trophoblast-derived cells are in direct contact with maternal blood,
leading to the so-called hemotricorial placenta. Indeed, the definitive interhaemal barrier consist
(from maternal to fetal side) of a discontinuous layer of S-TGCs, two layers of
syncytiotrophoblasts (SynT-I and -II), and the extraembryonic mesoderm-derived fetal

endothelial cells (Fig. 2H). Together, these layers provide a selectively permeable barrier between



1. INTRODUCTION

the two circulations. Between E10.5 and E14.5, continued branching morphogenesis ultimately
produces a complex intricate structure, in which maternal and fetal blood circulations come into
close contact but never mix (Fig. 2G). This architecture achieves a large surface area required for
nutrient and gas exchange to support fetal growth past E10.5, when the switch from yolk sac

nutrition to placental nutrient supply takes place (Simmons et al., 2008a).

Junctional zone formation and function

The junctional zone is positioned between the labyrinth and the maternal decidua and is
composed of three main cell types: SpT, GlyT and a layer of P-TGCs that directly borders the
decidua (Fig. 2G). The SpT forms the bulk of the junctional zone, just beneath P-TGCs, and
provides structural support to the expanding labyrinth. As suggested by the names, this region
exhibits a spongy appearance and discernible glycogen stores accumulated in GlyT cells.
Although GIyT cells differentiate from the SpT, from ~E12.5 onwards start invading into the
decidua and become associated with maternal blood arteries (Woods et al., 2018) (Fig. 2G). The
placenta achieves its maximum weight by E16.5, but whereas the labyrinth keeps on expanding
after this stage, the junctional zone reduces in volume, which may reflect that the release of
glycogen deposits provides a substantial energy source for the final phase of fetal growth (Coan
et al., 2006). Besides, the junctional zone constitutes the main endocrine compartment of the
placenta by producing hormones, growth factors and cytokines that are important for the normal

progression of pregnancy (Woods et al., 2018).

Role of TGCs in establishing the maternal vasculature of the placenta

After implantation, the pregnant uterus undergoes a radical transformation in structure.
Uterine stromal cells proliferate and differentiate, a process called decidualization, resulting in a
wall that is about fivefold thicker than in the nonpregnant state. The maternal arterial supply to
the placenta originates from radial arteries that enter the uterus through the myometrium, which
branch into several spiral-shaped arteries in the decidua (Fig. 2G). They converge to form a few
straight and centrally located arterial canals that carry the oxygenated blood to the base of the
labyrinth before leading into the small tortuous sinusoid spaces (Fig. 2G). After the exchange of
gases and nutrients between the maternal and fetal circulation, deoxygenated blood then moves
out through venous channels that cross the SpT and P-TGCs into peripherally located venous
sinuses in the decidua, which are lined by endothelial cells. The venous sinuses drained into wide

radial veins that exit the myometrium (Adamson et al., 2002).
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In mice, TGCs are instrumental in promoting blood flow towards the mouse embryo by
invading the uterine endometrium and remodeling the maternal vasculature (Screen et al., 2008).
The development of TGCs requires the transition from the mitotic to the endoreduplication cell
cycle, thus leading to large cytoplasmic size, polyploid nuclei, and extensive rough endoplasmic
reticulum (Bevilacqua and Abrahamsohn, 1988). Although the importance of endoreduplication
and polyploidy for TGC function is a matter of speculation, it has been suggested that it may
increase their capacity for protein synthesis. This is consistent with their ability to secrete a wide
array of hormones and paracrine factors that regulate maternal adaptations to pregnancy and the

fetal-maternal interface (Hu and Cross, 2010).

The defining feature of the hemochorial placenta is that trophoblast cells and not endothelial
cells line the maternal vasculature within the placenta. In mice, the four different TGC subtypes
can be distinguished by distinct cell lineage origins, differential gene expression of members
belonging to the prolactin family, and their location with respect to the maternal circulation
(Simmons et al., 2007; Simmons et al., 2008b). Proceeding from upstream to downstream within
the maternal blood space, there are SpA-TGCs that invade into the spiral arteries of the decidua
and displace the maternal endothelial cells, C-TGC that line the maternal blood canals as they
pass through the junctional zone to the bottom of the labyrinth, S-TCG that sit within the tortuous
maternal blood spaces of the labyrinth, and P-TGC that surround lacunae of blood leading into
the uterine veins and line the implantation site (Rai and Cross, 2014) (Fig. 2G, H).

TGC-mediated spiral artery remodeling and vasculogenic mimicry

Fetal trophoblast cells assume the location and function of endothelial cells within the
maternal vascular spaces in the placenta through two different processes: vasculogenic mimicry,
describing the ability of trophoblast cells to create vascular tubes de novo (P-TGC, C-TGC and
S-TGC), and vascular invasion and endothelial mimicry, referring to trophoblast cells that invade
the decidua and displace the endothelial cells from preexisting arteries (Spa-TGC) (Hemberger et
al., 2003; Rai and Cross, 2014). Hence, maternal canals, sinusoids, and lacunar spaces in the
placenta are created de novo by C-TGC, S-TGC, and P-TGC, respectively, without the
participation of endothelial cells. Instead, these TGCs mimic the expression of some endothelial
genes and secrete growth factors and cytokines necessary for vessel generation (Rai and Cross,

2014).

Trophoblast invasion begins at E7.5 in mice, when secondary Spa-TGCs acquire invasive
characteristics, penetrate deeply into the decidua and make contact with maternal arteries (Woods
et al., 2018). The wall of resistance vessels, such as the spiral arteries, consists of an innermost

single layer of endothelial cells and the internal elastic lamina, and an outermost layer composed
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of vascular smooth muscle cells. Upon invasion, Spa-TGCs degrade the perivascular smooth
muscle cells and the elastic lamina from the vessel wall and secrete fibrinoid material, likely
retaining vessel integrity. Besides, they temporally replace the maternal vascular endothelium,
leading to trophoblast-lined arteries embedded in fibrinoid deposits that behave like a pseudo-
endothelium. As a result of this vascular remodeling process, spiral arteries are transformed from
high-resistance, small-diameter vessels into large, dilated vessels that allow an increased blood
flow at reduced pressure. This step is critical to establish the definitive uteroplacental circulation
by increasing the blood supply to the fetus (Whitley and Cartwright, 2010). Maternal immune
cells, such as natural killer cells and macrophages, have been also implicated in this remodeling
process, likely cooperating with fetal SpA-TGCs (Chakraborty et al., 2011; Croy et al., 2000).
Several mechanisms have been associated with these physiological changes, like extracellular
matrix remodeling, vascular cell de-differentiation, migration, changes in cellular adhesion, and
sensitivity to apoptosis-inducing signals triggered by Spa-TGCs and maternal immune cells

(Whitley and Cartwright, 2010).

Impaired vascular remodeling in preeclampsia

Preeclampsia is a multisystem disorder of pregnancy characterized by the new onset of
hypertension and proteinuria after 20 weeks of gestation in a previously normotensive woman. It
also associates with endothelial dysfunction in both the maternal and fetoplacental circulation,
and with long-term adverse outcomes for the mother and the offspring (Bokslag et al., 2016). This
syndrome has a worldwide prevalence of 2-10%, and is a major contributor to maternal
morbidity, fetal growth restriction (FGR), premature delivery and pregnancy loss. Even though
the exact pathophysiology of preeclampsia is not completely understood, the impaired vascular
remodeling of the uterine spiral arteries by the trophoblasts in the first trimester is considered a
hallmark of this syndrome (Gutiérrez et al., 2020). In humans, maternal blood perfusion is enabled
by the remodeling of the uterine spiral arteries through the highly invasive action of extravillous
trophoblast cells, a cell type analogous in function to invasive Spa-TGCs in the mouse
(Hemberger et al., 2020). Failure of vessel remodeling alters the uteroplacental hemodynamics,

resulting in a poorly perfused fetoplacental unit.

A two-stage disease model has been proposed to describe the pathogenesis of preeclampsia
(Cheng and Wang, 2009). The first stage involves abnormal placentation characterized by poor
trophoblast invasion, incomplete vascular remodeling of spiral arteries, and placental hypoxia.
The second stage is manifested as the maternal syndrome of hypertension and proteinuria with
systemic endothelial dysfunction. The link bridging the two stages is thought to be the release of

factors from the abnormally developed placenta into the maternal circulation due to a
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dysfunctional uteroplacental circulation, and the subsequent activation of the immune-

inflammatory response (Sones and Davisson, 2016).

Structural basis and signaling mechanism of Gpr126

G protein-coupled receptors (GPCRs) are a large family of integral membrane proteins that
communicate through heterotrimeric G proteins and other signaling pathways to transduce
endogenous signals (Moriguchi et al., 2004). Based on the phylogenetic comparison of their high-
conserved seven—transmembrane—spanning (7TM) domain, GPCRs are classified into five
families: Glutamate, Rhodopsin, Frizzled/Taste, Secretin and Adhesion, to which Gpr126 belongs
(Monk et al., 2015). In fact, the official name for Gpr126 is adhesion G protein-coupled receptor
G6 (Adgrg6), although it was originally known as developmentally regulated G protein-coupled
receptor (DREG) (Moriguchi et al., 2004). Gpri26 is encoded by 25 coding exons in mice and
zebrafish (Fig. 4A) and has several alternatively spliced forms, which differ in the presence of

exon 6 and exon 25, the last changing the usage of termination codons (Patra et al., 2014).

Structurally, adhesion GPCRs (aGPCRs) are defined by a large extracellular domain (ECD)
containing various adhesion domains capable of mediating cell-cell and cell-matrix interactions,
a 7TM domain and a short intracellular domain (ICD) (Liebscher et al., 2014; Monk et al., 2015)
(Fig. 4B). The hallmark of this family is the presence of a conserved GPCR proteolytic site (GPS)
within the juxtamembrane GPCR autoproteolysis—inducing (GAIN) domain (Fig. 4B). During
receptor processing, autoproteolysis in the GAIN domain cleaves aGPCRs into N- and C-terminal
fragments (NTF and CTF, respectively) that remain noncovalently associated at the cell surface
(Paavola et al., 2014) (Fig. 4B, C, D). While the NTF comprises most of the ECD, the CTF is
characteristically composed of a residual ECD, the 7TM domain, and the intracellular domain
(ICD) (Monk et al., 2015) (Fig. 4B). Importantly, key amino acids in the CTF portion of the GAIN
domain, termed the Stachel sequence (german word for stinger), can function as a tethered agonist
for CTF activation (Liebscher et al., 2014). The Stachel sequence is physically embedded within
the N-terminal portion of the GAIN domain (Fig. 4E). However, upon ligand interaction or
mechanical removal of the NTF, it is exposed and able to bind the 7TM, thus activating the G
protein-signaling cascade (cis signaling) (Fig. 4E). The Stachel sequence is predicted to interact
with extracellular loops and upper helix bundles of the 7TM, which requires low affinity, thus
suggesting a fast on-off ligand-receptor interaction (Liebscher et al., 2014). Another non-mutually
exclusive model for Gprl26 activation is that the NTF can function independently of the CTF
(trans activation) (Fig. 4E) (Patra et al., 2013; Petersen et al., 2015). The 7TM is classically
defined by its ability to bind heterotrimeric G-proteins. G-proteins are a complex of three proteins

(a, B, v) that utilize guanosine triphosphate (GTP) as part of the signaling pathway. When GTP
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Figure 4. Gpr126 gene, protein, and signaling mechanism. (A-B) Diagrams of Gpri/26 gene
(A) and Gpr126 protein (B) in mice and zebrafish. Grey shadows indicate the encoded functional
domains in Gpr126. (B) In the Gpr126 protein, cleavage sites (furin cleavage and autoproteolysis)
are indicated by white dashed lines. The white circle in the CUB domain depicts a calcium-
binding site. Chr, chromosome. SP, signal peptide; CUB, Complement, Uegf, Bmpl; PTX,
pentraxin domain; SEA, Sperm protein, Enterokinase and Agrin; HBD, hormone-binding
domain; GAIN, G protein-coupled receptor autoproteolysis-inducing domain; GPS, G protein-
coupled receptor proteolytic site; 7TM, type II seven-transmembrane domain; ECD, extracellular
domain; ICD, intracellular domain; NTF, N-terminal fragment; CTF, C-terminal fragment. (C-
E) Gprl26 protein conformation in the plasma membrane before (C-D) and after (E) receptor
activation. Alternative splicing of exon 6 triggers different NTF conformations, such that its
absence generates a closed conformation (C), whereas its presence allows a more dynamic and
open-like conformation (D). (E) Proposed activation mechanism of Gpr126, based on the tethered
agonist region, the Stachel sequence. Binding of extracellular ligand, possibly combined with
mechanical force, removes the NTF, thereby exposing the Stachel structure, which interacts with
extracellular loops of the 7TM domain and initiates conformational changes leading to G protein
activation. This in turns activates adenylyl cyclase to convert ATP to cAMP, which acts as a
second messenger by activating other proteins in a cascade that yield a response. Adapted based
on (Liebscher et al., 2014) and (Leon et al., 2020).

binds to the a subunit, it becomes active and dissociates from the B/y subunit (Fig. 4E). Gas
(stimulatory) subunits activate the enzyme adenylyl cyclase, which increases the production of
cyclic adenosine monophosphate (cAMP) from adenosine triphosphate (ATP). cAMP itself is a
second messenger molecule activating cAMP-dependent protein kinases, thus initiating a
signaling cascade (Fig. 4E). Gi (inhibitory) proteins work opposite of Gs proteins, and Gprl126
couples to both Gas and Gai subunits (Mogha et al., 2013). Some of the Gpr126 functions rely
upon an elevation of intracellular cAMP levels are peripheral nervous system (PNS) development
in mouse (Mogha et al., 2013) and zebrafish (Monk et al., 2009), and inner ear development in
zebrafish (Geng et al., 2013).

The Gpr126 locus is highly conserved in vertebrates, and the synteny of the genomic region
surrounding these genes is conserved in fish, birds, reptiles, and mammals, indicating that the
predicted genes are true orthologues (Waller-Evans et al., 2010). Four domains have been
identified in the ECD of Gpr126 through sequence-based bioinformatics: Complement C11/Cls,
Uegf, Bmpl (CUB), Pentraxin (PTX), Hormone binding domain (HBD), and GAIN domain
(Moriguchi et al., 2004) (Fig. 4B). The CUB domain contains a conserved calcium-binding site
necessary to adopt a close ECD conformation (Fig. 4B, C), and is critical for zebrafish gpr126
function in vivo. Recently, a fifth domain has been described within the full-length ECD of
zebrafish gpr126, between PTX and HBD, which is the Sperm protein, Enterokinase and Agrin
(SEA) domain (Leon et al., 2020) (Fig. 4B). Furin, a Golgi-localized protease, is reported to
cleave human and mouse GPR126 in this region (S2 cleavage) (Moriguchi et al., 2004), but this
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cleavage site is not conserved in zebrafish (Patra et al., 2013) (Fig. 4B). Also, alternative splicing
of exon 6 in Gprl26, which occurs in humans, mice and zebrafish, produces two different
isoforms regarding the SEA domain, that are distinct in terms of ECD conformation dynamics
and G protein signaling activity (Leon et al., 2020). The extracellular domain adopts a closed
conformation in the absence of the alternatively spliced exon 6, while its insertion gives rise to a
dynamic open-like extracellular conformation that increases downstream basal signaling (Leon et

al., 2020) (Fig. 4C, D).

Gprl26 is essential for PNS, inner ear and heart development in zebrafish

and mice

Gpr126 functions in diverse essential processes, including the myelination of peripheral
nerves (Mogha et al., 2013; Monk et al., 2009), osteoblast differentiation and bone formation (Sun
et al., 2020), development of the semicircular canals of the inner ear (Geng et al., 2013), and prior
to this study, trabeculation of the developing heart (Patra et al., 2013). Furthermore, variations
and mutations at the GPR126 locus have been associated with an increasing number of
developmental defects in humans, like adolescent idiopathic scoliosis (AIS) (Kou et al., 2013),
arthrogryposis multiplex congenita (Ravenscroft et al., 2015) and periodontitis (Kitagaki et al.,
2016).

A zebrafish screen for disruptions in myelin formation discovered mutations
in gpr126 (Monk et al., 2009; Pogoda et al., 2006). In the peripheral nervous system, Schwann
cells wrap axons to form myelin, which allows the rapid propagation of action potentials and
proper nervous system function. Gprl26 acts as a receptor in Schwann cells to initiate myelin
formation, and this function is conserved in mammals (Monk et al., 2009). In the basal lamina,
type IV collagen binds the CUB/PTX-containing region of zebrafish gpr126 in vitro, and is
thought to be a putative ligand necessary for this function (Monk et al., 2011; Paavola et al.,
2014). On the other hand, laminin-211 physically interacts with the zebrafish gpr126-NTF to drive
Schwann cell differentiation and myelination. In this case, laminin-211 can either suppress or
promote Stachel-mediated activation of Gprl126-CTF depending on its concentration and
subsequent polymerization, thus suggesting a mechanical force to remove Gprl26-NTF and

activate signaling through cAMP accumulation (Petersen et al., 2015).

Zebrafish gpr26 mutants also have defects in the morphogenesis of the semicircular canals
in the inner ear (Diamantopoulou et al., 2019; Geng et al., 2013; Leon et al., 2020; Paavola et al.,
2014). Semicircular canals are three interconnected tubes that provide sensory input for
experiences of rotary movements. In zebrafish, they develop from an ovoid epithelial vesicle, the

otic vesicle, in which finger-like projections grow towards the center, where they fuse to form the
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three semicircular ducts of the vestibular system (Geng et al., 2013). Extracellular matrix gene
expression is high during projection outgrowth and then rapidly downregulated after fusion, and
Gprl26 controls this switch. Thus, sustained expression of extracellular matrix components
causes an abnormal projection outgrowth and failure to form the semicircular canals, resulting in
ear swelling. In fact, gpr/26 zebrafish mutants were initially called /auscher mutants (german
word for eavesdropper) due to their swollen ear phenotype, before identifying mutations in the

gpr126 locus (Geng et al., 2013; Whitfield et al., 1996).

In addition, Gpr126 has been shown to play a role in heart development in mice (Patra et al.,
2013; Waller-Evans et al., 2010), supported by additional studies in zebrafish using morpholinos
(Patra et al., 2013). Studies ontwo different Gprl126 knockout mice have shown that
Gprl126 disruption leads to fully penetrant embryonic lethality between E11.5 and E12.5 due to
cardiovascular failure (Patra et al., 2013; Waller-Evans et al., 2010). Waller-Evans generated a
presumable Gpri26 null allele in which part of the 7TM domain was replaced by a LacZ reporter
gene cassette (GPR126"*%), and homozygous mutants displayed thinner myocardial walls, but no
defects in trabeculation at E11.5 (Waller-Evans et al., 2010). Patra et al. used R-Gpri26 knockout
mice from RIKEN (The Institute of Physical and Chemical Research), in which the exon 2 was
replaced by a LacZ reporter cassette. The authors reported that homozygous mutants were
characterized not only by a thinner ventricular wall, but also by fewer trabeculae, bradycardia,
cardiac arrhythmia, and mitochondrial dysfunction at E11.5 (Patra et al., 2013). They confirmed
the same results in a third T- Gpr!26 knockout mouse line from Taconic/Lexicon, in which exons
3 and 4 (termed 2 and 3 in the original paper) were replaced by a selection cassette in the mutant
allele, with the only exception that some homozygous embryos survive until birth (Monk et al.,
2009; Patra et al., 2013). Besides, heart trabeculation was also disrupted in gpri26 zebrafish
morphants using translation-inhibitory and splicing-inhibitory morpholinos targeting the gpr126-
NTF, but not in morphants in which the NTF remained intact (Patra et al., 2013). This heart
phenotype was rescued by coinjection of the morpholino with the gpri26-NTF mRNA. Thus,
Patra and co-workers support that Gpr126-NTF is necessary and sufficient for cardiac
trabeculation in mice and zebrafish, whereas the CTF is dispensable for this function (Patra et al.,
2013). However, and despite the large number of gpr/26 mutant lines that have been analyzed
(gpr126°”, gpri26“S, gpri26™°, gpri26", gpri26*?, gpri26™ apri26®*%*, gpri26™*,
gpr126™% gpr126*%...), no heart phenotype has been mentioned or reported apart from the
morpholino experiments (Diamantopoulou et al., 2019; Leon et al., 2020; Liebscher et al., 2014;
Monk et al., 2009; Paavola et al., 2014; Petersen et al., 2015).


https://www.nature.com/articles/s41467-019-14040-1#ref-CR28

1. INTRODUCTION

Notch activity is required for ventricular trabeculation in mice

The Notch pathway is a key player in the endocardial-myocardial communication during
cardiac development (de la Pompa and Epstein, 2012; High and Epstein, 2008). Notch is an
evolutionary conserved cell-to-cell signaling pathway (Artavanis-Tsakonas et al., 1999). Notch
proteins are single-pass transmembrane receptors with a large extracellular domain (NECD),
followed by a shorter membrane-spanning portion and an intracellular domain (NICD), which
contains a transcriptional activation domain (Fig. 5A). Most surface Notch proteins are cleaved
by furin-like convertases during the secretory pathway at site 1 (S1), which converts the
Notch polypeptide into a NECD/NICD heterodimer held together by noncovalent interactions
(Kopan and Ilagan, 2009). In the cell surface, NECD can interact with membrane-bound ligands
of the Delta (DI11-4 in mammals) or Jagged (Jagl and Jag2) families expressed by neighboring
cells (Fig. 5A). Productive ligand-receptor interaction depends on the activity in the signaling cell
of E3 ubiquitin ligases such as mind bomb-1 (MIB1), which ubiquitylates the ligand in its
cytoplasmic C-terminal tail (Itoh et al., 2003) (Fig. 5B). Subsequent ligand endocytosis generates
mechanical force to pull on Notch, which in turn induces conformational changes leading to
exposure of the S2 site of the receptor, recognized by ADAM (A Disintegrin And
Metalloprotease) proteins (Meloty-Kapella et al., 2012; Parks et al., 2000) (Fig. 5C). The
remaining Notch fragment becomes susceptible to cleavage by vy-secretase (at the S3
site), resulting in the release of NICD, which translocates to the nucleus of the signal-receiving
cell and functions as a transcription factor (Fig. 5D-F). In the nucleus, NICD binds directly to the
DNA-binding protein RBPJ, otherwise known as CSL (CBF1, Suppressor of Hairless, Lag-1),
thus displacing corepressors and allowing the recruitment of the transcriptional coactivator
mastermind-like (MAML) (Jarriault et al., 1995) (Fig. 5F). Formation of the RBPJ-NICD-MAML
ternary complex allows the recruitment of additional coactivators to activate transcription of

target genes (Jarriault et al., 1995; Luxan et al., 2016) (Fig. 5F).

In the developing E9.5 ventricle, Notchl1 is active in ventricular endocardial cells at the base
of the forming trabeculae (Grego-Bessa et al., 2007), where its ligand DIl4 is also expressed
(D'Amato et al.,, 2016b). DIl4—Notchl interaction is crucial for early ventricular chamber
development, and targeted inactivation of Notchl or DIl4 in the embryonic endocardium severely
disrupts trabeculation, resulting in embryonic lethality at mid-gestation (E10.5) (D'Amato et al.,
2016b; Grego-Bessa et al., 2007). Gene expression profiling of E9.5 wild-type (WT) and
endocardial DI/l4 and Notchl mutant ventricles by RNA-seq analysis revealed that transcription
of Gpri26 was strongly downregulated in the mutants. In zebrafish larvae, cardiac gpri26
expression is also abrogated when Notch activity is genetically or chemically impaired.

Furthermore, Gprl26 contains two-conserved putative RBPJ binding sites in intron four that
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respond to Notch stimulation in luciferase assays, and human umbilical vein endothelial cells
(HUVEC) respond to D114 stimulation by increasing Gpri26 expression (D'Amato et al., 2016b).
Altogether, in vivo, in vitro, and in silico studies point to Gpr126 as a potential Notch effector in

chamber endocardium during trabeculation.
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Figure 5. The Notch signaling pathway. (A) In the signaling cell, membrane-bound Notch
ligands (Delta and Jagged) bind to Notch receptors in the neighboring cell through interaction
with the Notch extracellular domain (NECD). (B) Upon ligand interaction, the ubiquitin ligase
Mind bomb-1 (MIB1) ubiquitinylates the ligand intracellular domain (yellow circles) and induces
ligand endocytosis. This process exerts a force on the Notch receptor in the receiving cell that
exposes a site for cleavage (S2) by ADAM (A Disintegrin And Metalloprotease) proteases (C).
This cleavage renders the residual transmembrane Notch fragment as a substrate for proteolysis
(S3) by the y-secretase protease (D), which releases the Notch intracellular domain (NICD) (E).
(F) NICD then travels to the nucleus and forms a transcriptional activation complex after binding
to RBPJ and the coactivator Mastermind-like (MAML) to promote gene transcription. In the
absence of NICD, RPBIJ associates with corepressor proteins (Co-R) to repress transcription.
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2. OBJECTIVES

This doctoral thesis aims to understand the role of Gprl26 in mouse and zebrafish
development, paying particular attention to the heart. Previous work has demonstrated that
Gprl26 deletion in mice causes fully penetrant embryonic lethality due to cardiac defects, and
knockdown in zebrafish impairs trabeculation. However, the molecular mechanism behind

Gpr126 cardiac function remained elusive.
The five main objectives of this thesis were:

- To determine the expression pattern of Gprl26 in mouse embryonic development.

- To dissect the role of Gprl126-NTF adhesive domains in mouse embryonic

development.

- To characterize the role of Gpr126 in mouse and zebrafish heart development by

generating constitutive loss-of-function alleles.

- To establish the primary cause of embryonic lethality of constitutive Gpr126 loss-of-

function mutants.

- To characterize the tissue-specific functions of mouse Gprl26 by generating

conditional loss- and gain-of-function alleles.
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3. MATERIALS AND METHODS

Mouse lines

Ethics statement

Animal studies were approved by the CNIC Animal Experimentation Ethics Committee and
by the Community of Madrid (Ref. PROEX 118/15). All animal procedures conformed to EU
Directive 2010/63EU and Recommendation 2007/526/EC regarding the protection of animals
used for experimental and other scientific purposes, enforced in Spanish law under Real Decreto

1201/2005.

Generation of Gpr126%%¢, Gpr126°”and Gpr126™* mouse lines

Conditional knock-in Gpr126™* and standard knock-out Gpr126*** and Gpri26*” mouse
lines were generated using CRISPR/Cas9 technology. The mouse Gprl26/Adgrg6 gene
(ENSMUST00000041168) located in chromosome 10, contains 25 coding exons that produce 5
different transcripts (annotated as Adgrg6-201 to Adgrg6-205 in Ensemble). Adgrg6-201, with a
length of 6507 bp, is the largest transcript containing an open reading frame (ORF). In silico
analysis showed that the deletion of exons 3 and 4, encoding for the CUB and PTX domains,
respectively, does not alter the ORF. In contrast, exon 7 is the first exon whose deletion triggers
a translational frameshift and a premature termination codon (PTC) in exon 8. Exon 7 is termed
as Exon 6 in the Adgrg6-201 transcript from Ensemble (https://www.ensembl.org/) because the
exon 6 is alternatively spliced in this isoform. CRISPR RNA (crRNA) sequences targeting introns
2 and 4 (to generate the Gpr126*** mouse line) and introns 6 and 7 (to generate the Gpr126*” and
the Gpri26™ mouse lines) were designed using the Spanish National Biotechnology Centre
(CNB)-CSIC web tool Breaking-Cas (http://bioinfogp.cnb.csic.es/tools/breakingcas/) and
CRISPOR-TEFOR online tool (http://crispor.tefor.net/crispor.py). Those sequences with higher
specificity and efficiency scores were selected (Table 1). For the generation of the knock-in
Gpr126™ line, two complementary and asymmetric single-stranded oligodeoxynucleotides
(ssODNs) were designed to insert two loxP sites on either side of exon 7, according to published
guidelines (Richardson et al., 2016). Each ssODN bears a loxP sequence with a 67-bp 5’
homology arm, a 36-bp 3’ homology arm, a single base substitution at the protospacer adjacent

motif (PAM) sequence, and an EcoRI recognition site (Table 1).

crRNA sequences were used as annealed two-part synthetic crRNA (Alt-R® CRISPR-Cas9
crRNA, 2 nmol, Integrated DNA Technologies, IDT) and tracrRNA (Alt-R® CRISPR-Cas9
tracrRNA, 5 nmol, IDT, 1072532) molecules, known as the Alt-R CRISPR-Cas9 System. The
Cas9 protein was the Alt-R® Streptococcus pyogenes Cas9 Nuclease (IDT, 1081058). ssDNA

templates were custom synthetic genes (Megamer™ single-stranded Gene Fragments, IDT). The
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complete guide RNA complex (annealed crRNA and tracrRNA) was diluted in microinjection
buffer (1 mM Tris HCI, pH 7.5; 0.1 mM EDTA) and incubated with Cas9 protein to obtain active
ribonucleoprotein (RNP) complexes. The final concentration of components in RNP preparations
was 0.61 pmol/ul of crRNA and tracrRNA, 30 ng/ul of Cas9 protein and 10 ng/ul of ssODN
(Table 2, 3). The final injection mixes were passed through Millipore Centrifugal Filter units

(UFC30VV25, EMD Millipore) and spun at 21,000 g for 5 min at room temperature.

Microinjections were performed by the Transgenesis Unit at CNIC. Mouse zygotes were
obtained by mating C57BL/6 stud males with superovulated C57BL/6 females (Charles River
Laboratories). One-cell stage fertilized mouse embryos were injected into the male pronuclei and
the cytoplasm with the corresponding preparations (Table 2, 3). Microinjected zygotes were
cultured overnight at 37°C in Potassium supplemented simplex optimized medium (KSOM), RS-
1 medium, or KSOM plus RS-1 before embryo transfer into the oviduct of a synchronized
recipient doe. RS-1 is a homology driven repair (HDR) enhancer that increases knock-in
efficiency (Song et al., 2016). Two-cell stage embryos (E2C) were transferred to one CD-1
recipient doe (~25 embryos per female). Microinjections were performed as described previously

(Harms et al., 2014).

Weaned pups were screened for the targeted knock-out or knock-in mutation by PCR
analysis and sequencing, and the selected founders were bred to C57BL/6 mice to pass the

mutation through the germline.
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3. MATERIALS AND METHODS

Table 3. Summary of the
targeting efficiency for the
generation of Gpri26™ and
Gpr126"” mouse lines using
CRISPR/Cas9 technology.

crRNA, crispr RNA; tracrRNA,
trans-activating  crispr RNA;
ssODN, single-strand
oligodeoxynucleotide; E2C, two-
cell stage; TFs, transferences; in,
insertions; del, deletions; HDR,
homology-driven repair; NHEJ,

non-homologous end joining;
GMO,  genetically  modified
organisms.
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Generation of R26-GPR126°°* mouse line

Human GPR126 cDNA N-terminally tagged with a hemagglutinin (HA) epitope and C-
terminally tagged with a FLAG epitope was gently provided by Torsten Schoneberg’s laboratory
(Mogha et al., 2013). The sequence was digested with Spel and cloned into the Spel and Xbal
sites of the intermediary vector pBigT-IRES-GFP, which contains a selectable marker cassette
(PGK-NeoR) flanked by loxP sites, followed by an internal ribosome entry site (IRES) and the
enhanced green fluorescent protein (eGFP) (Fig. 20A). A polyadenylation sequence (pA) is
located to the 3" end of the neo expression cassette to prevent transcriptional read-through
(Soriano, 1999). GPR126 cloning was targeted between pA and IRES sequences (Fig. 20A). The
resulting plasmid was digested with Pacl and Ascl to release the loxP-PGK-NeoR-STOP-loxP-
GPR126-IRES-eGFP construct and get it inserted into the Pacl-Ascl linearized modified version
of the pROSA26-1 plasmid (Soriano, 1999) (Fig. 20A). This vector harbors 5.4 kb Rosa26
homology regions (extending 1.1 kb 5’ and 4.3 kb 3’ from the Pacl-Acsl sites), along with a
diphtheria toxin expression cassette (PGK-DTA) for negative selection (Fig. 20A). The final
ROSA26-GPR126°“F-eGFP construct was linearized with Pvul and electroporated into G4 mouse
embryonic stem (mES) cells derived from a mixed 129X1/B16 genetic background. After G418
(200 pg/ml) selection for 7 days, 100 clones were picked. Neomycin-resistant ES clones were
expanded and screened by Southern blot analysis using external 5’- and 3’-hybridization probes
to detect homologous recombination events (Fig. 20A). Upon EcoRV digestion, the 5' probe
detects an 11.5 kb WT band and a 4 kb targeted band, due to the presence of an extra EcoRV site
in the transgene (Fig. 20A). Upon EcoRI digestion, the 3' probe detects a 15.5 kb WT band and a
13.2 kb targeted band (Fig. 20A). In total, 7 out of 86 ES neo-resistant clones integrated the entire
construct, as determined by the presence of the aforementioned bands (data not shown). Three
clones were selected to confirm the karyotype. Electroporation, mES cell expansion, screening
by Southern Blot and karyotyping was performed by the Pluripotent Cell Technology Unit at
CNIC. One positive clone was microinjected into C57BL/6 blastocysts, which were subsequently
transferred into pseudopregnant females to generate chimeric offspring. Microinjections were
performed by the Transgenesis Unit at CNIC. The resulting chimeric mice were genotyped by
PCR of tail genomic DNA samples using primers targeting the R26 locus before and after the
cloning site, and the pA signal of the transgene. A male founder was selected and bred to C57BL/6

females to pass the mutation through the germline.
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Mouse strains

Mouse strains used in this study are as follows: Tie2-Cre (Kisanuki et al., 2001), NfatcIpan-
Cre (Wuetal., 2012), Nkx2.5-Cre (Stanley et al., 2002), Mesp1-Cre (Saga et al., 1999), Sox2-Cre
(Hayashi et al., 2002) and D//4"* (Koch et al., 2008).

Zebrafish lines

Ethics statement

All experiments using zebrafish (Danio rerio, strain AB) were done according to German
Animal Protection Laws approved by the local governmental animal protection committee.
Embryonic and adult zebrafish were raised and maintained under standard conditions
(Westerfield, 2000). All experiments were performed on zebrafish embryos or larvae between 48

hpf and 5 dpf.

Generation of gpri26°"** and gpr126°"** zebrafish lines

Mutant zebrafish lines were generated in Prof. Stainier's laboratory at the Max Planck
Institute for Heart and Lung Research (MPI-HLR) in Bad Nauheim, Germany, during an 8

months-long stay.

Target site selection. The zebrafish gpri26/adgrg6 locus (ENSDARGO00000054137),
located in chromosome 20, contains 25 coding exons that produce 4 different transcripts
(annotated as adgrg6-201 to adgrg6-204 in Ensemble). Adgrg6-204, with a length of 4246 bp, is
the largest transcript containing an open reading frame (ORF). /n silico analysis showed that the
deletion of exons 7-9, encoding for part of the SEA domain, triggers a translational frameshift
and a PTC in exon 10. crRNA sequences targeting introns 6 and 9 (generating the gpri26*"%
zebrafish line, officially called gpr/26”*") were designed using the CRISPOR-TEFOR online

tool. Those sequences with higher specificity and efficiency scores were selected.

To identify the promoter region of gpri26, we used Ensemble to allocate different promoter
sequences: TATA boxes (consensus sequence of TATAA) 700 bp to 1 kb away from the
transcriptional start site (TSS), (GGCCAATCT or CAAT), B recognition elements
(XX (G/C-G/C-G/A-CGCC), initiator elements (YYANWYY), and downstream promoter
elements (J28) (RGWYV):
5> TATTTGTTAATAAGAATTCTTAAAAAAAGAGACCATTTCATGAATAAATCTATTATTTTT

TATTATCTATTATTATTATTTTAACTTAATATAAAATATTAAGTAAAAATTTTTTAAAAGTTA
CGTTTTTTTTCATTTAAATATTAGTGTTAAATAACATCTATGTTTTAGAACAGTCAGTTTCATT
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GGCAATACAAATATGTAAACAATGAAACACATTGATTAATTAGGATTAAGTAATGTTGAATC
TTTATTTAAAATAGTTTTGTTAACTAATACCGCATATTGACATTTTAAGCTAATAAAATGTGA
AAATAAAATAAAAAAAGTAATCTGCAAATCCCTGTTGTTTTCTTCTCAAATCTCTGATTCCTA
CATTGAATTAGCAGTGCCAGTTTTCCTTTTACCACAGTATTGCCTGAAGTGTAATAGAAAAG
GCTTTTGATTTATCTGGAAGCAGACTGAGCTTTATCACTGCATGCATTTGCCTGAATCCTTTC
CTGCATCATTGTGGATGCAAATGATGAACATCACCAGTGATTATTTTCCGTTTCGCTCCCTTA
TACTCTGCTTTAATTGGCTCAAGTGAATTTACAAAGCAGTTTAGTGCTTCAGATGNNMICCAT
CTTGCATATGCATTTACACCACAACAGGAATAAACCAINNMIGACCATAACATTTTGTCATTT
AACTTTTAAAAATTAACCTGGGGGATTTTGTGACTTGTAATCCCTCTTTAGTGTTTAACGTGT
GTTTAAGGTATTGACTTAGACGCTCAAAGAGATAACGTTTATTACTTGATCGCTATCTGTTCT
GTGGGAATCGAGAAAGCTCACCTTTTTTTCTCTATTTCTTTTTCTTTATTTTATTTTTTCTCCAT
TGCAAATGCAGGATTATCATTAACATTTATATTGGCTATCGAGCAGAATAATTGAGTAATTT
GTGAAGAGCTAAGCATCTGGAAGGATCGTCCAAATTGTAATTTCTGGCACTTAAGTTGTTTT
ACATTCAAAATCTTCATCCAAGTTCCTGTGTTCTGGTGATAAAACGTCACCGTGGCTGTAAAT
CTCAACGCTAAACAAAACACATAAATGAAGCTAGCCTGTAATAAATGTCCATGTTATTGTGC
ATGGCTTCTCACACCCAINNMIAGATCAAAACCAAAATVNNICCTCAACAGGGACGAAAAACA
AAAAGGCAGATTTTCATCTGAATAAATGTGTGCTATTATCATTTATCTACCAGCTCACAGGCT
TGTAAACAGCTACATAACCTGAGATTTCTGTCGAGCATGCTATTTGACCTGAATGTTGTAAT
GTAAATATCAGAGGTACATGCAAATTCAGCTATCCGACTTAGGAGCTATCTAACTGGAAGAT
CTTCTCTGACGTTGAAAACAAAGCAGCTAGCATGGCTTAATGAGGACAAAACAGTGCATAC
AAGTCTTTGACTAGTTTGTTTTTCATGGAATTATAGCAAATGTTTACAGTATGTTGTTTTCATT
TTCTTTATAAATCTAACAGAAAAACTAATTACAAAAGGTACTTTCATCATATTAATTATATTT
TTGCATATTGGTTAGTGGTGGAATTGTGTCATTTAAAATTTAAGCACAAGCTACACTATCGGT
CAAACTTTTAGGGTTTTATTTTTTTCATTTATTTTTATTTATTTATTTTGCTTTTATTACTATTA
CCATGAATAATATTGATAATAATAATATTAATTATTATTAGAGTGATTTCTGAAGGATCATGT
GACTGAAGACTGGAGTAATGAAGCTAAAATTTAATCTTTAAAATCACTGGAATAAATGATTA
AATTAAATTATAAACTACTTTTGAACAGTTATTTTATAGTGTAATAACATTTCANNMIATTTA
ATAAAAGAAATGCAGCTTTGGTGAGCAGGATAGGCTTGTTTTAAATTAGACTCAAACATCTT
ACTGATCCTAAACTCTCTTATAAGCAAAAAAGCTAATGTTTTATTAATAGCCTATCTGTTCTC
TGTTTCTCTCTACACTTGCAGACATGCATATTTAAATGTAAGTATATAAATAAATATTTGATT
TTGCATAAGCACTATTTAGAAATGTAGTTATTTTATTTTTAAGCATGAACAAAAATAAATAG
CACANNMIAGAAAAAAGTATTTTAATACACGATTATGATATAATATTTTGTGTGTGTTTGTGT
ACACCCCCCCTCCCCCACNNIATCTCATTTAAACTAATGTTTTCTAAAGGATGCATTAVNI
ATTCTATTTTTGCAAATTCATTAGTTTATTCAGTACTGAAGCCAGATCTAAGGCTAATCTAAC
AAAACAACTTAIVNIAATGGTTCAAAAATGAGTAGCCCAAATTTATATGTTAGGGGAAAAT
ATTAAATACATTTTTCAAAAATAGCAAAAATCAAGAGAAGCAAAAATATATACAGTTTTGTT
AAAATGTTGTAGTTTGTAAATATTTATTATTATTATTTTTTGONNMIATCTTTCCATTTCTAAAG
ATGTTTTGTGACAAAATATTATTTTTAATAAATATATCTCTTTAATAAATCTGTTTTGTTCAAA
TGCACHYNIATGTGAAGAGTTCAGATGCAAAAACCTCTAAATCCCGTCTGAAATTTTCCTCT
AAACTGAGCATTTTTATCAGGCTCCTGTGGGTATGTTCAGTAATATTACTTTTATGGGAAAGA
ATAAGTTATCTTCCTGGTCTTTAAAGTAAAATATCTCAACATAAACAAAGGAGGCTGATAAA
ATTTCTAATGATTTTTGATAGAAATTTTACACGGCACTTAGAGTTTTTTGTATCTAAACTTTTT
ATATATTCCCCATATTCACTGAAAACTGGATACAACTGTTCATGTTGTTCGTTCATATTGTCA
CTGTTCAAACTGTTCGTATGTTTTGTTCATATCAAAATAGGGTGTACTCATTTATGCTGTATA
TAATCCTATTATTTATATATATATATATATATATATATATATATATATATATATATATATATAT
ATATATATATATATACATTTTATATATATATATATATATACATTTTATATATATATATATATAT
ATATATATATATACATTTTATATATATATATATATATATATATATATATATATATATATATAT
ACATTATATATATATATGCCTATTGTTCACACATACATTGTTTATTTTTTGTTAAAACATGTAT
AAATTACATGTGTAGGTCTGTTTGTAAATAAACATAATTATACATAATCACATGTTACTTTTA
ACTGGCTACATTTCTATCCGCCGTTTGGEEEEACAAAGACTTTTGTTTATCTCATTTACTGCT
AGGAAVNIGCTTAAGAAATGTTCATAGATGTAAATATGACAAACTATTGTGAAGAATTGGT
GTTTAACTGTTTAACCTACTTGTCTTCTTTTTGGGGGTCTCCTCGGGATTTCTCTGCTGAAGGG
TGGGGCTCCAGTCAGAACTGCCTCCAGCGGTTGGACAAGCGCAGTATTGTCTAGTAAACTCT
TGTTAACGCTTAACCCAGCATCTGTCTGCCTGGAGCGCAEEINIEATCTGTCAAAAAACCGAC
ATTTAATTGATTTCAGAATATCTGCGATGATGATAAAGAAGATGATGGTGTGTTTTAGCTGA
GCTGTGGAGAGGCTCGTGTAAATTGACGGTGAAGTGACTGACTGACGCTCAAACTTCTCTCA
AGTTGTTCAAACAGAAGAGATATCATGCTTCAAGCINE NS EAGCTTCAATGAAACAAT 3’

3505 bp until gpri26 S’UTR
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Because gpri26 has a big intron 1 (9848 bp), which likely contains regulatory regions, it
was targeted for deletion to prevent transcriptional activation. The H3K4me3 histone marks along
the gpri26 locus were evaluated using ChIP-seq data from the UCSC genome browser
(https://genome-euro.ucsc.edu/cgibin/hgGateway?redirect=manual &source=genome.ucsc.edu)
(Suppl. Fig. 1A). The Zv9 was selected as the reference genome assembly and the tab called
UMass ChIP-seq was activated. crRNA sequences targeting 5° of the first TATA sequence and

romoterless bns342
& 677)

the end of intron 1 (generating the gpri2
were designed using the CRISPOR-TEFOR online tool. Those crRNA sequences with higher

zebrafish line, officially called gpri2

specificity and efficiency scores were selected.

6”53 zebrafish line,

sgRINA template generation and transcription. To generate the gpri2
one sense and one antisense oligonucleotides were designed based on the target sequence. To
create 5’ overhangs for directional cloning, TAGG and AAAC nucleotides were added to the 5
end of the sense and antisense oligonucleotide, respectively (Table 4). 5 ul of each oligonucleotide
(1 mM) were annealed in a final volume of 10 ul by heating the mixture at 95°C for 5 minutes
and then cooling it down overnight at room temperature in a T4 ligase buffer (10x) (Promega,
M1801). Annealed oligonucleotides were subsequently cloned into a BsmBl (New England
Biolabs, R0739)-digested pT7-gRNA vector (Addgene, plasmid 46759) using the T4 ligase
(Promega, M1801) in a final volume of 10 pl for 2 hours at room temperature. The resulting
plasmid was transformed into DH5a competent E. coli cells using Promega’s heat shock protocol.
Two colonies were transferred to 10 ml sterile culture tubes containing 3 ml of Luria-Bertani
(LB) medium supplemented with ampicillin (1:1000) (Fisher Scientific, 10419313) and grew
overnight at 37°C with shaking (~250 rpm). Plasmid DNA was isolated using the QIAprep Spin
Miniprep Kit (QIAGEN, 27104) and confirmed by sequencing via the Eurofins LightRun
Sequencing Service. The plasmids were linearized by digestion with BamHI-HF (NEB, R3136S)
and purified using a Gel DNA Recovery kit (Zymo Research, D4001). The linearized DNA
template was transcribed by the T7 polymerase using a MEGAshortscript T7 Transcription Kit
(Life Technologies) following the manufacturer's instructions for 5 hours at 37°C. The gRNAs
were treated with 1 ul DNase for 15 minutes at 37°C, purified using an RNA Clean and
Concentrator kit (Zymo Research, R1013), quantified using a Nanodrop spectrophotometer, and

examined by gel electrophoresis. Then, they were stored at -80°C.

To generate the gpri26”* zebrafish line, the templates for gRNA transcription were
generated as described in (Gagnon et al., 2014). Zebrafish gprl26-specific oligonucleotides
contained the T7 (5'-TAATACGACTCACTATA-3’) promoter sequence, the 20-base target site
without the PAM, and a complementary region (Table 4). The gene-specific oligo (10 uM) was
annealed to a constant oligonucleotide encoding the reverse-complement of the tracrRNA tail (10

pM) in a final volume of 10 pl at 95°C for 5 minutes, followed by slow cooling at room

69


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/oligonucleotide
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/ta-cloning
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/electrophoresis

70

3. MATERIALS AND METHODS

temperature and 20 minutes at 4°C. The ssDNA overhangs were filled in with T4 DNA
polymerase (NEB, M0203), BSA (NEB), and dNTPs (10 uM) (Promega, U1511) in a final
volume of 10 ul for 20 minutes at 12°C. The resulting sgRNA template was purified using a
QIAquick nucleotide removal kit (QIAGEN, 28304) and stored at -20°C. 1 ul of template DNA
was transcribed in a 5 ul transcription reaction using MEGAscript™ T7 Kit (Invitrogen,
AMB13345) according to the manufacturer’s instructions for 5 hours at 37°C. The gRNAs were
treated with 1 pl DNase for 15 minutes at 37°C, purified using an RNA Clean and Concentrator
kit (Zymo Research, R1013), and quantified using a Nanodrop spectrophotometer. Then, they

were stored at -80°C.

Cas9 mRNA generation. pT3TS-nCas9n plasmid for in vitro synthesis of nls-Cas9-nls
mRNA was purchased from Addgene (Addgene, plasmid 46757). Xbal linearized pT3TS-nCas9n
was purified with the Zymoclean Gel DNA Recovery kit (Zymo Research) and used as a template
for in vitro transcription of capped, polyadenylated mRNA with the mMESSAGE
mMACHINE™ T3 kit (Invitrogen, AM1348) according to the manufacturer's instructions for 3
hours at 37°C. Cas9 mRNA was treated with 1 ul DNase for 15 minutes at 37°C, purified using
an RNA Clean and Concentrator kit (Zymo Research, R1013), and quantified using a Nanodrop

spectrophotometer. Then, it was stored at -80°C.

Zebrafish embryo microinjection. The microinjection mix for the generation of mutant
lines contained 75 ng/ul of each gRNA (2 for the gpr126”* line, and 4 for the gpr126”** line),
200 ng/pl Cas9 mRNA, and phenol red in a final volume of 10 ul. Zebrafish AB zygotes were
collected and microinjected into the yolk at the one-cell stage using the Narishige IM 300
microinjector. The injected embryos were genotyped at 24 hpf to examine the presence of
deletions in the targeted regions and genomic DNA was extracted from 10 pools of 5 embryos

each. If the deletion was detected, the embryos were grown to adults for founder analysis.

Transgenic zebrafish lines

Transgenic lines used in this study are Tg(kdri:Hsa. HRAS-mCherry) (Chi et al., 2008) and
Tg(myl7:EGFP-Hsa. HRAS) (D'Amico et al., 2007), kindly provided by Prof. Stainier’s laboratory
(Max Planck Institute for Heart and Lung Research, Bad Nauheim, Germany).
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Genomic DNA extraction, genotyping, and sequencing

Mouse genomic DNA was extracted from biopsies of the tail tip of weaned or adult mice by
incubating the samples with 300 pL of 50 mM NaOH at 95°C for 10 minutes, and equilibrating
with 50 pL of 1M Tris-HCI pHS. For embryonic and fetal samples, DNA was extracted from the
yolk sac or a piece of the tail tip by digesting the tissue with 5 pL Proteinase K (Roche,
03115801001) in 100 pL of lysis buffer [SO0 mM KCI, 10 mM Tris-HCI pHS8.3, 2 mM MgClo,
0.45% Igepal-CA630 (Sigma-Aldrich, 13021), 0.45% Tween-20 (Sigma-Aldrich, P9416), 0.01%
gelatin (Sigma-Aldrich, G2500)] for 2 hours at 55°C. To screen for adult carriers and genotyping
adult zebrafish, genomic DNA was extracted from clipped fins by incubating the samples with
100 puL of 50 mM NaOH at 95°C for 20 minutes, and then equilibrating with 25 uL of 1M Tris-
HCI pHS. To genotype zebrafish embryos, DNA was extracted by digestion of the whole embryo
with 5 pL Proteinase K in 100 pL of elution buffer (EB) of the QIAprep Miniprep Kit (QIAGEN,
27104) for 2 hours at 55°C. The primer sequences used for genotyping all mouse and zebrafish
lines are listed in Table 5. For mouse samples, PCR reactions were performed using 500 nM of
each primer, 1 pL of extracted DNA, and DreamTaq Green PCR Master Mix (2X) (Thermo
Scientific, K1081) or AccuStart™ II PCR Supermix (2x) (Quanta Biosciences, 95137) in a total
reaction volume of 20 uL. For zebrafish samples, PCR reactions were performed using 500 nM
of each primer, 1 uL of extracted DNA, and PrimeSTAR® Max DNA Polymerase (2x) (Takara,
RO45A) in a total reaction volume of 10 pl. The amplicons were separated on a 1-3% agarose
gel. The size of amplicons was estimated using the 1Kb Plus DNA ladder (Invitrogen, 10787018).
For sequencing, the gel-purified amplicons were subjected to TA cloning in the pPGEM-T Easy
vector (Promega, A137A). Sequencing was performed by Sanger-style BigDye terminator
chemistry on an ABI730xl sequencer at CNIO’s DNA Sequencing Service (mouse-derived

sequences), or by Eurofins LightRun Sequencing Service (zebrafish-derived sequences).


http://www.qiagen.com/FAQ/ProductLineLink.aspx?ProductLineId=1000248
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A WT Mut/tg
Genetic line Primer sequence (5'-3") n:n * amplicon amplicon
T
(bp) (bp)
F: TTTGTAACATTGAGCTCTCCCT
Gpr126™* R: TCATTAGGGTAACACGGAGA 60°C 495 288
R: TATGTATGAAAAGATGGCCTGGT
Corl 26" F: CAACAGTAATTTTAACATCA s70C - 157
P R: GCATTATTTGTTGGTTTCATTCA
F: CAACAGTAATTTTAACATCA s20¢ - 904
R: GCATTATTTGTTGGTTTCATTCA
F: CAACAGTAATTTTAACATCA 362
Gpri26™ o
pr R: GCATTATTTGTTGGTTTCATTCA 04C 322 (5'LoxP)
F: TGAAACCAACAAATAATGCTT s1oc 1 561
R: AAAAATAAGTAAAAAGAACAC (3'LoxP)
F: AAAGTCGCTCTGAGTTGTTAT
R26-GPRI126°F  R: GGAGCGGGAGAAATGGATATG 60.5°C 585 853
F: TGCCCGACAACCACTACCTGA
Dl F: GTGCTGGGACTGTAGCCACT 60°C 408 455
R: TGTTAGGGATGTCGCTCTCC
F: GAAGCAACTCATCGATTGATTTACG
Nfatcl-Cre 58°C 1000
R: AACCCTGGACGCCTGGGACAC
, F: GGGAAGTCGCAAAGTTGTGAGTT
Tie2-Cre 58°C 500
R: CTAGAGCCTGTTTTGCACGTTC
F: GATGACTCTGGTCAGAGATACCTG
Nkx2.5-Cre 60°C 583
R: GCGCACTCACTTTAATGGGAAGAG
F: TGACGGTGGGAGAATGTTAAT
Mesp1/Sox2-Cre 58°C 286
R: GCCGTAAATCAATCGATGAGT
nsidl F: CGAGAGAATCCTTGTGTGGA
gpri26 55°C 1171 387
R: TTGATGGTCCATTTGCTGAA
F: GGCTTTCAGGCATTTTCTTC
gpri26™% R: TCACACACACAGGAGCACAA 55°C 906 322
R: CAATGCACACAATAAAGGAACTCC
Tg(kdrl:Hsa. HRAS- F: CCCGCCGACATCCCCGACT 62°C 469
mCherry) R: ACTTGTACAGCTCGTCCATGCC
Tg(myl7:EGFP- F: ATGGTGAGCAAGGGCGAGGA
62°C 720
Hsa.HRAS) R: TTACTTGTACAGCTCGTCCA

Table 5. List of primers used for genotyping the mouse (top) and zebrafish (bottom) lines.

Ann, annealing; T temperature; F, forward; R, reverse; mut, mutated; tg, transgene.
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Histological procedures

Tissue collection and processing

Pregnant females at different gestational stages were euthanized according to laboratory
animal welfare guidelines by cervical dislocation. The uterus was dissected and transferred to
phosphate-buffered saline (PBS). For examination of the embryonic hearts, whole embryos (E9.5-
E10.5) or thoracic cavities (E11.5-E18.5) were isolated in ice-cold PBS and fixed in 4% (vol/vol)
paraformaldehyde (PFA) (Electron Microscopy Sciences, 50980487) in PBS overnight at 4°C
with gentle shaking. The same procedure was applied to the placentas. For examination of
neonatal mouse hearts, pups were euthanized by decapitation, and hearts were dissected, washed
in PBS, and fixed overnight in 4% PFA at 4°C with gentle shaking. For examination of adult
hearts, mice were euthanized by cervical dislocation and, after resection of the descending aorta,
the heart was perfused through the right ventricle with 1 mL of PBS and 1 mL of 4% PFA. The
heart was dissected, weighed, and incubated for 48 hours in 4% PFA at room temperature with

gentle shaking. After fixation, the samples were washed in PBS.

E9.5 embryos used for whole-mount in sifu hybridization were washed in PBS-T (PBS
containing 0.1% Tween-20) and dehydrated by washing in a methanol series of increasing
concentrations (25%, 50%, 75%, 90%, 2x 100%, 15 minutes each). Embryos were stored at -80°C

until proceeding with the protocol.

Paraffin-embedding of embryos, hearts and placentas was performed by immersion in a
series of ethanol solutions of increasing concentrations (30%, 50%, 70%, 90%, 2x 100%).
Incubation times were longer for large samples. Following the dehydration, the tissue is cleared
with xylene washes and embedded in melted paraffin. The samples were properly oriented in
a plastic mold and left on a cooled plate until solid. Paraffin-embedded embryos/organs were cut

into 7 um sections using a semi-automated rotary microtome (Leica Biosystems).
Histological stainings
Hematoxylin and eosin (H&E), Masson’s trichrome, and periodic acid—Schiff (PAS)
stainings were performed according to standard protocols by the Histopathology Unit at CNIC.

Immunofluorescence (IF)

7-um paraffin sections were washed twice for 5 minutes with xylene and rehydrated by a
series of ethanol solutions of decreasing concentrations (2x 100%, 90%, 70%, 50%, 30%, 3

minutes each), followed by Milli-Q (MQ) water washes. For antigen retrieval, the sections were
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boiled for 15 minutes in 10 mM citrate buffer (Sigma-Aldrich, 25114) pH 6, and endogenous
peroxidases were quenched with 1% hydrogen peroxide solution (Sigma-Aldrich, H1009) in
methanol for 40 minutes. The tissues were permeabilized with 0.3% Triton-X100 (Bio-Rad,
1610407) in PBS, and washed with PBS-T before incubation with the blocking solution [3%
bovine serum albumin (BSA) (Sigma-Aldrich, A9418), 5% goat serum (Vector laboratories, S-
1000), 20 mM MgCl,, and 0.3% Tween-20] for 1 hour at room temperature. The primary
antibodies (Table 6) were diluted in blocking solution and the sections were incubated at 4°C
overnight. The following day, sections were washed with PBS, followed by incubation with
fluorescent-dye-conjugated secondary antibodies (Table 6) in 5% BSA in PBS for 1 hour at room
temperature. For signal amplification, a secondary biotin-conjugated antibody was used, followed
by the formation of avidin-biotinylated-Horseradish peroxidase (HRP) complexes using the
VECTASTAINR® Elite ABC kit (Vector Laboratories, PK-6100). Signal detection was performed
using the Tyramide Signal Amplification (TSA) Plus Fluorescein (PerkinElmer,
NEL741B001KT) for 3.5 minutes at room temperature according to the manufacturer
instructions. Sections were washed in PBS before incubation with DAPI (Sigma-Aldrich, D9542)
for 10 minutes at room temperature. Alexa Fluor-647-conjugated Isolectin GS-1B4 from Griffonia
simplicifolia (ThermoFisher, 132450) and Rhodamine-conjugated wheat germ agglutinin (WGA)
(Vector laboratories, RL-1022) were incubated in PBS (1:200) for 2 hours at room temperature
prior to DAPI counterstaining. The slides were mounted with Fluoromount (Southern Biotech,

0100-01).

Detection of hypoxic cells

The Hypoxyprobe™-1 Plus Kit (Chemicon, HP2-100) was used according to the
manufacturer’s instructions. The hypoxia-marker pimonidazole hydrochloride (PIMO) was
injected intraperitoneally (60 mg/kg of body weight) into pregnant mice 30 minutes before
euthanasia. Embryonic thoracic cavities and placentas were isolated in sterile PBS, fixed with 4%
PFA at 4°C overnight, processed for paraffin embedding, and sectioned at 7 um. The slides were
incubated with FITC-conjugated a-PIMO primary antibody (included in the kit), a secondary
rabbit a-FITC-HRP-conjugated antibody (Dako, P5100), and TSA-Fluorescein for signal

detection, following the same protocol detailed in the 4.3 Immunofluorescence (IF) subsection.
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Table 6. List of antibodies used in this thesis.
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DIG-labeled RNA probe synthesis

Antisense RNA probes were designed to be exon spanning or complementary to the 5° or
3’UTR sequences. Targeted regions were amplified by PCR using as template ~100 ng cDNA
from embryos, hearts, or placentas, and DreamTaq Green PCR Master Mix (2X), compatible with

TA cloning. The primer sequences used for probe generation are listed in Table 7.

Gene Primer sequence (5' - 3") Probe length (bp)
Bmpl0 Constructed by Hanying Chen 888
Cx40 Provided by Rober Kelly's laboratory
Ednrb For TCTTCATGGGCAATAATCGTC 435
" Rev CGGCTTTATTACAAGTGCAT
Eng 938
GPRIZ6 For TGGCAAAATGACTTCTGGAATA 631

Rev GTCCCCAGTAGGTTACCAATG
Gpri26 (3'UTR) GenePaint, template T36447 705

For TCCTGTCCAATCCTTCCGGTA
Gpri26 (Ex3-4) poy GGAGCCCCAAGAATTATTCCAC 660

Hey2 Constructed by Hiroki Kokubo
Irx5 Constructed by Antje Bosse 740
Ldh For CTGCAGTTGGCAGTGTGTCT 513
“ Rev GGAAGGAGGTTCACAAGCAG
Mash?2 Constructed by Sara Austin 301
Nfatcl 1029
N-myc Provided by Cecilia B. Moens laboratory 215

Pedhl? For ACAGTTTCCCAAAGACGAGCA 764
¢ Rev GACCGTTGTTTCCTGAGTCCA

Pdkl For GCCAGCTACTCCACGTTCTT 575
Rev CTGGGTTTGGTTACGGATTG

Pries For AACATTATTCTAACGTGTCTGG aal
reec Rev TGTAACACTTCAGGACGTTG

For CAACATAGAAATGAGTGCC

Tpbpa Rev ACACAGTTAATTATGCCTT 638

Table 7. List of primers used for mRNA probes generation in this thesis.
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The PCR product was ligated to the pPGEM-T easy vector using the pPGEM™L-T easy vector
system (Promega, A1360) and the resulting plasmid was transformed into DH5a competent E.
coli cells using Promega’s heat shock protocol. White colonies were selected for colony PCR
screening using a vector-specific primer and an insert-specific primer to check the insert
orientation. Positive colonies were transferred to 10 ml sterile culture tubes containing 3 ml of
LB medium supplemented with ampicillin (1:1000) (Fisher Scientific, 10419313), and grew
overnight at 37°C with shaking (~250 rpm). Plasmid DNA was isolated using the QIAprep Spin
Miniprep Kit (QIAGEN, 27104) and sequenced by the Eurofins LightRun Sequencing Service.
The plasmids were linearized by digestion with an appropriate restriction endonuclease cutting
downstream of the insert sequence and purified using a Gel DNA Recovery kit (Zymo Research,
D4001). The linearized cDNA template was transcribed by the T7 or Sp6 polymerase using the
DIG RNA labeling mix (Roche, 11277073910) for 2 hours at 37°C. The RNA probes were
purified using the Illustra AutoSeq G-50 Kit (Cytiva, 27534001) and stored at -80°C.

/n situhybridization (ISH) on sections

7-um paraffin sections were washed twice for 5 minutes with xylene and rehydrated by a
series of ethanol solutions of decreasing concentrations (2x 100%, 90%, 70%, 50%, 30%, 10
minutes each), followed by PBS washes and postfixation with 4% PFA for 20 minutes at room
temperature. The tissue was digested with 10 pg/ml proteinase K for 15 minutes at 37°C and
postfixed with 4% PFA for 5 minutes. The slides were treated with 0.07N hydrochloric acid (HCI)
(Sigma-Aldrich, 320331) for 15 minutes, and 0.25% acetic anhydride (Sigma-Aldrich, 242845)
in 0.IM triethanolamine solution (Sigma-Aldrich, 90279) pH 8 for 10 minutes. For
prehybridization, the slides were incubated with hybridization buffer [50% formamide (Sigma-
Aldrich, F903), 20X saline-sodium citrate (SSC) buffer (Sigma-Aldrich, S0902), 0.1% Tween-
20, 50 pg/ml heparin (Sigma-Aldrich, H4784), 5 mg/ml yeast tRNA (Roche, 10109525001)] for
5 hours at 65°C, before adding the RNA probe to the hybridization buffer for overnight incubation.
The following day, sections were washed twice with post-hybridization buffer-1 [50% formamide,
0.2X SSC pH 5.5, 1% sodium dodecyl sulfate (SDS) (Bio-Rad, 1610418)] and -II (50%
formamide, 5X SSC pH 5.5, 5% SDS) for 30 minutes at 65°C each, and then in maleic acid buffer
containing Tween-20 (MABT) for 15 minutes at room temperature. Next, the sections were
incubated with a blocking solution [2% heat-inactivated fetal bovine serum (FBS), 1% blocking
reagent (Roche, 11096176001) in MABT] for 2 hours at room temperature. The slides were
incubated with the anti-digoxigenin antibody coupled to alkaline phosphatase (AP) (Roche,
11093274910) (1:2000) in blocking solution at 4°C overnight. The following day, the sections
were washed for 3 hours in MABT, and then in AP buffer [0.1M NaCl, 50 mM MgCl,, 0.1M Tris-
HCI pH 9.5, 10% Tween-20, 2 mM tetramisole hydrochloride (Sigma-Aldrich, T1512)], twice for
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10 minutes each. BM-purple (Roche, 11442074001) was added for the development of the signal.
The reaction was stopped by PBS washes, and the sections were postfixed in 4% PFA for 15
minutes at room temperature, followed by dehydration through a series of ethanol solutions of
increasing concentrations. After xylene washes, the slides were mounted with Entellan (Sigma-

Aldrich, 107960) and dried at room temperature.

Whole-mount /n situ hybridization (WISH)

E9.5 embryos stored in 100% methanol at -80°C were rehydrated by a series of methanol
solutions of decreasing concentrations (75%, 50%, 25%, 10 minutes each), followed by PBS-T
washes. The embryos were digested with proteinase K (20pg/ml) for 5 minutes at room
temperature and the reaction was stopped by washing with 2 mg/ml glycine in PBS (Sigma-
Aldrich, 50046). Postfixation was performed by incubation with 4% PFA and 0.2%
glutaraldehyde (Fisher Bioreagents, 10418543) in PBS for 20 minutes at room temperature. The
embryos were incubated with the hybridization solution (50% formamide, 5X SSC pH 4.5, 1%
SDS, 50 ug/ml yeast tRNA, 50 pug/ml heparin) for 3-5 hours at 70°C. Then, the RNA probe was
added to the embryos for overnight incubation. The following day, the embryos were washed with
post-hybridization buffer-I (50% formamide, 5X SSC pH 4.5, 1% SDS) twice for 30 minutes each
at 70°C, post-hybridization buffer-1I (0.5M NaCl, 10 mM Tris-HCI pH 7.5, 0.1% Tween-20) three
times for 5 minutes each at room temperature, and post-hybridization buffer-I1I1 (50% formamide,
2X SSC pH 4.5) for 5 minutes at room temperature and then twice for 30 minutes at 65°C. Then,
the embryos were washed with tris-buffered saline containing 0.1% Tween-20 (TBS-T) at room
temperature, incubated with blocking solution (10% heat-inactivated FBS in TBS-T) for 90
minutes, and anti-digoxigenin antibody coupled to alkaline phosphatase (AP) (1:2000) in 1%
heat-inactivated FBS/TBS-T overnight at 4°C. The next day, the embryos were washed in TBS-
T containing 2 mM tetramisole hydrochloride, initially 3 times for 5 minutes each at room
temperature, 8 times for 30 minutes each, and finally overnight at 4°C. The following day, the
embryos were washed with NTMT buffer (0.1M NaCl, 0.1M Tris-HCI pH 9.5, 50 mM MgCl,,
0.1% Tween-20) containing 2 mM tetramisole hydrochloride, 3 times for 10 minutes each. 4-
Nitro blue tetrazolium chloride (NBT) solution (0.45 ul/ml) (Roche, 11383213001) and 4-
toluidine salt (BCIP) (0.45 ul/ml) (Roche, 11383221001) were added into the NTMT buffer
containing 2 mM tetramisole hydrochloride for the development of the signal. The reaction was
stopped by PBS-T washes, and the embryos were postfixed in 4% PFA overnight at 4°C. To
intensify the color, the embryos were dehydrated by a series of methanol solutions of increasing
concentrations (25%, 50%, 75%, 100%) for 10 minutes each, followed by rehydration through
the inverse methanol series to PBS-T. For imaging, the embryos were floating in PBS-T. For

paraffin-embedding and sectioning, see 4.1 Tissue collection and processing subsection.
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Gene expression analysis

RNA extraction and cDNA preparation

Mouse embryos, embryonic hearts and placentas were dissected in ice-cold PBS and stored
at -80°C. Pools of 3-5 embryonic hearts (E9.5, E10.5) or individual hearts, embryos and placentas
(E11.5-E15.5) were homogenized in TRI Reagent™ Solution (Invitrogen, AM9738) using steel
beads for 5 minutes at 50 Hz in the TissueLyser LT Adapter (QIAGEN, 85600). For RNA
extraction, the direct-zol RNA MiniPrep kit (Zymo Research, R2051) was used according to the
manufacturer’s instructions. Complementary DNA (cDNA) was obtained from 1 pg of total RNA
using the High Capacity cDNA Reverse Transcription Kit with random hexamers (Applied

Biosystems, 4368814) according to the manufacturer’s instructions.

DNA and RNA were extracted from single zebrafish embryos or larvae by phenol-
chloroform extraction. The samples were homogenized in TRI Reagent™ Solution using the
NextAdvance Bullet Blender® Homogenizer (Scientific instrument services, SIS). 200 ul of
chloroform was added per mL of TRI Reagent, and phase separation was obtained by vortexing
and centrifugation. The top aqueous phase (containing RNA) was isolated and stored at -80°C for
RNA isolation procedure. The bottom organic phase (containing DNA) was subjected to ethanol
purification to precipitate the DNA. Purified DNA was dissolved in MQ water and genotyping

was performed by PCR as described in the 3. Genomic DNA extraction, genotyping, and

6bns341 6bns342

sequencing section. RNA from WT, heterozygous and homozygous gpri2 and gpri2
zebrafish (derived from at least 3 different crosses) was pooled (3 embryos per pool) for RNA
precipitation. 500 ul of 100% isopropanol (Sigma-Aldrich, 19516) was added per mL of TRI
Reagent, and samples were incubated for 10 minutes at room temperature, followed by
centrifugation. The RNA pellet was washed with 1 ml of 75% ethanol per ml of TRI Reagent and
centrifuged for 5 minutes at 4°C. The RNA pellet was dried for 10 minutes at room temperature
and resuspended with Biopak RNAse-free water. cDNA was obtained from 600 ng of total RNA
using the Maxima First Strand cDNA synthesis kit (Thermo Scientific, K1641) according to the

manufacturer’s instructions.

Quantitative real-time PCR (qRT-PCR)

Two to five biological replicas (pools of mouse embryos or hearts) and three technical
replicas per sample were done for mouse gene expression analysis. One to three biological
replicas (pools of zebrafish embryos) and three technical replicas per sample were done for
zebrafish gene expression analysis. The primer sequences used for qRT-PCR are listed in Table

8.
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3. MATERIALS AND METHODS

Primer sequence (5' - 3")
AGCTTATTACAACCCAACTG
CAGCTTCCTTTGTGAGAATAG
ACATCCTGAAGTAGGCAACAG
CCAAGTAGAATCAGGAAGCCAG
CCGAACTACATGTACCAAGTCC
GCACGCTGTAGATCTGGAAG
CTATGTGACTCCAGTGCGAAG
GGGATCAGTTTGCCAGTTTTC
GAATGGCAGGAGTGGAAGAG
TTATGCTGTTTGACCAGTTTCATG
CAGTAGTGGTCATCCCAGAAAG
CTGGGATCAAATGCTGAAACAC
AGGTAGCAGTGAAACCTC
ATACTCACACTGATCGGTTC
AAAACATTTGAGTTCAGGGG
TACAGCAAGTTTCACTCAAC
AGCCCCTACCACCAGTAC
TTTACCATTCACCATCCTCACC
GTTCCTGGTCCTCGTTTCG
TTGGCTGTCCTTGGAAGATG
GGTCCTGCATGGATGAGT
CACAGAAGTGGGGGTATGCT
AACTTTGGCATTGTGGAAGG
ACACATTGGGGGTAGGAACA
CTTATCAAGCCCAAGCGAAG
GTCCCCATTAGCGTTCCTC
ATCATCAAGAAGAGCTCCGAT
TGGGCATTACAGTAACCCTT
TGAGCTGTGGTTCCTACCTG
GATATTCGATACATTATTCCGTCT
GGATGAAAGTCAAGAGAGAC
GACGTTATTGGTAGCATTGTAG
CTGCAGTCCATAACCCATGA
GAGCGCTCACGAACAGTTG
GGATCTGCACTCGAGGATTTT
GACCCCGTACCAGTCAAG
GAGTGATCGCCCTTGATTTCT
AGAAGGGACTCTACGATGCT
ACGACATAGACGGCATCCA
GCTGTGGTTCAGTTGTGGTG
GAGCCTGTTGGACCCTAATAC
ATGACAATCTCGCCATCCAG
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For TCAGGATGTGCTCTGTGAATG

P
g Rev TCCTCTTCCTCTTCCCCTTG
For CTTTGATTCAACCATGCTCCTG
Pri2c2/PIlf
Rev ACGACCATTCCTCATTGCAC
For GCAGGGATACACATAAAGTTGAC
Pri3b1/PI2
Rev AGGGACCTTCTAAGAGACAGAG
For CACTTCCCCTGTGTCATACTG
Pri3di/PlI
Rev ATTGATCATTGCTTTCAGAAGGTC
For CTGGATCGCATCATGAAGATTG
Pri7b1/Pripn
Rev TCATTGGCTGACTGTAAGGATG
For CTGCTCAGATCCCCTTGTG
Pri8a2/Dtprp
Rev GCTGAGAATGGGTTGTGGTA
For GAAGACCCCTTTCTTAGAGGC
Serpinel
Rev ATAACATCTCCAGTTTCGTCCC
For TCACCACCTCAACTGTGTATTT
Mouse Syna
Rev CTGATGATGGAGGTGGCTATT
- For AAGGGAGGGAAGGAGAGAAA
o Rev CTGGTAACATCTCCAGCATGAA
. For TGGAGCAACATGTGGAACTC
Rev CAGCAGCCGGTTACCAAG
a2 For GAGATTTGCAGGTATTGATGG
Rev CAACAACATTAGCAGGAGATG
. For CATCCTCTTGTTGCTATCAC
P Rev CATGAATTTAGCCCTTATGACC
o For CCAAATCAGCCACAGTAACATG
popd Rev TCAGGCAGTTCATATGTTGGG
et For TAGAGTACATCTTCAAGCCG
cera Rev TCTTTCTTTGGTCTGCATTC
et For CTAAGGCCAACCGTGAAAG
mactn Rev ACCAGAGGCATACAGGGACA
For GCCGCCCCTGTTTCAAG
rpli3a

Rev CTCGACCATCAAGCACCAG
For CGCAGGTTCATCTGTCAAAA
Rev TTTACACGAGCCTCTCCACA
For CGGCGATAATATCTCAATGG
Rev TGTCGTGTGGTTGTGATCCT
For GAAGGCCGGGATGGATATTA
Rev GCTTGCCCTCTCTATGCATTT
For TTCTTTACCTGTTTTITGCGTTG
Rev CCCCCATAGTGATTCTGCAT

gpri26 (5'UTR)

Zebrafish gpri26 (Ex7-10)

gpri26 (3’UTR)

gprllla

Table 8. List of qRT-PCR primers used in this thesis.
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PCR reactions were performed using 200 nM of each primer, 2 uL of cDNA template
previously diluted 1:10, and Power SYBR Green PCR Mastermix (2X) (Applied Biosystems,
4367659) in a total reaction volume of 10 uL. For mouse samples, qPCR was carried out using
an ABI PRISM 7900HT FAST Real-Time PCR System (Applied Biosystems) at CNIC,
programmed with an initial denaturation step at 95°C for 10 minutes, followed by 40 cycles of
denaturation at 95°C for 15 seconds, and a combined annealing and extension step at 60°C for 1
minute. Upon completion of the amplification steps, a final melting-curve analysis was done
(95°C - 60°C -95°C, for 15 seconds each). For zebrafish samples, qPCR was carried out using a
CFX Connect Real-Time System (Biorad) in the MPI-HLR (Bad Nauheim, Germany).

Relative expression levels were calculated based on comparative Ct values after normalizing
with the geometric mean of internal control genes, being Gapdh or f-actin for mouse samples,
and ribosomal protein L13a (rpll3a) for zebrafish samples. The analysis was performed using
the 22T method described in (Livak and Schmittgen, 2001). A two-tailed unpaired Student’s t-
test was used for statistical analysis using the GraphPad Prism version 8 software and differences
were considered statistically significant at P < 0.05. Data are presented as mean + standard

deviation (SD).

RNA extraction and RNA sequencing (RNA-seq) analysis

E12.5 ventricles were collected from embryonic hearts after removing atria and the valve
region in sterile ice-cold PBS, and then stored at -80°C. Upon genotyping, 4 pools of Gpr126""*
and Gpri126*7” embryonic ventricles (4 ventricles per pool) were homogenized in TRI Reagent™
Solution (Invitrogen, AM9738) using steel beads in the TissueLyser LT Adapter for 5 minutes at
50 Hz. For RNA extraction, the PicoPure™ RNA Isolation kit (Applied Biosystems, KIT0204)
was used according to the manufacturer’s instructions. RNA was quantified and its purity checked
with a NanoDrop ND-1000 spectrophotometer (Thermo Scientific). RNA integrity was verified
with an Agilent 2100 Bioanalyzer instrument (Agilent Technologies). Index-tagged cDNA
libraries were constructed from 500 ng of total RNA using the TruSeq RNA Sample Preparation
v2 Kit (Illumina). Libraries were quantified by Quant-iT™ dsDNA HS assay in a Q-bit
fluorometer (Life Technologies). The average library size and size distribution were determined
by DNA 1000 assay in an Agilent 2100 Bioanalyzer. Libraries were normalized to 10 nM using
10 mM Tris-HCI pH 8.5 containing 0.1% Tween-20, and then applied to an Illumina flow cell for
cluster generation (NEBNext Ultra RNA Library Prep Kit) and sequencing by synthesis. Single
reads of length 75 bp were generated with the HiSeq 2500 system (Illumina) on the Genome
Analyzer IIx platform, following the standard RNA sequencing protocol. Reads were further
processed using the CASAVA package (Illumina) to split reads according to adapter indexes and
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produce fast q files. New generation sequencing (NGS) experiments were performed in the

Genomics Unit at CNIC.

Bioinformatics and statistics

Bioinformatic analysis of RNAseq data

The quality of sequencing reads was assessed by pre-processing through a pipeline that used
FastQC (Andrews S). Sequencing reads were trimmed using Cutadapt v1.6 (Martin, 2011) to
eliminate Illumina adaptor remains and reads shorter than 30 bp were discarded. The resulting
reads were mapped against the mouse transcriptome (GRCm38 assembly, Ensembl release 70)
and quantified using RSEM (RNA-Seq by Expectation Maximization) v1.2.3 (Li and Dewey,
2011). Raw expression counts were processed with an analysis pipeline that used the
Bioconductor package EdgeR (Robinson et al., 2010) for normalization (using the TMM method)
and differential expression testing. One sample was classified as an outlier given
multidimensional scaling plots produced as part of the pipeline output and was discarded. Only
genes expressed at a minimal level of 1 count per million in at least 2 samples were considered
for differential expression analysis. Changes in gene expression were considered significant if
associated with a Benjamini-Hochberg adjusted P-value < 0.05 (Suppl. Table 3). NGS data

analysis was performed in the Bioinformatics Unit at CNIC.

For the set of differentially expressed genes (DEGs), Gene Ontology (GO) and Kyoto
encyclopedia of genes and genomes (KEGG) Pathway enrichment analyses were performed in
GO-Elite (www.genmapp.org/go_elite/; 1.2.5, EnsMart77Plus database version) (Zambon et al.,
2012) with a permuted P-value cutoff <0.05 (Suppl. Table 4). Bar charts representing the z-score
values of the terms belonging to the “biological processes” category were generated with

GraphPad Prism version 8§ software.

Sequence similarity analysis of mouse and zebrafish gpr126 gene

Sequence similarity analysis was performed by the Bioinformatics and Deep Sequencing
Platform in the MPI-HLR (Bad Nauheim, Germany), as described in (El-Brolosy et al., 2019). To
identify similarity to zebrafish gpr/26 (ENSDARG00000054137) (Suppl. Table 14) and mouse
Gpri26 (ENSMUSG00000039116) (Suppl. Table 15) genes, the longest respective transcripts
were selected (ENSDART00000145927 in zebrafish and ENSMUST00000041168.5 in mouse),
and compared to the whole genome using BLASTn (Altschul et al., 1990). Genes were defined
to be similar to the query gene when a partial match was identified inside the target gene body or

the promoter region (2 kb upstream of the TSS). Several alignment parameters were surveyed to
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identify the optimal degree of similarity: alignment length, bit score (the combination of
alignment quality and length), and E value (the probability that the match resulted by chance,
when considering the whole target database). The thresholds were established as follows: from
21 onwards for the alignment length, from 40 to 100 for the bit score, and from 5x10715 to 5.5 for
the E value. These thresholds translate into local nucleotide sequence alignments that range from

21 to 273 nucleotides in length, and 71.06 to 100% identity (Suppl. Tables 14, 15).

Statistical analysis

Sample sizes, statistical tests and P-values are specified in the corresponding figure legends
and corresponding subsections of Materials and methods. Statistical analysis and graphical
representation were performed using the GraphPad Prism version 8 software and all values are

presented as mean + SD.

Imaging

Zebrafish embryo preparation for live imaging

Embryos were treated from 28 hpf onwards with phenylthiourea (PTU) (Sigma-Aldrich,
P7629) to avoid pigmentation, and dechorionated just before live imaging using pronase (Sigma-

Aldrich, P6911) (30 mg/ml).

Microscopy and confocal imaging

Whole-mount images were acquired using a Leica MZFL III binocular scope coupled to an
Olympus DP 71 CCD camera and Olympus cellSense software. Brightfield imaging was
performed using an Olympus BX51 Microscope and Olympus cellSense software. Confocal

images were acquired using a Nikon A1R confocal microscope.

For in vivo confocal imaging, zebrafish embryos and larvae were mounted and anesthetized
in 1% low-melting agarose (Sigma-Aldrich, A9414) containing 0.2% (w/v) tricaine on glass-
bottom dishes. Before the gel solidified, the samples were manually oriented towards the
microscope lens to enhance optical access to the heart. Z-plane images were taken using a
spinning disc confocal microscope (Zeiss, CSU-X1 Yokogawa) and a 40X [1.1 numerical
aperture (NA)] water-immersion objective. The optical section thickness was 1 um. Three non-
consecutive single-plane images per larvae were taken using a Zeiss LSM780 confocal

microscope and a 40X [1.1 numerical aperture (NA)] water-immersion objective. Confocal data
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were processed using the ZEN 2012 software (black edition) and image analysis was performed

using the Imagel] software.

Quantification of cellular proliferation

BrdU positive cells were detected by immunofluorescence following the protocol described
in (Del Monte et al., 2007). Total cells and BrdU-positive cells were counted in the compact
myocardium, trabecular myocardium (counterstained with a-smooth muscle actin, a-SMA), and
endocardium (counterstained with ETS-related gene, ERG) in 6 non-consecutive sections (3 from
the right ventricle and 3 from the left ventricle) from 5 embryos of each genotype using the Imagel
software. Statistical analyses were performed using unpaired two-tailed Student’s t-test, and

differences were considered statistically significant at P < 0.05. Data are presented as mean = SD.

Quantification of hypoxia

PIMO's positive areas were quantified using the ImagelJ software and a Macro designed by
the Microscopy Unit at CNIC (Annexes, Script 1). Images were binarized by splitting color
channels and PIMO’s mean intensity was calculated. PIMO’s positive areas (green) were selected
using the intensity threshold “Otsu dark” (578, 4095), the total placental area was manually
selected using DAPI staining, and the ratio between them was calculated. 2 non-consecutive
sections were measured per placenta. Statistical analyses were performed using unpaired two-
tailed Student’s t-test, and differences were considered statistically significant at P < 0.05. Data

are presented as mean + SD.

Quantification of the zebrafish ear area

5 dpf zebrafish larvae were mounted in 1% low-melting agarose and manually oriented in a
dorsal position. Whole-mount images were acquired using a Leica MZFL III binocular scope
coupled to an Olympus DP 71 CCD camera and Olympus cellSense software. Ear cross-sectional
area was calculated from the perimeter drawn using the ImagelJ software. Statistical analyses were
performed using unpaired two-tailed Student’s t-test in GraphPad Prism version 8 software, and

differences were considered statistically significant at P < 0.05. Data are presented as mean + SD.

Quantification of PAS-positive area

PAS-stained sections acquired with an Olympus BX51 Microscope and a 4X objective were
converted to 8-bit grayscale using the ImagelJ software. The contrast was enhanced (1% saturated

pixels) and the Gaussian Blur filter was applied (Sigma 2). The outer placental zone was manually
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selected, thresholded (“Otsu dark” 0, 220) and the total area was measured. The PAS-positive
area was digitally identified by selecting the threshold “Otsu dark™ (0, 188) and the corresponding
arca was measured. The percentage of glycogen trophoblasts (PAS-positive) in the outer zone
was obtained by calculating the ratio of the PAS-positive area / outer zone area. 2 non-consecutive
sections were measured per placenta. Statistical analyses were performed using unpaired two-
tailed Student’s #-test in GraphPad Prism version 8 software, and differences were considered

statistically significant at P < 0.05. Data are presented as mean + SD.

Quantification of maternal and fetal blood spaces in the placenta

Images were binarized by splitting color channels using the Image] software. The
Endomucin-containing channel (for quantification of the fetal vessel area) or the WGA-
containing channel (for quantification of the maternal sinusoid area) were selected. The contrast
was enhanced (14% saturated pixels for Endomucin; 100% for WGA) and the Gaussian Blur filter
was applied (Sigma 1.5 for Endomucin; 2 for WGA). The placental labyrinth was manually
selected, thresholded (“RenyiEntropy” 524, end) and the total area was measured. The
Endomucin-positive area was digitally identified by selecting the threshold “RenyiEntropy” (0,
14000) and the corresponding area was measured. The largest black spaces in the labyrinth
(corresponding to maternal sinusoids) were digitally identified by selecting the threshold “Otsu”
(0, 12000) and the corresponding area was measured. The percentage of fetal vessels (Endomucin-
positive) in the labyrinth was obtained by calculating the ratio of the Endomucin-positive area/
labyrinth area. The percentage of maternal sinusoids (dark lacunae) in the labyrinth was obtained
by calculating the ratio of the lacunae area/ labyrinth area. 2 non-consecutive sections were
measured per placenta. Statistical analyses were performed using unpaired two-tailed Student’s
t-test in GraphPad Prism version 8 software, and differences were considered statistically

significant at P < 0.05. Data are presented as mean = SD.

Quantification of Rhodamine 123 fluorescence intensity

Rhodamine 123 fluorescence intensity was quantified using the ImageJ software. Images
were converted to 8-bit grayscale, the sample was manually delineated and the mean intensity
was calculated. Statistical analyses were performed using unpaired two-tailed Student’s #-test in
GraphPad Prism version 8 software, and differences were considered statistically significant at P

< 0.05. Data are presented as mean = SD.
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Interventions

BrdU injection

Cell proliferation in E12.5 Gpr126"" and Gpri26?”*" hearts was evaluated by 5-bromo-2'-
deoxyuridine (BrdU) incorporation. Pregnant females were intraperitoneally injected with 300 pl
BrdU (BD Pharmigen, 550891) at 10 mg/ml, 2 hours before euthanasia. The embryos were
isolated in sterile PBS, and thoracic cavities were fixed with 4% PFA at 4°C overnight, processed

for paraffin embedding and sectioned at 7 um.

Rhodamine 123

Rhodamine 123 (Sigma-Aldrich, R8004) was injected subcutaneously (1 pg/g of body
weight) into pregnant mice 20 minutes before euthanasia. Embryos and placentas were dissected
in cold PBS and imaged directly on a Leica MZFL III fluorescent scope linked to an Olympus
DP 71 CCD camera and Olympus cellSense software.

Electrocardiographic (ECG) recordings

ECGs were recorded on anesthetized mice as previously described (Rivera-Torres et al.,
2016). Briefly, mice were placed in a supine position on a temperature-controlled surface and
were anesthetized with 1.5-2% isoflurane. Four-needle electrodes were subcutaneously inserted
in the limbs. ECG recordings were acquired using MP36R Biopac Systems and analyzed offline
using the LabChart7 software (AD Instruments, Australia). A high-pass filter setting of 0.5 Hz
was applied to remove the baseline wander using a bidirectional filtering strategy. The PR interval
was measured taking the beginning of the positive deflection of the P wave to the peak of the R
wave; QRS interval was measured from the starting of the Q wave to the point where the S wave
crosses the isoelectric line, and the QTc interval was measured from the point where Q wave starts
to the point where the T wave reaches the 90% of the decline, considering the correction for RR
intervals according to Bazett’s formula for murine ECG (Mitchell et al., 1998). All these intervals
were calculated from the average of ~ 450 ECG measurements. Short-term QT variability markers
such as QT variance (QTvar), the standard deviation of the QT intervals (SDqt), short-term
variability of the QT intervals (STVqt); QT variance normalized for mean QT interval (QTVN),
QT variability index (QTVIur), and root mean square of the successive QT interval differences

(RMSSDqt) were calculated considering the formulas:
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The results are presented as the mean = SD of 31-36 weeks old Gpr126™"; Tie2"* (4 males
and 3 females) and Gpr126™"; Tie2“*" (5 males and 9 females) mice. Statistical significance was
determined by unpaired Student's t-test subjected to Welch's correction. To take into account
repeated sample assessments, data were analyzed with multilevel mixed-effects models. The

differences were considered statistically significant at P < 0.05.

Measurement of tibial length

The tibia was dislocated, and muscle tissue was removed after one hour in distilled water at

95°C.
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4. RESULTS

Gpri26expression is restricted to the endocardium during heart development

We first examined the spatiotemporal expression of Gpr/26 in the mouse embryonic heart.
Whole-mount in situ hybridization (WISH) at E9.5 showed prominent expression in the heart and
the somites (Fig. 6A, A’). Transversal sections revealed that cardiac Gpr/26 mRNA is confined
to the endocardium of the chambers, either in the atria or in the ventricles (Fig. 6B, B”). This
expression pattern is maintained at later stages (E11.5, E13.5 and E15.5) (Fig. 6C-E’).
Additionally, we defined its expression profile using quantitative real-time PCR (qPCR) in hearts
at the same developmental time-points. GprI26 shows significant enrichment at E11.5, coinciding
with the most active proliferation of the ventricular wall (Savolainen et al., 2009) (Fig. 6F). These
results indicate that Gpri126 is specifically expressed in the embryonic endocardium and may be

functionally relevant at mid-gestation.
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Figure 6. Spatio-temporal expression of Gpr126 throughout heart development. (A, A’)
WISH showing Gprl26 expression in the somites (white arrowheads in A) and the heart (close-
up in A’) of an E9.5 WT embryo. (B-E’) ISH of Gpri26 in transversal heart sections of E9.5,
E11.5, E13.5 and E15.5 WT embryos, indicating expression confined to the endocardial layer
(black arrowheads). a, atrium; avc, atrioventricular canal; ivs, interventricular septum; la, left
atrium; lv, left ventricle; ra, right atrium; rv, right ventricle. Scale bars, 1 mm, 500 pm, and 100
pum as indicated. (F) qRT-PCR showing relative Gpri26 gene expression (to Gapdh as
housekeeping gene) of E9.5 to E15.5 WT hearts. Data are means + SD (n= 3 pools of 3 WT hearts
per pool for each stage analyzed). Relative values are normalized to E9.5 as the reference group.
Statistical significance was determined by unpaired Student's t-test (ns, not significant; *P < 0.05;
**P<0.01).

Generation of Gpri126***knockout mouse model using CRISPR/Cas9 technology

It has been proposed that the N-terminal fragment of Gpr126, in contrast to the C-terminal
fragment, is required for heart development in mouse and zebrafish (Patra et al., 2013). We
focused on the CUB and PTX domains for two reasons. First, analysis of zebrafish
gpr126**° mutants, carrying a premature stop codon just after the PTX domain, shows a
phenotype consisting of myelination and ear defects. However, the heart is unaffected, suggesting
that if the N-terminal region is important for heart development, it is mediated by the region
containing the CUB and PTX domains (Paavola et al., 2014). Second, the exons encoding these
domains (exons 3 and 4) have been replaced by a selection cassette in the Gpri26 knockout mice
from Taconic/Lexicon Pharmaceuticals, in which heart abnormalities have been described (Patra
etal., 2013). In addition, a recent publication identified a calcium-binding site in the CUB domain
that is essential for the conformation of the receptor and indeed, for the in vivo functions of gpri26

in zebrafish (inner ear and PNS development) (Leon et al., 2020).

Using CRISPR/Cas9-mediated genome editing technology, we generated a new Gpri26
knockout mouse model with an in-frame deletion of exons 3 and 4 (Gpri126™7) (see Materials
and methods) (Fig. 7A). Two crRNA targeting sequences in intron 2 and intron 4 of the Gpri26
gene (located in chromosome 10 in mice) were designed to delete exons 3 and 4 (Fig. 7A, Table
1). Thus, WT zygotes derived from C57BL/6JCrl mice were co-injected with both gRNAs
(crRNA + tracrRNA) and the Cas9 protein, and then implanted into pseudopregnant female mice.
We recovered 21 born pups (FO) and screened them for the intended mutation (Table 2). PCR
analysis using external primers to the two cutting sites revealed a PCR product of roughly 288 bp
in two different pups (numbers 4 and 20 in Fig. 7C), which is the DNA length expected upon non-
homologous end joining (NHEJ)-mediated DNA repair (Fig. 7B). Sequencing analysis confirmed
the A3,4 mutation and the newly formed junction between intron 2 to intron 4 (Fig. 7D). This
mutation does not disrupt the reading frame, but rather is predicted to encode a shortened protein

lacking the adhesive domains CUB and PTX in the NTF (Fig. 7E). Since founder mice from a
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CRISPR-Cas9 experiment often are mosaic, both FO mice (males) were initially bred with WT
female mice of the same strain, and we confirmed that the mutant allele was effectively

transmitted to the F1 generation (data not shown) (Qin et al., 2016).
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Figure 7. Experimental strategy to generate Gpri26"** mice using the CRISPR/Cas9
system. (A) Left panel. Schematic diagram of pronuclear and cytoplasmatic microinjection of
Cas9 protein and chemically synthesized gRNAs (crRNA and tractrRNA) into fertilized oocytes.
Right panel. Cartoon illustrating the event of Cas9-induced cleavage prior to NHEJ-mediated
DNA repair. ctRNA, crispr RNA; gRNA, guide RNA; NHEJ, non-homologous end joining;
PAM, protospacer adjacent motif; Sp, Streptococcus pyogenes; tractRNA, trans-activating
crRNA. (B) Schematic representation of PCR strategy to assess the deletion of exons 3 and 4 by
NHEJ (the expected band is 288 bp long). Bp, base pair. (C) PCR screening of FO newborns. M,
mix. Bp, base pair. (D) Sequencing data of targeted regions confirming deletion of exons 3 and
4 in pups 4 and 20 from (C). (E) WT Gpr126 and Gpr126*3* protein sequences.

CUB and PTX domains are essential for peripheral nervous system development,

but dispensable for heart development

Gpr126™%" heterozygous matings yielded homozygous offspring in the expected
Mendelian inheritance ratio during embryonic development and were born (Suppl. Table 1),

indicating that the loss of CUB and PTX domains is dispensable for embryonic progression.

To determine whether heart development was impaired in Gpr126%** homozygous mutants,
we examined the morphology of mutant embryonic hearts from E12.5 to postnatal day 2 (P2). By
histological analysis, no obvious phenotypic differences were detected, in contrast with other
Gpr126” mutants carrying null alleles (Patra et al., 2013; Waller-Evans et al., 2010) (Fig. 8A-
F’). Nevertheless, as soon as birth, forelimbs and hindlimbs of the mutant pups were severely
affected and could be easily identified. Mutants were slightly smaller than their WT and
heterozygous siblings and displayed joint contractures that impeded body balance and normal
locomotion (Fig. 8G). The affected joints were permanently fixed in a bent (flexed) or
straightened (extended) position that restricted their movement. Mutant neonates were euthanized
at P2, the latest, to avoid suffering, so the stage at which death occurs could not be determined.
Interestingly, this limb phenotype has been previously described in (Monk et al., 2011), in which
authors show that Gpri26 is essential for Schwann cell myelination in mammals and zebrafish,
but also recapitulates a human disorder called arthrogryposis multiplex congenita (AMC), due to

the functional conservation of Gprl126 signaling in humans (Ravenscroft et al., 2015).

By qPCR using primers downstream of exons 3 and 4, we detected normal Gpri26 mRNA
levels in heterozygous and homozygous mutant embryos (Fig. 8H). Also, we found an alternative
splicing event of exon 25 by RT-PCR using primers that span from exon 24 to exon 26 (containing
the 3’UTR region) (Fig. 81). This spliced isoform has been already described in mice and changes
the usage of termination codons (including: isoforms 1 and 5; excluding: isoform 3) (Patra et al.,

2014). Thus, we demonstrated that the lack of the CUB and PTX domains within the NTF of
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in mice.
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Figure 8. Characterization of Gpr126%** mouse line. (A-F’) H&E staining of WT (A, C, E)
and Gpr126*34434 (B, D, F) heart sections at different developmental stages (E12.5, E16.5, and
P2). Higher magnification views of the left ventricle are shown in (*). avc, atrioventricular canal;
ivs, interventricular septum; lv, left ventricle; oft, outflow tract; ra, right atrium; rv, right ventricle.
Scale bar, 100 um. (G) WT and Gprl26*3#434 littermates at P2. Arrowheads point joint
contractures and rigid limbs in the mutants. (H) RT-PCR of Gpri26 in Gpri26™*, Gpri26*3**
and Gpr126*3%43# embryos at E9.5. Primers span from exon 24 to the 3’UTR region. The two
RT-PCR products represent two Gpri26 transcript isoforms based on the inclusion/exclusion of
exon 25 as an alternative spliced exon. Relative expression was normalized to Gapdh as a
housekeeping gene (I) Sequencing analysis of the two transcript variants.

One-step generation of constitutive and conditional Gpri26 knockout mouse

models using CRISPR/Cas9 technology

Previous studies on mice homozygous for null Gpri26 alleles showed that disruption of the
gene leads to fully penetrant lethality in a narrow time window of E11.5 — E12.5, and associated
cardiac defects appeared as the most likely cause of embryonic death (Patra et al., 2013; Waller-
Evans et al., 2010). These results suggested that endocardial Gpr126 signaling was required for
heart development, but further work was needed to support this role and gain more detail on the

underlying mechanism.

Thus, we aimed to generate a new conditional null Gpri26 allele, that would allow tissue
specificity of Gpri26 abrogation during development. The targeting strategy relied on shifting
the ORF at the beginning of the Gpr126 locus, truncating the coding sequence (CDS), and leading
the corresponding transcript for degradation by nonsense-mediated mRNA decay (NMD). Based
on computational analysis, we predicted that the deletion of exon 7 yields a translational
frameshift and the presence of a PTC in exon 8 (Fig. 9A). From the 5’UTR, this is the first exon
that does not contain a unit number of codons, so that the Cre-mediated recombination event will
produce a frameshift and a null allele. Besides, exon 7 is contained in every splice variant,

ensuring that translation will be prevented in all Gpri26 isoforms.

We employed the CRISPR/Cas9-mediated HDR using two sgRNAs and two short ssODNs
to introduce two loxP sites on either side of exon 7 (see Materials and methods) (Fig. 9A).
Importantly, this approach facilitates the simultaneous production of knockout animals, when
DNA double-strand breaks (DBSs) are resolved by NHEJ rather than HDR. According to the
guidelines published in (Lanza et al., 2018), the Cas9 cleavage site should be more than 100 bp
apart from the exon to be floxed to minimize effects on splicing. Hence, we designed two crRNA
targeting sequences within intron 6 (being the Cas9 cleavage site 103 bp 5’ to exon 7) and intron

7 (being the Cas9 cleavage site 279 bp 3’ to exon 7) (Table 1). Regarding the ssODNs, Richardson
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et al. reported that ssODNs complementary to the non-target strand and with asymmetric
homology arms around the DSB optimize the annealing to the DNA strand first released after
Cas9 cleavage and increases the frequency of HDR events in vitro and in vivo (Richardson et al.,
2016). Accordingly, we used an asymmetrical design with 67 bp PAM-proximal and 36 bp PAM-
distal homology arms, that were complementary to the non-target strand. To prevent further
cutting by Cas9 after efficient HDR-mediated DNA repair, ssODN donors included a single base
substitution at the PAM site and harbored the loxP sequence upon the Cas9 cleavage site. We also
incorporated a restriction enzyme recognition sequence (£coRl) besides the loxP sequence for
future analysis (Table 1). Subsequent PCR amplification of loci flanking the crRNA sequences
was designed to allow identification of either HDR-mediated insertion of each loxP site or NHEJ-
mediated deletion of exon 7. Fig. 9B shows how the combination of four different primers can be
used to detect successful incorporation of the 5° loxP sequence (primers 1 and 2), the 3’loxP

sequence (primers 3 and 4), or deletion of exon 7 (primers 1 and 4).

C57BL/6JCrl fertilized oocytes were microinjected with two SgRNAs (crRNA + tracrRNA),
two ssODNs, and Cas9 protein into both cytoplasm and male pronucleus. In this experiment, 2-
cell or 4-cell microinjected embryos were cultured overnight with or without the chemical
compound RS-1, an HDR enhancer that increases CRISPR/Cas9- mediated knock-in efficiency
(Song et al., 2016) (Table 3). Overall, microinjections and transfers into foster mothers resulted
in 21 born pups, out of which 16 reached weaning (hereafter referred to as F0). Those were

genotyped by PCR analysis:

- Using primers 1 and 2 for the 5° region, we found 7 pups (bold numbers in Fig. 9C)
potentially carrying the 5’1oxP sequence, according to the PCR product length (~362 bp).
3 FO harbored homozygous floxed alleles (number 6, 8, 9) and heterozygous floxed alleles
(11, 13, 15). FO number 10 showed multiple bands, which appeared to be mosaicism.

- Using primers 3 and 4 for the 3’ region, we found 7 pups (bold numbers in Fig. 9D)
potentially carrying the 3’1loxP sequence, according to the PCR product length (~561 bp).
3 FO harbored homozygous floxed alleles (number 8, 9, 16) and heterozygous floxed alleles
(10, 13, 15).

- Using primers 1 and 4 flanking the whole targeted region (5° and 3’ of exon 7), we detected
6 putative carriers of the floxed allele in cis configuration, including 2 homozygotes
(number 8 and 9 showing a unique PCR product of ~904 bp in Fig. 9E) and 4 heterozygotes
(10, 11, 13, 15), as well as 2 potential FO mice heterozygous for a null allele (number 3 and

4 showing a PCR product of ~357 bp in Fig. 9E).

In total for the 16 FO animals from microinjections using ssODNs with asymmetrical

homology arms, 66.7% had both 5" and 3' loxP sites integrated in cis and 18% harbored a null
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allele (Table 3). Of note, we only obtained knock-in alleles in mice belonging to the RS-1
treatment group, highlighting its beneficial effect on the overall knock-in efficiency by HDR.
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Figure 9. Experimental strategy to generate conditional and standard Gpri126 knockout
mouse lines using the CRISPR/Cas9 system. (A) Schematic diagram of pronuclear and
cytoplasmatic microinjection of Cas9 protein, chemically synthesized gRNAs (crRNA and
tractRNA), and ssODNs into fertilized oocytes. The event of Cas9-induced cleavage is shown
prior to the targeted insertion of two loxP sites flanking exon 7. crRNA, crispr RNA; gRNA,
guide RNA; PAM, protospacer adjacent motif; Sp, Streptococcus pyogenes; tractrRNA, trans-
activating crRNA. (B) Schematic representation of PCR strategy to assess either the integration
of loxP sequences upon HDR-mediated DNA repair, or deletion of exon 7 by NHEJ. Forward
primers are depicted in green (1 and 3); reverse primers are depicted in red (2 and 4).
Bidirectional arrows indicate the expected length of the PCR products. HDR, homology-driven
repair; NHEJ, non-homologous end joining. (C) PCR analysis of FO mice to detect the insertion
of the 5’1oxP site, using primers 1 and 2. Bp, base pair; M, mix. (D) PCR analysis of FO mice to
detect the insertion of the 3’loxP site, using primers 3 and 4. Bp, base pair; M, mix. (E) PCR
analysis of FO mice to detect either the incorporation of both loxP sites or the deletion of the
targeted exon, using primers 1 and 4. Bp, base pair; M, mix.

Next, Sanger sequencing confirmed the deletion of exon 7 in FO number 3 (Fig. 10A), and
the correct insertion of 5° and 3’ loxP sites in FO number 8 (Fig. 10B, C). Both FO male chimeras
were bred with WT females of the same strand and transmitted the genetic modification through

the germline to generate the F1 generation (data not shown).

A

Intron 6 I Intron 7
cIcic CTTCCTGCGOCCTGTCGBATCTTCCGCCCTCTTCTBGT TG

Intron 6 loxP EcoRI
| |

[fCCTGCGAT CTTCGT T TGTATGCTAT CG GTTATG TTCCCTGTGTGTCCTTT TTATA]

B

Intron 7 loxP EcoRI
I

T CTTCGT T ATGT TGCT T A TT TG TTCCCTGEGT CGATCTTCCGCCCTCT

/w\/\/\ AW /vvuv\/\/u\/\/\ A N\AI\M\AAWM

M Remaining sequence complementary to crRNA 5’
M Remaining sequence complementary to crRNA 3

Figure 10. Detection of Gpri26"* and Gpri26?7 founders by sequencing. (A) Sanger
sequencing of PCR band (~357 bp) corresponding to FO number 3 in (Fig. 9E), verifying deletion
of exon 7. (B) Sanger sequencing of PCR band (~362 bp) corresponding to FO number 8 in (Fig.
9C), confirmed loxP site integration 5’ of the targeted region. (C) Sanger sequencing of PCR
band (~561 bp) corresponding to FO number 8 in (Fig. 9D), confirming loxP site integration 3’
of the targeted region.

101



102

4.RESULTS

Thus, we generated two different mouse lines in the same microinjection experiment using
the CRISPR/Cas9 technology, a Gpri26 conditional knockout allele (hereafter referred to as
Gpr126™* allele), and a Gpr126 null allele (hereafter referred as Gpri126” allele).

Homozygosity of the Gpr126°” knockout allele causes embryonic lethality

To determine whether the Gpr126”” allele is transcribed, we performed gPCR using primers
spanning exons 9 and 10. In homozygous Gpri26?”*” mutants, Gprl26 mRNA levels were
substantially lower than in Gpr126™" littermates (Fig. 11A). As expected, primers targeting exon
7 failed to detect Gpri26 expression (Fig. 11A). In addition, in situ hybridization (ISH)
corroborated the marked attenuation of endocardial Gpri26 expression in homozygous mutant
hearts (Fig. 11B-C’). These results suggest that frameshift A7 mutation is a null allele and does
not lead to the production of a truncated protein, but instead the nascent mRNA is targeted for
rapid degradation by the NMD pathway. Unfortunately, due to the current lack of reliable
commercial Gprl126 antibodies, we could not experimentally confirm the absence of a shorter

Gpr126 truncated protein.

Next, we carried out intercrosses of heterozygous Gpr126"”* animals, that were viable and
fertile, and no homozygous mutant offspring was observed at birth, indicating that mutant
embryos were dying during gestation. Timed matings were performed to determine at what stages
the embryonic lethality took place. We found heterozygous and homozygous mutants in the
expected Mendelian ratios at E9.5. However, we observed that nearly 18% of homozygous mutant
mice were dead in utero between E10.5 and E12.5 (18.2% at E10.5; 18.2% at E11.5 and 17.9%
at E12.5), as judged by the absence of a heartbeat, internal hemorrhage or by tissue necrosis (Fig.
11D, Suppl. Table 2). Beyond this stage, the proportion of dead embryos increase up to 75% at
E13.5, and beyond E15.5 no viable embryos were recovered, indicating that Gpri26 disruption
leads to fully penetrant embryonic lethality in a broad time-window, from E10.5 to E13.5 (Fig.
11D, Suppl. Table 2).

These data are consistent with previous reports claiming that Gprl26 is essential for
embryonic progression (Patra et al., 2013; Waller-Evans et al., 2010), and constitute additional

evidence to consider the targeted allele as a null mutation.
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Figure 11. Gpr126” knockout allele triggers Gprl126 downregulation. (A) qRT-PCR analysis
showing relative Gpr126 gene expression (to Gapdh as housekeeping gene) of E12.5 Gpri26™"*
and Gpr126?747 embryonic hearts. Bars in the left indicate Gpr126 transcript levels using primers
encompassing exons 4-7; bars on the right illustrate transcript levels using primers spanning
exons 9-10. Data are means + SD (n= 2 embryonic hearts). (B-C’) Gpri26 ISH in E11.5 WT (B,
B’) and Gpri26°7%7 heart sections, where gene expression is dramatically reduced (C, C°). a,
atrium; avc, atrioventricular canal; ivs, interventricular septum; lv, left ventricle; oft, outflow
tract; ra, right atrium; rv, right ventricle. Scale bars, 100 pm in (B, C); 50 um in (B’, C’). (D)

6A 7/47

Graph showing the percentage of viable and dead Gpri2 mutant embryos at different

developmental stages.

Gpr126°72’embryos show cardiac defects

Defective chamber myocardium development has been suggested as the most likely cause
of death of Gpr/26” mutants (Patra et al., 2013; Waller-Evans et al., 2010). Thus, we began
examining the cardiac phenotype associated with the removal of exon 7 of Gpri26. At E9.5,

before embryonic lethality occurs, Gpri264747

mutant embryos were grossly indistinguishable
from their WT littermates (data not shown). Cardiac defects were not observed, as the AVC and
ventricular myocardium appeared to be normal in histological sections stained with H&E (data
not shown). At E11.5, however, we detected certain variability in the phenotype of Gpri126774
mutant embryos. Some mutants were viable and showed normal morphology (data not shown),
while some others were viable but exhibited blood accumulation in the chambers (Fig. 12A, B),

and the rest were already dead, with large regions of internal hemorrhage (Suppl. Table 2).
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Histological analysis revealed that 6 out of 10 mutant hearts displayed severe cardiac defects,
with dilated ventricles (Fig. 12C, D), thinner compact myocardium and trabeculae (Fig. 12C’, D)
and underdeveloped interventricular septa (Fig. 12C*°, D”’). In contrast, the AVC and OFT
cushions appeared normal, suggesting that EMT is unaffected in the mutants (Fig. 12A, B). The
incomplete penetrance of the cardiac phenotype is also recapitulated at E12.5 (6 out of 20 mutant
hearts) and might be a result or consequence of the wide range of embryonic lethality (from E10.5
to E13.5) (Suppl. Table 2). These abnormalities were identical to those described for the three
different Gpri26 knockout mouse alleles that have been previously generated (from RIKEN,
Taconic, and Andreas Russ’s laboratory), indicating that Gpr/26?”*” mutants faithfully reflect the
effects caused by Gpr126 loss-of-function.

Gpr126+

Gpr1262747

Figure 12. Histological analysis of cardiac defects in Gpr12674” mutant embryos. (A, B)
Whole-mount views of E11.5 Gpr126™" (A) and Gpr126°74” embryos (B). Mutant embryos show
blood accumulation in the heart (see zoomed-in boxed areas). (C-D’’) H&E stained heart sections
of Gpr126"* (C) and Gpri1267747 embryos (D). (,’*) are higher magnification views of boxed
areas in (C) and (D). Note the thinning of the compact myocardium (indicated with arrowheads)
and trabeculae (indicated with arrows) in mutant hearts (C’, D’) and the poorly structured
ventricular septum (indicated with an asterisk) (C*’, D”’). a, atrium; avc, atrioventricular canal;
ivs, interventricular septum; lv, left ventricle; oft, outflow tract; ra, right atrium; rv, right ventricle.
Scale bars, 1 mm in (A, B); 100 pm in (C, D); 50 pm in (C’, C*°, D’, D*°).
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Chamber patterning, cellular proliferation and metabolism are not affected in

Gpri26*72” mutant hearts

To determine the molecular mechanisms underlying heart abnormalities, we first evaluated
whether Gpri26 loss-of-function has an impact on genes known to be relevant for chamber
morphogenesis. Compact and trabecular cardiomyocytes display different gene expression
profiles that are associated with different features, being the compact myocardium more
proliferative and less mature than the trabecular myocardium (Sedmera et al., 2003). Thus, we
conducted ISH to examine the expression pattern of Hey2 (Hairy/E(spl)-related with YRPW motif
2) (Koibuchi and Chin, 2007; Sakata et al., 2002; Sakata et al., 2006) (Fig. 13A, B) and N-myc
(Moens et al., 1993) (Fig. 13C, D), that are markers for the compact zone, as well as Bmp 10 (Bone
morphogenetic protein 10) (Chen et al., 2004) (Fig. 13E, F) and Cx40 (Connexin 40) (Van
Kempen et al., 1996) (Fig. 13G, H), that are highly expressed in the trabecular zone. Despite
myocardial defects, all these markers show normal spatial expression in Gpr/26*”*” mutant hearts
(Fig. 13A-D), indicating that myocardial patterning is not affected. Endocardial-specific detection
of Gprl26 transcripts prompted us to explore the expression of chamber endocardium markers,
such as Irx5 (Iroquois homeobox 5) (Christoffels et al., 2000) (Fig. 131, J). However, no changes
were detected compared to WT hearts, suggesting that chamber endocardial identity is also

conserved in Gpr126*”%” mutants.
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Figure 13. Cardiac differentiation and patterning in Gpr126”74” mutant embryos. ISH
analysis of compact myocardial markers Hey?2 (A, B) and N-myc (C, D); trabecular myocardial
markers Bmp10 (E, F) and Cx40 (G, H); and the endocardial marker frx5 (I, J) in Gpr126** and
Gpri126777 heart sections at E12.5. Panels show the right ventricle. rv, right ventricle. Scale bar,
50 pm.
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In summary, we can conclude from these data that myocardial and endocardial ventricular

6A 7/47

chamber identities are unaffected in Gpri2 mutants.

The connection between bioenergetics and ventricular myocardium differentiation was
another feature worth analyzing. It has been reported that myocardial metabolism in the
embryonic heart is compartmentalized at midgestation, with an enhanced glycolytic program in
the compact myocardium and oxidative metabolism in trabeculae (Menendez-Montes et al.,
2016). Alteration of this metabolic signature impairs cardiac maturation and gives rise to cardiac
defects that resemble the phenotype of Gpr126*7” embryos, such as the reduced thickness of the
ventricular wall or chamber dilation (Menendez-Montes et al., 2016). To test whether impaired
cardiac metabolism was associated with Gpr126*7“7 heart abnormalities, we carried out ISH of
glycolytic genes lactate dehydrogenase a (Ldha) (Fig. 14A-B’) and pyruvate dehydrogenase
kinase I (Pdkl) (Fig. 14C-D’). Both transcripts were similarly enriched in the compact

myocardium and interventricular septum at E12.5 in WT and Gpri126*747

mutant hearts (Fig.
14A-D”), except for a higher trabecular expansion of Ldha in the right ventricle of the mutants
(Fig. 14B”). The most abundant glucose transporter in the heart, Glutl, paralleled the same
expression pattern and was abundant in the compact zone and septum, and scarce in the trabeculae

of either WT or mutant hearts (Fig. 14E-F”).

As hypoxia is pivotal to drive the glycolytic program in the developing heart (Menendez-
Montes et al., 2016), we speculated that mutant myocardium was not ischemic. To further confirm
this hypothesis, we employed the Hypoxyprobe™ system, which facilitates the detection of
hypoxic cells using pimonidazole hydrochloride. Pimonidazole is reductively activated under
hypoxic conditions, forming stable adducts with proteins bearing thiol groups that can be
visualized by a specific antibody. Thus, increased dye-binding reflects decreased tissue pO;.
Hypoxyprobe immunoreactivity was restricted to the cushion-associated myocardium of the
outflow tract, and a lesser extent in the interventricular septum at E12.5, in agreement with
previous publications (Dunwoodie, 2009; Ream et al., 2008), and was not enhanced in
Gpr126°”*" hearts compared with littermate controls (Fig. 15A-B”’). Taken together, these results
suggest that the alteration of cardiac energy metabolism or increased hypoxia are not the primary

causes of the heart abnormalities found in Gpr/26*7*” mutant hearts.
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Gpr126**
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Figure 14. Glycolytic and lipid metabolism in Gpr126?”74” mutant embryonic hearts. ISH
analysis of glycolytic enzymes Ldha (A-B’) and PdkI (C-D’) in Gpr126™" and Gpr126*7” heart
sections at E12.5. Arrows denote the trabecular expansion of Ldha in the right ventricle of
mutants (arrowheads in B’). (E-F’) Immunofluorescence staining of E12.5 Gpri26"* and
Gpri1267747 heart sections for GLUT]1 (green), endomucin to demarcate the endocardium (white)
and DAPI for nuclear counterstain (blue). (*) are higher magnification views of boxed areas. ivs,
interventricular septum; lv, left ventricle; oft, outflow tract; rv, right ventricle. Scale bars, 100
pm (low magnification); 50 um (insets).
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| a-SMA Endomucin Hypoxiprobe DAPI

Gpr126™*

Gpr1264747

Figure 15. Hypoxyprobe analysis of Gprl26*74” mutant hearts. Hypoxyprobe labeling of
E12.5 Gpri26”" and Gpri26"7% sagittal heart sections. (A-B’’). Sections were stained for
Hypoxyprobe (white, revealing hypoxic regions), alpha-smooth muscle actin to counterstain the
myocardium (a-SMA) (red), endomucin to demarcate the endocardium (green) and DAPI (blue).
(’,’) are higher magnification views of boxed areas. Arrowheads highlight the hypoxyprobe
signal of the myocardium in the outflow tract. Arrows point the hypoxyprobe signal in the
interventricular septum. avc, atrioventricular canal; oft, outflow tract. Scale bar, 100 um.

Next, we asked whether a defect in proliferation was responsible for the myocardial thinning
observed in Gpr126*7*” mutant hearts. Bromodeoxyuridine (BrdU) is an analog of the nucleoside
thymidine that incorporates into the newly synthesized DNA of replicating cells during the S
phase of the cell cycle. Thus, cell proliferation was measured by BrdU incorporation in Gpr126™*
and Gpri26*”* hearts at E12.5 (Fig. 16A-B”"), when heart defects start to become apparent. For
quantification, compact myocardium, trabecular myocardium, and endocardium were analyzed
separately to allow visualization of cell-type-specific behaviors. We observed a high proliferation
rate in cardiomyocytes within the compact myocardium, less pronounced within the trabecular
zone, and even less within the endocardial layer, as expected (Fig. 16C, D) (Sedmera et al., 2003).
Strikingly, proliferation was normal in all compartments at E12.5 (Fig. 16C, D), indicating that

the reduction of the wall thickness is not a result of altered myocardial growth.
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Figure 16. BrdU proliferation analysis of Gpri26?”747 mutant hearts. (A-B’’) BrdU
immunostaining of E12.5 Gpri26™" and Gpri126*747 transversal heart sections. BrdU-positive
(proliferating) cells are shown in red. The myocardium is counterstained with a-SMA (green),
the endocardium with (ERG) (white), and nuclei with DAPI (blue). (°,””) are higher magnification
views of boxed areas. ivs, interventricular septum; lv, left ventricle; oft, outflow tract; rv, right
ventricle. Scale bars, 100 pum (low magnification); 50 um (insets). (C, D) Quantification of BrdU-
positive nuclei as a percentage of total nuclei in compact myocardium (CM), trabecular
myocardium (TM), and endocardium (E) of E12.5 Gpr126** and Gpr126*74” mouse hearts. Data
are represented as mean + SD. Statistical significance was determined by unpaired Student's -

test (ns, not significant).
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Disruption of Gprl26 signaling in the heart affects vasculature development-

related processes

To identify the molecular targets downstream of Gpr126 signaling in the heart, we performed
comparative transcriptome profiling using RNA sequencing (RNA-seq) analysis in Gpr126"" and
Gpr126*7“7 mutant ventricles at E12.5. We only extracted RNA from the ventricular chambers
(excluding the atria, AVC canal and OFT), to ensure gaining insight into the molecular changes
resulting from GprI26 abrogation in the endocardial cells lining the trabeculae (Fig. 17A). RNA-
seq analysis identified 156 DEGs, 77 of which were upregulated, and 79 downregulated (adj. P-
value < 0.05) (Fig. 17B, Suppl. Table 3). Gene ontology (GO) analysis revealed the over-
representation of “vasculature development”, “cell migration” and “angiogenesis” terms for the
downregulated genes (Fig. 17C, upper panel; Suppl. Table 4), whereas for the upregulated genes
the most enriched functions were “cellular response to amino acid”, “skeletal system
development”, “cell adhesion” and “negative regulation of cell signaling”, among others (Fig.
17C, bottom panel; Suppl. Table 4). Interestingly, a large subset of genes associated with
endothelial-related functions are known to be expressed in the embryonic endocardium
(Tmem100, Ednrb, Stabl, Eng, Kdr, Plxdl, Adamtsl, Tiel) (Conway and Molkentin, 2008; Gitler
et al., 2004; Hua et al., 2014; Kaipainen et al., 1993; Li et al., 1999; Puri et al., 1995; Somekawa
et al., 2012; Thai and Iruela-Arispe, 2002) (Fig. 17D, Suppl. Table 4), since it is a regionally
specialized endothelium and both cell types share structural and functional genes (Harris and
Black, 2010). Since ventricular endocardium also contributes to the primary coronary plexus at
E11.5 (MacGrogan et al., 2018), these results might point to Gpr126 as a regulator of endocardial
homeostasis and/or coronary vessel development. Moreover, we detected the upregulation of two
regulators of G-protein signaling (Rgs), Rgs2, and Rgs16 (Fig. 17D, Suppl. Table 3), which have
been reported to be highly expressed in the heart (Perschbacher et al., 2018). Rgs proteins
stimulate the GTPase activity of Ga subunits, leading to their deactivation and termination of
GPCR downstream signals. Specifically, Rgs2 acts as a negative modulator of vasoconstriction
in the peripheral vasculature (Heximer et al., 2003), while Rgs/6 is a negative modulator of
platelet function and thrombosis in mice (Hernandez et al., 2019). Thus, our data suggest the

possible participation of these Rgs family members in the modulation of Gprl26-mediated

signaling, but further validation would be needed.



4. RESULTS

A Gpr1264747 heart B DEG C GO terms: Biological processes
E125 (adj. P value < 0.05)
. up 77 cell surface receptor.signalin.g
angiogenesis
P T ) | cell migration
-4 ) 156 vasculature development

v b } h_arvest extracellular structure org.
W tissue

down 79 02 46 81012
cell migration
cellular developmental process
D neg. reg. of cell communication
o 1.01 negative regulation of signaling
o neg. reg. of response to stimulus
5 0.54 cell adhesion
< ood ossification
O : response to oxygen levels
2 osd skeletal system development
I}_’ : cellular response to amino acid
o -1.04 extracellular structure org.
O : extracellular structure org.
-1.5
L L L] L] ] L L} L] 4 L] 0 2 4 6 8 10 12
S5 235 @l
-~ E g XS EZT Do Z-score
E 8 & 2 ET o
® a g x
S < W Downregulated genes Ml Upregulated genes
| Ednrb
E : E12.5
. oft
$
©
~N
ey ‘.
S o :
U] ;
100 um
F
M~
g
<
©
b
™~ ¢
| ’ SR
8— B B

Figure 17. Gene profiling of E12.5 Gpr126"7%7 ventricles. (A) Cartoon illustrating the
dissection of E12.5 heart ventricles (dotted line). (B) Chart showing the total number of
differentially expressed genes (DEGs) detected by RNA-seq analysis in Gpri26%747 ventricles
(P < 0.05). The blue section indicates upregulated genes; orange depicts downregulated genes.
(C) Up. GO enrichment analysis of downregulated genes (orange color). Bottom. GO enrichment
analysis of upregulated genes (blue color). (D) Graph of the log-fold change (logFC) showing the
downregulation of endothelial/endocardial genes (orange color) and the upregulation of
regulators of G-protein signaling genes (Rgs). (E-H”). ISH analysis of EdnrB (E-F’) and Eng (G-
H’) in E12.5 Gpri26™* and Gpri26*77 hearts. Endocardial expression is slightly reduced in
mutant hearts. Boxed areas are magnified in (). ivs, interventricular septum; lv, left ventricle;
oft, outflow tract; rv, right ventricle. Scale bars, 100 um (low magnification); 50 um (insets).
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Endothelin receptor type B (EdnrB) is a G protein-coupled receptor that increases the release
of relaxing factors in endothelial cells (Mazzuca and Khalil, 2012) and whose expression is
restricted to chamber endocardium in the embryonic heart (Fig. 17E, E’). Endoglin (Eng) is a
transmembrane receptor that induces EMT from the AVC endocardium, and myocardial
trabeculation from the chamber endocardium of the mouse embryonic heart (Arthur et al., 2000)
(Fig. 17G, G’). ISH analysis confirmed that EdnrB and Eng expression was attenuated in
Gpr126*7“7 mutants (Fig. 17E-H’), and the magnitude of downregulation coincides with the
expression levels measured by RNA-seq analysis (Fig. 17D). In summary, our results suggest that

global Gprl26 deletion impacts endocardial/endothelial gene expression in the embryonic heart.

Conditional Gpri26deletion in either the endocardium or the heart does not cause

embryonic lethality

To investigate the implication of endocardial Gpri26 signaling in embryonic and cardiac
chamber development, we used our conditional Gpr126’7‘”‘ line, in which the Cre-mediated
excision of exon 7 results in the same loss of coding sequence of standard Gpr126“” knockout
mice. We initially crossed the conditional Gpr126™* line with the endocardial-specific driver line
Nfatclpan-Cre, in which the Cre recombinase is active throughout the endocardium starting at
E8.5 (Wu et al.,, 2012). Surprisingly, Gpri26™"; Nfatcl-Cre mutant embryos were viable
throughout embryonic development (Suppl. Table 5) and showed grossly normal morphology
(data not shown). Close examination of mutant hearts revealed no abnormalities, and compact
and trabecular myocardium exhibited normal architecture and thickness (Fig. 18A-B’’). To
confirm that Gpri26 deletion in endocardial cells is compatible with embryo survival and heart
development, we crossed mice bearing the conditional Gpr126™* allele with the pan-endothelial
driver line Tie2-Cre (Kisanuki et al., 2001), which drives the recombination in the common
progenitor of endothelial and hematopoietic stem cells at E7.5 (Braren et al., 2006). Because
Gprl26 is only expressed in the specialized endothelial cells forming the endocardium, we did
not expect to detect secondary effects due to the lack of Gpri26 in the vasculature, whilst we
would achieve Gpri26 deletion in the early endocardium. Nevertheless, Gpr126™"; Tie2-Cre
mutant embryos were also viable (Suppl. Table 6), exhibited normal cardiac morphology (Fig.
18C-C’’), and reached adulthood. These data indicated that embryonic lethality caused by Gpri26

deficiency does not depend on its function in endothelial/endocardial cells.

Finally, to exclude the possibility that Gpri26 is playing an earlier function involving
cardiac mesoderm progenitors, we used the MespI-Cre line, which promotes recombination in

the nascent mesoderm at the onset of gastrulation (E6.5), that will give rise to all cardiac cell



4.RESULTS

lineages (Saga et al., 1999). Gpr126™"; Mesp1-Cre mutants were viable (Suppl. Table 7) and did
not show any obvious heart phenotype either (Fig. 18D-D"").
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Figure 18. Histological analysis of embryonic hearts lacking Gpri26 in the Nfatcl, Tie2 and
Mespl lineages. (A-D’’) H&E staining of transversal heart sections from WT (A-A”),
Gpr126™"; Nfatc1°* (B-B**), Gpr126"™""; Tie2"* (C-C”’) and Gpri26™"; Mesp1<* (D-D*)
mutants at E15.5. Magnified views of the right ventricle are shown in (*), and of the left ventricle
in (). ivs, interventricular septum; lv, left ventricle; mv, mitral valve; rv, right ventricle; tv,
tricuspid valve. Scale bars, 100 pm. (E) qRT-PCR analysis showing relative Gpri26 gene
expression (to Gapdh as housekeeping gene) Gpri26™'; Mespl™" and Gpri26™"; Mesp1<*
embryonic hearts at E12.5. Bars in the left indicate Gpri26 transcript levels using primers
encompassing exons 4-7; bars on the right illustrate transcript levels using primers spanning
exons 9-10. Data are means = SD (n= 3 embryonic hearts); t-test, *P < 0.05, ***P < 0.001. (F-
H) H&E staining of transversal heart sections from WT (F), Gpri26"¥; Tie2“** (G) and
Gpri26™7;: Mesp1“™ mutants at E16.5. Panels in the left show the left ventricle; panels on the
right show the right ventricle. lv, left ventricle; rv, right ventricle. Scale bar, 100 um.

As none of these mutants recapitulated the phenotype observed with the global Gpri126%
deletion, we next assessed the fidelity of Cre recombinase activity to ensure that low
recombination efficiency was not associated with the lack of phenotype in our conditional
Gpr126™* mutants. Owing to the unavailability of commercial antibodies to examine Gprl26
protein loss, we conducted qRT-PCR analysis to assess the reduction of Gpri26 mRNA levels
upon Cre-mediated activity. Thus, we crossed Gpr126"" mice with the MespI-Cre driver line and
used embryonic hearts as a cDNA template. The rationale is that this organ should behave like
Gpr126"" because of conditional gene inactivation in heart progenitor cells. Similar to constitutive
Gpr126*7“" mutants, Gpr126 transcript levels were undetectable in E12.5 Gpr126™; Mesp1*
hearts when using primers specific for the deleted exon 7 (Fig. 18E). Also, gene expression was
strongly reduced using primers targeting 3’ of the floxed region (exons 9 and 10), compared to

WT littermates (Fig. 18E), indicative of efficient Cre-mediated activity.

Finally, we attempted to combine Gpr/26 conditional (Gpri26™) and constitutive
(Gpr126*7)alleles in trans, to generate the most extreme loss-of-function situation and confirm
that the discrepancies between phenotypes cannot be attributed to differential Gpri26 mRNA
dosage. To test this, we crossed homozygous Gpr26"" mice with both double heterozygotes
Gpri26°""; Tie2“" and Gpri26"”"; Mespl<**, to obtain triple heterozygotes Gpri26"*;
Tie2”" (Suppl. Table 8) and Gpri26"7; Mesp1<"* (Suppl. Table 9) offspring, respectively.
However, no evidence of embryonic lethality (Suppl. Tables 8, 9) nor cardiac defects (Fig. 18F-

H) was observed in any of these mutants.

Taken together, these data lend support to the idea that Gpr126 is dispensable for cardiac
development, so the lethality associated with Gpr126%" knockouts is likely due to the requirement

of Gpr126 in non-cardiac tissues.
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Gpri126™"; Tie2-Cre adult mice have normal cardiac morphology and electrical

activity

In the heart, cAMP levels are tightly controlled to modulate a variety of cellular functions,
including heart rate and contractility, and its biological effects are mainly associated with the
activity of protein kinase A (PKA) (Cazorla et al., 2009). Since cAMP/PKA elements have been
reported as downstream mediators of Gpri26 signaling (Glenn and Talbot, 2013; Mogha et al.,
2013), we asked whether Gprl26 embryonic expression was required for adult cardiac electrical
activity or homeostasis, despite it is not expressed in the heart at postnatal stages (data not shown).
To address this question, we used the conditional Gpr126™"; Tie2“"** mutant mice, which were
viable, reached adulthood at the expected Mendelian frequency and did not display any
phenotypic abnormality. Electrocardiograms (ECGs) obtained from 31-36 weeks-old male and
female Gpr126™": Tie2“"*" mice revealed normal values for all measured ECG parameters (heart
rate, PR-, QRS-, corrected QT- and RR intervals, as well as P- and R- wave amplitudes),

compared to control mice of each gender (Fig. 19A).

Moreover, Gprl 26" Tie2°" mice showed no difference in cardiac size, as determined by
normalizing heart weight to tibia length (Fig. 19B), cardiac morphology nor collagen deposition,
as assessed by Masson’s trichrome staining of histological sections (Fig. 19C-D”’). Collectively,
these data demonstrated that endothelial Gpri26 function is dispensable for adult heart

homeostasis.
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Figure 19. Analysis of cardiac morphology and function in Gpr126™"; Tie2"* adult mice.
(A) ECG analysis of male and female Gpr126™""; Tie2"" (control) and Gpr126™"; Tie2“"* adult
mice at 31-36 weeks old. The graphs show PR interval, P wave amplitude, QRS interval, RR
interval, R wave amplitude, corrected QT interval (cQT) and heart rate, considering males
(squares) and females (circles) separately. Data are presented as mean += SD (n= 4 control and 5
mutant males; 5 control and 9 mutant females). Statistical significance was determined by
unpaired Student's #-test subjected to Welch's correction (ns, not significant). (B) Chart depicting
heart weight (mg) to tibia length (cm) ratios of Gpri26™'; Tie2*’* (control) and Gpri26™';
Tie2“"** adult mice at 46-55 weeks old, distinguishing between males (squares) and females
(circles). Data are means £ SD (n= 4 control and 5 mutant males; 5 control and 9 mutant
females). Statistical significance was determined by unpaired Student's #-test (ns, not significant).
(C-D’’) Masson’s trichrome staining of transversal heart sections from WT (C-C’’) and
Gpr126™"; Tie2“** mutants (D-D°°) at 46 weeks old. Boxed regions in (C, D) are magnified in
(’); boxed regions in (C’, D) are magnified in (**). ivs, interventricular septum; la, left atrium;
lv, left ventricle; mv, mitral valve; ra, right atrium; rv, right ventricle; tv, tricuspid valve. Scale
bars, 1 mm (low magnification); 100 um (insets).

Generation of conditional R26-GPR126°°F transgenic mouse line by homologous

recombination in mESC

Embryonic lethality and cardiac defects observed in Gpr126747

null embryos appeared to
be independent of Gpri26 expression in the chamber endocardium. To reinforce the idea that
cardiac Gprl26 signaling is dispensable to sustain embryonic progression, we combined
conditional loss-and gain-of-function studies. To this purpose, we generated a transgenic line
conditionally overexpressing human GPRI26 cDNA under the control of the endogenous and
ubiquitous Rosa26 promoter (R26-GPRI26°°F) (see Materials and methods) (Fig. 20A).
Overexpression of human GPR126 instead of mouse, will enable us to test whether human and
mouse genes are functionally equivalent and interchangeable. Both heterozygous and
homozygous R26-GPRI126°°F mice (hereafter referred to as GPRI126%°F) were subjected to

Southern blot analysis to confirm the presence of one or two copies of the transgene, respectively

(Fig. 20B). Besides, they were phenotypically normal, viable and fertile.

We evaluated the efficacy of Cre-mediated removal of the NeoR-STOP cassette and
subsequent activation of eGFP expression in vivo by crossing heterozygous GPR126°°"* mice
with the Nkx2.5-Cre strain, which drives Cre-mediated recombination in cardiac precursors from
E7.5 (Stanley et al., 2002). This recombination is complete in cardiomyocytes and affects a large
part of endocardial (Stanley et al., 2002) and epicardial (Zhou et al., 2008) precursors. At 9.5,
transgenic GPR1269°*; Nkx2.5“" embryos showed widespread GFP expression in the heart,

compared to the background fluorescence of heterozygous control littermates (Fig. 20C, D).
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Figure 20. Gene targeting of the Rosa26 locus to generate conditional R26-GPR126°°F-GFP
transgenic line. (A) Gene targeting strategy for the generation of conditional GPRI26°°F
transgenic line. Top to bottom: modified pROSA26-1 plasmid vector harboring the loxP-PGK-
NeoR-STOP-loxP-GPR126-IRES-eGFP construct between Rosa26 5’ and 3’ homology arms.
Targeted WT Rosa26 locus showing the location of the 5” and 3’ hybridization probes used for
Southern analysis, EcoRV and EcoRI sites. Resulting R26-GPR126°°F allele upon homologous
recombination in ES cells. PGK, phosphoglycerate kinase; neoR, neomycin resistance gene;
IRES, internal ribosome entry site; GFP, green fluorescent protein; DTA, diphtheria toxin. (B)
Southern blot analysis of EcoRV- (top panel) and EcoRI-digested DNA (bottom panel) from
homozygous (tg/tg), heterozygous (tg/+) and WT (+/+) GPR126°°F offspring. (C, D) Confocal
images of eGFP expression in E9.5 GPR126%°F* (C) and GPR126°°F*; Nkx2.5°* (D) hearts.
(E, F) WISH showing GPRI126 expression in E9.5 GPRI126°°F* (E) and GPRI1269°7";
Nkx2.57"" (F) hearts. oft, outflow tract; lv, left ventricle; ra, right atrium. Scale bar, 100 pm.
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Additionally, WISH revealed that GPRI26 mRNA was exclusively expressed in
GPR126°°""*: Nkx2.5“" hearts (Fig. 20E, F) (Suppl. Table 10). In summary, we generated a
bona fide conditional GPR126 gain-of-function mouse model that could be used as a genetic tool

to investigate Gpr126 essential developmental role.

Conditional GPR126overexpression in the 7je2-Cre lineage allows normal heart

development and does not rescue Gpr126°” embryonic lethality

Since the global loss of Gprl26 results in abnormal thinning of compact myocardium and
trabeculae, we next tested whether GPR126 overexpression affects heart development. Thus, we
conditionally overexpressed GPR126 in the endothelium using the Tie2-Cre driver (Fig. 21A) and
examined cardiac morphology at different developmental stages. GPR126 overexpression did not
produce overt phenotypical alterations (data not shown) nor embryonic lethality (Suppl. Table
11), and GPR1269°*; Tie2“** embryos presented normal cardiac morphology by histological
examination from E10.5 to E16.5, compared to GPR126°°""*; Tie2"" littermates (Fig. 21B-E").
We conclude that endothelial-specific Gpri26 overexpression is compatible with normal heart

development.

Next, we took advantage of the transgenic GPR126°“"* line to discard the possibility that
endocardial Gpr126 function is critical for embryonic and heart development. To this end, we
bred Gpr126*”"; Tie2“*"* males with GPR126°°"; Gpr126*”"* females to obtain GPR126%°*;
Gpr126°"%7; Tie2“”" embryos, in which endogenous Gpr126 is globally disrupted, and GPR126
expression is exclusively confined to the Tie2-Cre lineage (Fig. 21F). If cardiovascular defects
were the primary reason for Gpr126”” embryonic lethality, we would expect to detect embryonic
survival past E13.5. However, GPR126°°""*; Gpri26*7"7; Tie2”" embryos died at the same

6A 7/47

gestational stages as Gpri2 mutants (Suppl. Table 12), indicating that the cause of death was

due to defective development of another organ than the heart.
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Figure 21. Analysis of endothelial-specific GPR126 overexpression in WT and GprI1264747
background. (A) Schematic showing the gain-of-function R26-GPR126%°F reporter construct.
GPRI126 expression is activated upon the Cre-mediated excision of the NeoR-STOP cassette. (B-
E”’) H&E staining of transversal heart sections from GPR126°°* (control) and GPR126%°F*;
Tie2"* embryos at E10.5 (B-C”’) and E16.5 (D-E”’). Magnifications of the right ventricle are
shown in (’), and the left ventricle in (°’). ivs, interventricular septum; la, left atrium; lv, left
ventricle; mv, mitral valve; oft, outflow tract; ra, right atrium; rv, right ventricle; tv, tricuspid
valve. Scale bars, 100 pm (low magnification); 50 um (insets). (F) Schematic showing the
strategy of crossing Gpri2627"; Tie2"’" males with GPRI1269°"*; Gpri26*”* females to
obtain GPRI126%°F"*: Gpr126°747; Tie2"* embryos.

GPR126 overexpression fails to rescue impaired EMT and hypotrabeculation in

DIl4">; Tie2-Cre mutants

Previous studies in our lab brought Gpr126 into focus as a Notch target gene (D'Amato et
al., 2016b). These results pointed toward a scenario in which endocardial Gprl26 acts as a
downstream effector of Notch activation to regulate the process of trabeculation. To test whether
the sole expression of GPRI26 was able to compensate for the lack of the Notch ligand D//4 and
the loss of endogenous Gpri26 expression (D'Amato et al.,, 2016b), we crossed double
heterozygotes mice bearing a conditional DII4" allele (Koch et al., 2008) (hereafter referred as
DII4") and the pan-endothelial driver Tie2-Cre with double heterozygotes mice bearing a
conditional DI/[4" allele and a conditional GPRI26°°F allele (Fig. 22A). However, transgenic
expression of GPRI26 in the endothelium/endocardium was not sufficient to prevent the
phenotype of DII4""; Tie2“""* mutants, nor to rescue their early embryonic lethality (Suppl. Table
13). At E9.5, mutant embryos were smaller than WT littermates and showed pericardial distension
(Fig. 22B, C), regardless of the expression of the GPRI26 transgene (Fig. 22D). Consistent with
previous observations (D'Amato et al., 2016b), H&E staining of DI[4""; Tie2“"" mutant hearts
revealed defective EMT in the AVC region, evidenced by the absence of mesenchymal cells
invading the cushions (Fig. 22E-F’), and poorly formed trabeculae in the ventricles (Fig. 22E"’,
F’”). This cardiac phenotype was persistent in DI[4"": GPR1265°F* Tie2** littermates (Fig. 22G-
G”).

We conclude that GPR126 overexpression cannot rescue nor ameliorate the cardiac defects

caused by DI14-Notch inactivation.
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Figure 22. Analysis of GPRI26 overexpression in a DI4""; Tie2-Cre background. (A)
Schematic showing the strategy of crossing DI4"*; Tie2"" males with DII4"";
GPR126°°F* females to obtain DII4""; GPR126°°F"; Tie2“"*’* embryos. (B-D) Whole-mount
views of E9.5 DII4"*; GPR126"", Tie2"* (control) (B), DII4""; GPR126"", Tie2“** (C) and
DII4™: GPR1265°F"*; Tie2“"*"* embryos (D). Note the pericardial edema (indicated with white
arrowheads) in (C, D). Scale bars, 200 um. (E-G’’) H&E staining of transversal heart sections
from E9.5 DI4"*; GPR126"*; Tie2"* (control) (E), DI4"": GPRI26"*; Tie2** (F) and
DU4™: GPRI126°°F"*; Tie2“"*’* (G) embryos. Boxed areas of the right ventricle are magnified in
(’), and boxed areas of the left ventricle are shown in (*’). Black arrowheads point to
mesenchymal cells invading the cushion in (E”), whilst their absence is depicted with an asterisk
in (F’, G’). Arrows point to developing trabeculae in (E”’, F’°, G’’). a, atrium; avc,
atrioventricular canal; v, ventricle. Scale bars, 50 pm.
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Generation of zebrafish gpr126 mutants using CRISPR-Cas9 technology

Our results obtained in mice raised the intriguing idea that defective cardiac development
and death observed in full Gpri26 mutants is secondary to the loss of Gpr126 in another organ.
In addition to mice, the zebrafish model has been widely used for understanding the multiple roles
of gpr126, including heart development. To date, only one report described a morpholino-based
model in which the NTF of gpr126 acts as a paracrine signal that is required for trabeculation
(Patra et al., 2013). Notably, despite the large number of zebrafish gpr/26 mutant lines that have
been analyzed (gpri26*, gpri26"%, gpri26™*, gpri26™', gpri26*?", gpri126"*, gpri26™*
gpri26™, gpri26*¥% gpri26™¥...), no heart phenotype has been described (Diamantopoulou
et al., 2019; Leon et al., 2020; Liebscher et al., 2014; Monk et al., 2009; Paavola et al., 2014;
Petersen et al., 2015). The phenotypic discrepancies observed between knockdown and knockout
experiments, along with the unexpected results obtained in mice, led us to ascertain the gpr126

function in zebrafish heart development.

To this end, we used CRISPR-Cas9 technology to generate two gprl/26 knockout alleles,
gpr126™3* and gpri26™3* (see Materials and methods) (Fig. 23A). The zebrafish gpr126"3*
allele is a nonsense mutation caused by the deletion of exons 7 and 8, leading to a frameshift and
a PTC in exon 10. Interestingly, our strategy was designed to eliminate a 788 bp region harboring
exons 7-9, which also generates a PTC in exon 10 (Fig. 23B), but we achieved a 663 bp deletion
excluding exon 9 instead (Fig. 23C). Since mouse and zebrafish Gpri26 are considered true
orthologs (Harty et al., 2015; Waller-Evans et al., 2010), the similarity to our Gpri26*” mouse
line will illustrate the parallels of gene function in both animal models. The A7,8 mutation
truncates the protein between the recently identified linker (encoded by exon 5) and the SEA
domain (encoded from exon 7 to 10). Since a previously reported gpr126“*° mutation harboring
a PTC after the PTX domain does not affect the amount of mutant gpr/26 mRNA, we hypothesize
that the gpr 126" mutant allele will likely produce a severely truncated protein of 428 aa formed

by the SP, CUB, PTX and linker domains of the ECD (Fig. 23D).

In contrast, the zebrafish gpr126”* allele is a promoter-less allele that lacks the promoter
region of gpri26. A recent work demonstrated the requirement of mutant mRNA decay to
promote transcriptional adaptation, a form of genetic compensation that involves the
transcriptional upregulation of genes (referred to as “adapting genes”) that can potentially
compensate for the loss of gene function. Hence, alleles that fail to transcribe the mutated gene
did not display this response and uncovered phenotypes not observed in those harboring nonsense
mutations and undergoing mutant mRNA degradation (El-Brolosy et al., 2019). Thus, cardiac
phenotypic differences encountered in zebrafish gpri26 knockouts and morphants could be

explained by the process of transcriptional adaptation taking place in mutants, but not in
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Figure 23. Generation of zebrafish gpri2 and gpri2 mutant alleles using
CRISPR-Cas9. (A) Schematic showing injection of CRISPR-Cas9 elements into the yolk of the
one-cell stage zebrafish embryo. (B) Schematic diagram showing 2 crRNA (5” and 3°) target sites

in introns 6 and 8 within zebrafish gpri26 locus (located in chromosome 20) to generate

6bns3 41

gpri2 mutant allele. The deletion of exons 7 and 8 will generate a PTC in exon 10 (shown

in red). Grey boxes depict exons; dashed grey lines illustrate introns. (C) Chromatogram of
sequencing data from F1 heterozygous gpr126”"3#/* fish showing deletion of exons 7 and 8, plus
an 8 bp insertion (indel). (D) Schematic diagram showing the presumable structure of the
gpr126278 protein, formed by 428 aa. SP, signal peptide; CUB, complement, Uegf, Bmpl; PTX,
pentraxin; PTC, premature termination codon. (E) Schematic diagram showing 4 ctRNA (5°1,
5’2, 3’1, 3°2) target sites within zebrafish gpr/26 locus (located in chromosome 20) to generate
gpr126”3* mutant allele. Grey boxes depict exons; dashed grey lines illustrate introns. DPE,
downstream promoter element; BRE, B recognition element. (F) Chromatogram of sequencing
data from F1 heterozygous gpri26”™34* fish showing deletion of the targeted promoter region.

morpholino-treated animals. The generation and characterization of the gpri26 RNA-less allele
will help to test this hypothesis. To identify the promoter region within the gpr126 locus, we first
searched for known core promoter elements upstream the transcription starting site (TSS), like
TATA box and CAAT box sequences, B recognition element (BRE), the initiator element and
downstream promoter element (DPE) (Fig. 23E). Second, we used available ChIP-seq data sets
of zebrafish embryos at 24 hpf and tracked histone modifications that are quintessentially
associated with transcriptional activation, like the trimethylation of histone H3 lysine 4
(H3K4me3) (Suppl. Fig. 1A). Two open chromatin regions (displayed as peaks) were found in
the zebrafish gpr126 locus, one around the TSS (~500 bp) (Suppl. Fig. 1 A”) and the other mapping
exon 23 (Suppl. Fig. 1A”"). Given the large size of intron 1 (~10 kb) and the likely presence of
regulatory elements that can affect gene expression, we targeted altogether a large region of ~14.3
kb covering the aforementioned sequences and part of intron 1 (Fig. 23E). We checked whether
this deletion could affect the expression of an additional gene by removal of a certain region, and
we only found a small overlap with part of the 3’UTR of the vacuolar protein sorting-associated

protein VTA1 homolog (vtal) (Suppl. Fig. 1B).

CRISPR-injected zebrafish embryos (F0) were raised to adulthood, outcrossed with the WT
AB line, and the F1 progeny was genotyped by conventional PCR. Targeted mutations were

confirmed by sequencing (Fig. 23D, F), and outbreeding of heterozygous F1 -carriers

S + X +
6bn s341/ 6bn s342/-

and gpri?2 ) was performed two consecutive generations to avoid potential

(gpri2
target effects. Incross of heterozygous F2 and F3 fish resulted in WT, heterozygous and

homozygous embryos (F3 and F4) that were characterized during development.
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Sequence similarity analysis of zebrafish gpri26 reveals gprii2 as a potential

adapting gene

Given that gpri126 is not duplicated in the zebrafish genome (Waller-Evans et al., 2010), we
next searched for genes with high sequence similarity (see Materials and methods). The rationale
was that some of them may represent potential compensatory paralogues (hereafter referred to as
“adapting genes”) in zebrafish accounting for the lack of heart phenotype in gpri26 knockouts.
We inferred homology when two sequences shared more similarity than would be expected by
chance; being the simplest explanation that high similar sequences do not arise independently but
from a common ancestor (Pearson, 2013). Thus, we relied on E-values and bit scores to identify
genes similar to mouse and zebrafish Gpri126 (Suppl. Tables 14, 15). We observed that adgrg4b
(also known as gprli2b), adgrg4a (or gpril2a), and adgrg2a (or gpr64a) were the closest
homologs to zebrafish gpri26, in agreement with previous reports (Suppl. Table 14) (Harty et al.,
2015; Waller-Evans et al., 2010). The same homolog genes were found for mouse Gpri26
(Adgrg4/Gprl12 and Adgrg2/Gpr64) (Suppl. Table 15). Although there is no evidence that these
genes are expressed in the zebrafish embryonic heart, they are indeed expressed during
development (Harty et al., 2015). Moreover, it has been reported that Gprl12 shares more
homology with Gprl126 at the protein level in zebrafish than in mammals (Waller-Evans et al.,
2010), suggesting that gpri12 could be an adapting gene candidate compensating for the loss of

gpr126 and preventing abnormal heart trabeculation in zebrafish knockouts.

The gpri26°*" and gpri26°"**? mutations disrupt inner ear development in

zebrafish

We determined whether gpr126"3* and gpr126°"3* mutations affected gene expression by
examining gpri26, gprli2a, and gprli2b transcript levels at 3 dpf, when gpri26 starts to be
expressed (Harty et al., 2015). By RT-qPCR, the amount of mRNA was similar in gpr/26™",
gpri26™3*” heterozygous and gpr126"3*"* homozygous larvae (Fig. 24A), suggesting that the
gpr126”3* mutant allele truncates the protein between the PTX and the HBD within the NTF,
and does not trigger transcriptional adaptation through gpr112a/b upregulation. As mutant mRNA
degradation is not taking place, the upregulation of the adapting genes is not expected either. In
contrast, the gpr126”* allele fails to transcribe the mutated gene, and gpr!12a/gpr112b levels
remain unchanged compared to WT siblings (Fig. 24B). Thus, we confirmed that gpr126”3%

mutation prevents gene transcription and genomic compensation via transcriptional adaptation.



Relative gene

gpr‘,‘ 26bn534 1/bns341 gpr1 26+/+

gpr1 26bn5342/342

expression

3
2
1
0

+/+

= gpri26 = gpr12
gp r1 26bns$4 1/bns341

6bns.3’4 1/+

ﬁmi.%ﬂm s

gpri126
(exon 7-10)

gpri126
(5UTR)

gpri12a

Relative gene
expression
o = N W &

4. RESULTS

++ e 6bn5342/+

gpr126 gpr12
gpr1260ns342ens342

P Bl &m

gpri26
(3UTR)

gprizé
(5°UTR)

gpr112a

F2 6\ 9_

Inner ear area (mm?)

@

Inner ear area (mm?)

gpr126 het gpr126 het
= gpri26™* = gpr126°mS34*
gp r12 6bn334 1/bns341
0.08 - * %%k
’ Fokk
0.06 *kk
' ns
| |
0.04 { [% ﬁ ’-}.‘
0.02
Left ear Right ear
. gpr1 26+/+ * gpr126bn3342/+
° gp r12 6bns342/bn5342
0.08 - x e
0.06 -
‘-
0.04 4 ’_;_‘
0.02
Left ear nght ear

Figure 24. Inner ear development is disrupted in gpr126°"#! and gpr126®*3# zebrafish
mutants. (A-B) RT-qPCR analysis of relative gpr126, gprl12a and gprl12b mRNA expression
levels to rpll3a as housekeeping gene) in gpri26°3#Pms341 (A) and gpri26P™s34bns342 (B)
zebrafish mutants at 3 dpf. (C-E) Dorsal view of WT (C), gpri26’3#/bms34 (D) and
gpr126Pms342bns342 (E) zebrafish mutants at 5 dpf, showing inner ear morphology. Arrowheads

mark swollen ears in the mutants. Scale bar, 100 pm. (F, G) Quantification of left and right ear
area in gpri26”™3* (F) and gpr126"™3* (G) heterozygous and homozygous zebrafish mutants,

compared to WT siblings. Data are means + SD. Statistical significance was determined by
unpaired Student's #-test (ns, not significant, *P < 0.05; **P < 0.01, ***P < (0.001).
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In zebrafish, gpri26 has been shown to play an essential role in the regulation of inner ear
development by elevating cAMP levels, and mutants can be easily identified by a swollen ear
phenotype (Geng et al., 2013; Leon et al., 2020; Paavola et al., 2014). Therefore, we first assessed
ear morphology prior to heart analysis to evaluate gpr126 functional activity. Notably, both

6bns3 41/bns341

gpri?2 and gpr126™3*"7"3% homozygous mutants displayed enlarged ears at 5 dpf (Fig.

24C-E), indicative of disrupted gene function.

The gpri126*s3* and gpri126°"s**? mutations do not impair heart development

Next, we explored the role of gpri26 in cardiac trabeculation. Previous studies have shown
that gpr126 is expressed in the zebrafish heart 48 hpf, before the onset of trabeculation (D'Amato
et al., 2016b; Patra et al., 2013). Like other gpr126 zebrafish mutants, homozygous gpr126”**
and gpr126”* fish reached adulthood and exhibited grossly normal phenotype, indicating that
these mutations did not cause lethal heart defects. Using brightfield microscopy, homozygous
gpr126"™* and gpri26"3* larvae were recognized by their swollen ears, but did not show

pericardial edema at 100 hpf, when trabeculation is already advanced (Fig. 25A-C).

To examine cardiac trabeculation in more detail, we first introduced gpr126”**** fish in the
Te(kdrl:Hsa. HRAS-mCherry); Te(myl7:EGFP-Hsa.HRAS) background (Chi et al.,, 2008;
D'Amico et al., 2007), so that endocardial and myocardial membranes are labeled in red and green,
respectively. Trabeculae start to form in zebrafish around 60 hpf and become clearly apparent by
72 hpf (Liu et al., 2010). Confocal imaging at 80 hpf revealed no obvious differences between
mutants and WT littermates (Fig. 25D-E”). Few delaminated cardiomyocytes forming nascent
trabecular ridges were observed in mutant ventricles, indicative of normal onset of trabeculation
(Fig. 25D’, E’). Observation at later stages confirmed no trabeculation defects, as trabecular
projections were formed throughout the luminal side of the outer curvature of the ventricle at 96
hpf, similarly to WT larvae (Fig. 25F-G”). Based on the absence of a heart phenotype in
gpri126"3#Pms342 mutants, which lack gpr126 transcriptional activity, one might expect to obtain
the same results in gpr126”3*/"3 Jarvae, which presumably encode a shorter truncated gpr126
protein. To test this possibility, we incrossed the gpr126”** mutation into the Tg(myl7:EGFP-
Hsa. HRAS) transgenic line. Likewise, confocal microscopy analysis revealed extensive

trabeculation by 96 hpf in gpr1263/7"34! mutant hearts, as in WT siblings (Fig. 25H-I").

Taken together, these data indicate that gpr126 signaling is not required for heart

development in zebrafish.
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Figure 25. Trabeculation is unaffected in gpri2 and gpri2 zebrafish mutants.
(A-C) Lateral views (anterior to the left) of 100 hpf gpri26™*, gpri2e®ms3#/%ns34l and
gpr126°s342bns342 zebrafish larvae derived from heterozygous gpri26”341/+ 63t
incrosses, respectively. Boxed areas display high power magnification views of the heart. (D-G”)
Mid-sagittal confocal sections of gpr126** and gpri26°"3#2/P1s342 zebrafish hearts at 80 hpf (D-
E’) and 96 hpf (F-G’). Zebrafish larvae derived from gpri263%* To(kdrl:Hsa. HRAS-
mCherry); Tg(myl7:EGFP-Hsa.HRAS) incrosses. Endocardial and myocardial membranes are

and gpri?2

labeled in red and green, respectively. Higher magnification views of the outer curvature of the
ventricular wall are shown on the right (°). Arrowheads indicate emerging trabeculae. at, atrium;
avc, atrioventricular canal; v, ventricle. Scale bars, 50 um (low magnification); 25 pm (insets).
(H-I’) Mid-sagittal confocal sections of gpri26™" and gpri26°"s34//6s341 zebrafish hearts at 96
hpf. Zebrafish larvae derived from gpri26”3*/*; Tg(myl7:EGFP-Hsa.HRAS) incrosses.
Myocardial membranes are labeled in green. Higher magnification views of the outer curvature
of the ventricular wall are shown on the right (°). Arrowheads indicate emerging trabeculae. bv,
bulboventricular valve. Scale bars, 50 um (low magnification); 25 um (insets).

Gprl26is expressed in the spongiotrophoblast layer and the four TGC subtypes of

the mouse placenta

To further investigate how Gpri26 loss-of-function contributes to developmental demise,
we first defined the expression pattern of Gpr/26 in the mouse embryo at E12.5, which could be
indicative of a putative role in the corresponding organ(s) (Fig. 26A-b’"). The combination of ISH
and H&E staining permitted visualization of tissue morphology for precise localization of Gpri26
transcripts. Thus, Gpr126 transcripts were specifically found in the chamber endocardium (Fig.
26a, b), in the cartilage primordium of the vertebral body (Fig. 26a’, b’) and to a lesser extent in
the lung epithelium (Fig. 26a’’, b””), in agreement with previous publications (Kou et al., 2013;
Musa et al., 2019). However, targeted Gpri26 deletion in cartilaginous tissues using the Col2-
Cre driver is compatible with embryo survival (Kou et al., 2013), and no lung phenotype has been
described in Gpri26 knockout mutants, suggesting that loss of Gpri26 in these tissues does not

6A 7/47

underlie the embryonic lethality of Gpri2 mutants.

It has been previously shown that Gpri26 is expressed in the trophoblast giant cells (TGC)
of the mouse placenta, by examination of B-galactosidase expression in the GPR126"*“ knock-in
mice (expressing a LacZ reporter gene under the control of the GPR126 promoter) (Waller-Evans
etal., 2010). For a more detailed analysis, we also examined the spatiotemporal expression pattern
of Gpri26 in the extraembryonic tissues at different developmental stages by ISH analysis. At
E9.5, we detected expression in the Spa-TGC lining maternal blood vessels within the decidua
(Fig. 28A, a, B, b), in the P-TGC that delineate the implantation site (Fig. 27a’, b’) and in the S-
TGC lining maternal blood sinusoids within the labyrinth layer of the placenta (Fig. 27a’’, b™").

A similar expression pattern to that at E9.5 was observed at E10.5, but showing higher levels of
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transcription and scattered staining in the SpT layer (Fig. 27C-d’’). Later in development, at
E11.5, Gpri26 expression was maintained in the same cell types (Fig. 27E, {’), and also found
in the C-TGC surrounding maternal canal spaces within the labyrinth at the base of the placenta
(Fig. 27¢”’, ’, white arrowheads) and passing through the junctional zone (Fig. 27¢’”", {*”, white

arrowheads).

Taken together, we found that Gpri26 is expressed in the SpT layer and the four TGC
subtypes of the mouse placenta, pointing out a potential association between placental Gprl26

function and embryonic development.

100 um

Figure 26. Analysis of Gpr126 expression pattern in the mouse embryo. (A-a’’) H&E-stained
sagittal sections of an E12.5 WT embryo. High power magnification views corresponding to the
boxed areas are displayed on the right, as insets of the heart (a), vertebral bodies (a’) and lungs
(@”’). (B-b>’) ISH of Gpri26 on sagittal sections of an E12.5 WT embryo. High power
magnification views corresponding to boxed areas are displayed on the right, as insets of the heart
(b), vertebral bodies (b’) and lungs (b’’). Scale bars, 100 um (low magnification and insets
excluding b’’); 50 pm (b”’ inset).
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Figure 27. Analysis of Gpri26 expression pattern in the mouse placenta. (A-f’’) H&E
staining (A-a”’, C-¢”’, E-e’*’) and ISH analysis of Gpri26 (B-b’’, D-d”’, F-f>’) on sagittal
sections of E9.5 (A-b”’), E10.5 (C-d’’) and E11.5 (E-f”°) WT placentas. High power
magnification views corresponding to boxed areas are displayed on the right, as insets of the Spa-
TGCs (a-f, where gene expression is indicated with black arrowheads), P-TGCs (a’-f’, where
gene expression is indicated with black arrows), S-TGC (a”’-f>’, where gene expression is pointed
with black dug arrowheads) and C-TGCs (e’”’-f>*’, where gene expression is shown white dug
arrowheads). Scale bars, 200 pm (low magnification); 50 pm (insets).
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Gpril26expression in the placenta is crucial for embryonic survival

To determine the contribution of the placenta to the Gpri26*”*" lethal phenotype and
specifically dissect the role of Gprl126 in the development of the embryo proper, we bred mice
bearing the conditional Gpr126™* allele with the Sox2-Cre driver line (Hayashi et al., 2002). The
Sox2-Cre promoter drives recombination in the epiblast cells that give rise to the entire embryo,
as well as in the extraembryonic mesoderm that forms the fetal vasculature in the placental
labyrinth, but not in the trophoblast-derived cells of the placenta nor the visceral yolk sac
endoderm (Hayashi et al., 2002; Tallquist and Soriano, 2000). Thus, we initially crossed
Gpr126™" females with Gpr126"*; Sox2"" males to produce an embryonic-specific deletion of
Gprl26, while leaving heterozygous expression in the extraembryonic trophoblast compartment
(Fig. 28A). If placental defects were the cause of Gpri26?7%” embryonic lethality, we would
expect survival of the Gpri265°7; Sox2*"* offspring past E12.5, a stage when the standard
knockout is already dead. Indeed, 73% of these mutants were viable beyond E12.5 and 64%
survived to birth (Suppl. Table 16). However, mutant pups associated with a heterozygous
placenta were distinguishable by their smaller size, stiff joint contractures of the forelimbs and
hindlimbs, and the inability to maintain the balance (Fig. 28B), a phenotype that resembled that
of Gpri126™#4% mutants (Fig. 13G). Histological analysis of mutant embryonic hearts at E16.5
revealed no evidence of morphological defects (Fig. 28C-D’”). Examination at postnatal stages
(P1) also showed normal heart structure, but the global size appeared to be reduced compared to
heterozygous siblings (Fig. 28E-F’"), likely because mutant embryos are also substantially
smaller. These results demonstrated that embryonic Gprl126 function is essential for peripheral

nervous system development, whilst its extraembryonic function sustains embryonic progression.

To confirm these results, we took advantage of the different Cre recombination activity
depending on whether it is transmitted from the female or the male parent. In contrast to the
paternal inheritance of the Sox2-Cre transgene, the maternal transmission leads to Cre activity in
all the progeny, including extraembryonic tissues, since the Cre is active in the female germline
and the encoded protein can persist in the early embryo (Hayashi et al., 2003) (Fig. 28G).
Accordingly, the reciprocal cross of Gpr126™" males with Gpr126"*; Sox2*"* females generates
null animals lacking Gpr126 expression in both embryonic and extraembryonic tissues, regardless
of the presence of the Cre transgene. As a result, the percentage of expected homozygous mutants
is increased from 25% to 50%. As predicted, we observed that homozygous offspring for the
Gpr126™ allele (referred to as Gpri268°%° owing to global recombination), phenocopied
standard Gpr/26*”*"mutant embryos and did not survive past E12.5 (Suppl. Table 17). Only 2
out of 10 homozygous embryos lacking the Cre transgene were found alive at E15.5, presumably

due to variable post-zygotic transmission of the Cre protein between littermates.
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Figure 28. Dissection of embryonic and trophoblast-induced effects of Gpr/26 mutation. (A)
Schematic representation of the embryonic and extraembryonic genetic constitution of Gpr126"";
Sox2-Cre embryos when the Sox2-Cre transgene is inherited paternally. The Cre is active in the
epiblast and extraembryonic mesoderm, but not in the trophoblast nor the visceral yolk sac
endoderm. (B) Images of Gpr1265°/" and Gpr126X°7; Sox2-Cre animals at P1. Arrowheads point
to joint contractures in the forelimbs and hindlimbs of the mutants. (C-D’’) H&E staining of
transversal heart sections from Gpri265°/" (C-C*’) and Gpr1265°”; Sox2-Cre mutant embryos
(D-D*’) at E16.5. (E-F’) H&E staining of transversal heart sections from Gpr126X°/ (E-E**) and
Gpr126597: Sox2-Cre mutant embryos (F-F*) at P1. Boxed areas of the right ventricle are
magnified in (), and boxed areas of the left ventricle are shown in (*). ivs, interventricular
septum; la, left atrium; lv, left ventricle; mv, mitral valve; ra, right atrium; rv, right ventricle; tv,
tricuspid valve. Scale bars, 100 um. (G) Schematic showing the breeding strategy to obtain
GPRI12699F"; Gpri26°747; Sox2“"** embryos. The parental origin of the Cre transgene will
determine whether GPRI126%°F overexpression takes place only in the epiblast (paternal
inheritance) or widespread in embryonic and extraembryonic tissues (maternal inheritance).

To support the notion that Gpr126 is required in the mouse placenta, we investigated whether
transgenic overexpression of GPRI26 in the epiblast-derived cells failed to rescue the lethal
defects of Gpr126°”%” mutants. To this end, we bred double heterozygous R26-GPR1269°F*;
Gpr126°”" females to double heterozygous Gpri267*; Sox2*" males, and contrariwise, to
obtain R26-GPR126%°"*; Gpri126"77; Sox2“"* embryos. In the Gpr126"”” mutant background,

offspring inheriting Sox2-Cre paternally will overexpress R26-GPRI126%°F

in the embryo,
whereas maternal inheritance will allow overexpression also throughout the trophoblast-derived
cells of the placenta (Fig. 28H). No viable heterozygous GPRI26°°"" embryos associated with a
Gpr126*7“7 mutant placenta were recovered beyond E12.5 (Suppl. Table 18), indicating that
abrogation of Gpri26 expression in the trophoblast lineage accounts for the lethality of
Gpr126*7%7 embryos. Although the opposite mating is still ongoing, we speculate that
heterozygous GPR1269°* embryos associated with a heterozygous GPRI126°°"* placenta will
develop normally and survive to birth, so that that Cre-mediated restoration of GPRI126 levels in
the trophoblast lineage would rescue the lethal embryonic condition of the Gpri26*7“” animals,

while its expression in the epiblast lineage would prevent myelination defects distinctive of these

mutants.

Collectively, these data demonstrate that loss of Gpri26 expression in trophoblast cells

6A 7/47

underlies the embryonic lethality and secondary heart defects of Gpri2 null mutants.
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Gpri126is required for glycogen accumulation in the placenta

Expression of Gpri26 in the trophoblast lineage of the placenta and embryonic lethality
resulting from loss of Gprl26 function in this organ demonstrates that Gpr126“7“7 lethality is
associated with a defective placenta. To address how Gpr126 signaling contributes to placental

development, we first examined the morphology of Gpri126*7*

mutant placentas at E11.5, before
embryonic death occurs. Histological examination by H&E revealed grossly normal organization
of the three main layers of the mature placenta: the outer maternal decidua basalis, that contains
spiral arteries providing maternal blood to the placenta, the junctional zone consisting of SpTs,
GlyTs and P-TGCs that line the implantation site, and the innermost labyrinth, the main site of

nutrient and gas exchange between fetal and maternal blood compartments (Fig. 29A-B).

One of the main functions of the junctional zone is to act as an energy supplier for the
embryo, through the accumulation of glycogen deposits in the cytoplasm of GlyT cells. Thus, we
next evaluated the energy storage capacity of Gpr/26*”%” mutant placentas using Periodic acid—
Schiff (PAS) staining, which allows visualization of glycogen deposits in magenta. At E11.5,
PAS-positive areas were abundantly observed throughout the junctional zone and forming
wrapping layers around maternal spiral arteries in the decidua (Fig. 29C, D). At higher
magnification, we also detected a large number of glycogen granules in the cytoplasm of small
round cells in the decidua (Fig. 29C°, D’), and clusters of GlyT all along the junctional zone,
clearly recognizable by their “foamy” appearance due to the presence of large vacuoles storing
glycogen (Fig. 29C”’, D”’). Since the boundary between the junctional zone and the PAS-negative
labyrinth was clearly defined with this staining, we quantified the PAS-positive area in the outer
placental zone, which encompass the junctional zone and the maternal decidua, and found it
significantly decreased in Gpr126°7%” mutants (Fig. 29E). These results indicate that placental
glycogen storage is impaired in Gpr/26?”%” mutants, likely reflecting that Gpr126 signaling is

essential for normal differentiation and invasion of GlyT cells.


https://www.sciencedirect.com/topics/medicine-and-dentistry/cytoplasm
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Figure 29. Analysis of Gpri267747 placentas by H&E and PAS staining. (A-D”’) H&E
staining (A, B) and PAS staining (C-D”’) of E11.5 Gpri26™* and Gpr126*77 sagittal placental
sections. The black dotted lines delineate the different placental layers. (C’°, D’) Insets of the
maternal decidua, in which cytoplasmatic glycogen stores are indicated with arrowheads. (C”’,
D’’) Insets of the junctional zone, in which vacuolated glycogen stores are indicated with arrows.
Scale bars, 200 um (low magnification); 50 pm (insets). DB, decidua basalis; JZ, junctional zone;
L, labyrinth; OZ, outer zone; P-TGC, parietal trophoblast giant cells; SpT, spongiotrophoblast.
(E) Quantification of the PAS-stained glycogen trophoblast area in relation to the total outer zone
(OZ) area, which includes the junctional zone and the maternal decidua, in E11.5 Gpri26™* and
Gpri126*7%7 placentas. Data are represented as mean + SD (n=3 Gpri26”" and 4 Gpri126*7%7
placentas). Statistical significance was determined by unpaired Student's #-test (*P < 0.05).
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Gpri26°727 mutant placentas show maternal vascular abnormalities in the

labyrinth

The labyrinth zone is the site of nutrient and gas exchange between maternal and fetal
circulatory systems and relies on a delicate balance between fetal metabolic demands and the
capacity of the placenta to meet that need. Defects in labyrinth formation and disruption of this
balance stand out as a leading cause of placental failure and fetal growth restriction and death
(Watson and Cross, 2005; Woods et al., 2018). The crucial role of the labyrinth layer for
sustaining embryonic development, together with Gpri26 expression in the S-TGC within this

6717 mutant placentas.

compartment, prompted us to examine the labyrinth organization of Gpri2
Immunostaining for endomucin, labeling fetal endothelial cells, revealed an intricate vascular
branching at E12.5 similar to WT littermates (Fig. 30A-B’’), indicative of normal invasion and
branching of the fetal vasculature. However, closer examination showed an aberrant labyrinth
architecture in Gprl26*7“” mutants concerning maternal vascular abnormalities (Fig. 30A°, B’).
The plasma membrane marker WGA (Wheat germ agglutinin) facilitated visualization of
maternal blood sinusoids, which contained small enucleated erythrocytes, and their distinction
from fetal blood vessels, which are endomucin-positive and comprise nucleated red blood cells
(Fig. 30A”’, B”"). In contrast to the compact and continuous intermingle of maternal and fetal
blood spaces observed in the labyrinth of WT placentas, maternal blood sinusoids were
significantly enlarged in the mutants (Fig. 30A’, B’, C). However, the overall distribution and
shape of fetal vessels appeared to be similar in control and mutant placentas (Fig. 30A”’, B’*, D).

The increase in the size of maternal sinusoids may diminish the surface area available for material

exchange between maternal and fetal blood niches.

For the overall visualization of blood pools in the placental labyrinth, we injected the
fluorescent dye rhodamine 123 into pregnant females and analyzed the fluorescence intensity
derived from dye accumulation in WT and mutant placentas at E10.5, prior to embryonic lethality.
Gpr126°”* placentas displayed an increase of blood accumulation in the labyrinth leading to large
opaque areas, whereas control placentas presented disperse blood spots allowing greater
fluorescence intensity (Fig. 30E, F, G). Altogether, these data indicate that Gpr126 plays a role in

the organization of the trophoblast-lined maternal sinusoid spaces during placental development.
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Figure 30. Analysis of placental labyrinth architecture in Gpr1264”74” mutants. (A-B’’) IHC
of E12.5 Gpri26"" (A) and Gpri26*77 (B) sagittal placental sections showing endomucin
(green) expression in fetal endothelial cells of the labyrinth. Sections were counterstained with
WGA (white) and DAPI (blue). Higher magnification views of boxed areas are shown in (°) and
(>’). The white dotted lines in (A, B) separate the junctional zone from the labyrinth. Scale bars,
100 pm (low magnification); 50 pm (insets in A’’, B*”). JZ, junctional zone; L, labyrinth. (C-D)
Quantification of the maternal sinusoid area (C) and the fetal vessel area (D) in relation to the
total placental labyrinth area (ratio) in E12.5 Gpri26"* and Gpri26"7%7 placentas. Data are
represented as mean + SD (n=4-5 Gpr126"* and 4 Gpr126°7“” placentas). Statistical significance
was determined by unpaired Student's #-test (ns, not significant; **P < 0.01). (E-F) Whole-mount
images of intracellular accumulation of rhodamine 123 in the labyrinth of Gpri26"* (E) and
Gpri126*747 (F) placentas at E10.5. Scale bar, 1 mm. (G) Quantification of rhodamine 123
fluorescence intensity (AU) in E10.5 Gpr126™" and Gpr126747 placentas. Data are represented
as mean = SD (n= 7 Gpri26”" and 2 Gpri26°”*” placentas). Statistical significance was
determined by unpaired Student's ¢-test (*P < 0.05).
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Placental transport is unaffected in Gpr126*727 placentas

To determine whether maternal sinusoids expansion accounted for an inefficient exchange
of gases between oxygenated maternal blood and deoxygenated fetal blood, we assessed hypoxia
levels in Gpr126°77 placentas using the Hypoxyprobe staining. Pimonidazole immunostaining
revealed the SpT layer of the junctional zone as the main hypoxic area, although widespread
positive staining was also found in the P-TGC layer and the decidua (Fig. 31A-B’), in agreement
with previous publications (Dunwoodie, 2009). However, the comparison between WT and
Gpr126°”*” mutant placentas yielded no significant differences in the intensity levels (Fig. 31C)
nor the positive area of stain (Fig. 31D), indicating that oxygen delivery to the embryo is not

impaired.

Besides oxygen, we also evaluated the maternal-fetal nutrient transport. Glucose is the
primary nutrient required for fetal growth, and its uptake from the maternal circulation relies on
placental glucose transporters (Winterhager and Gellhaus, 2017). Thus, we analyzed GLUT]1
protein expression in mutant placentas, which is the predominant isoform expressed during
pregnancy in mice (Das et al., 1998). At E12.5, GLUT1 protein was ubiquitously expressed in the
GlyTs invading the decidua, which act as a source of stored energy (Coan et al., 2006), in the
SpTs of the junctional zone, and in the two syncytiotrophoblast layers (I and II) of the labyrinth,
which mediate trophic exchange between fetal and maternal bloodstreams (Dupressoir et al.,
2009) (Fig. 32A-B’). Protein levels appeared to be similar in WT and mutant placentas, suggesting

that embryonic lethality is not associated with a reduction in the glucose transport capacity.

Then, we measured transplacental passage efficiency by injecting pregnant females with the
fluorescent dye rhodamine 123 and examining embryo fluorescence after two hours. Gpr126%”47
mutants exhibited similar levels of dye accumulation than WT siblings at E11.5, reinforcing the
idea that the labyrinth defects observed in Gpr126?7%” mutants do not alter the transfer capacity
of the placenta (Fig. 32C, D, E). To further corroborate this, we analyzed the expression levels of
key markers expressed in the interhaemal membrane, the specialized interface that mediates
selective and bidirectional exchange between the fetal and maternal circulations. From the
maternal to the fetal side, it consists of a layer of S-TGCs lining maternal sinusoids (cathepsin Q,
Ctsq-positive), two layers of syncytiotrophoblast, being SynT-I (syncytin a, Syna-positive) and
SynT-II (syncytin b, Synb-positive), and an endothelial cell layer of the fetal blood vessels
(mesoderm specific transcript, Mest-positive) (Woods et al., 2018) (Fig. 32F). Indeed, qRT-PCR
analysis revealed no differences in gene expression for all these markers between WT and

Gpr126*7%7 placentas (Fig. 32G), likely reflecting an adequate placental transport.
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Figure 31. Analysis of placental hypoxia in Gpri26?”4” mutants. (A-B’) Hypoxyprobe
labeling (red) of E12.5 Gpri26™* (A, A’) and Gpri26°747 (B, B’) sagittal placental sections.
Sections were counterstained with endomucin (green) and DAPI (blue). Higher magnification
views of boxed areas are shown on the right (°). The white dotted lines in (A, B) delineate the
decidua (D), junctional zone (JZ) and labyrinth (L) layers. Scale bars, 200 um. (C, D)
Quantification of Hypoxyprobe mean thresholded intensity levels (AU) (C) and of the area
occupied by the Hypoxyprobe positive staining as a proportion of the total placental area (ratio)
(D) in E12.5 Gpri26"* and Gpri26*7“7 placentas. Data are represented as mean + SD (n= 3
Gpr126"* and 3 Gpri26777 placentas). Statistical significance was determined by unpaired
Student's ¢-test (ns, not significant).
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Figure 32. Analysis of placental nutrient transport in Gprl26?”74” mutants. (A-B’) IHC for
the glucose transporter GLUT1 (red) and the endothelial marker endomucin (green) of E12.5
Gpri26"* (A, A’) and Gpri26*747 (B, B’) sagittal placental sections. DAPI was used for
counterstaining (blue). Higher magnification views of boxed areas are shown beneath in (*). The
white dotted lines in (A, B) delineate the decidua (D), junctional zone (JZ) and labyrinth (L)
layers. Scale bars, 200 um. (C, D) Whole-mount images of the transplacental passage of
rhodamine 123 in E11.5 Gpri26™* (C) and Gpri26"747 (D) embryos. (E) Quantification of
rhodamine 123 fluorescence intensity (AU) in E11.5 Gpri26"* and Gpri126%747 embryos. Data
are represented as mean + SD (n= 6 Gpri26™* and 3 Gpri26"7“7 embryos). Statistical
significance was determined by unpaired Student's #-test (ns, not significant). (F) Cartoon
illustrating the interhemal barrier separating fetal blood vessels (containing nucleated red blood
cells) and maternal sinusoids (filled with anucleated red blood cells). EC, endothelial cells; SynT-
11, syncytiotrophoblast II; SynT-I, syncytiotrophoblast I; S-TGC, sinusoidal trophoblast giant
cells. (G) qRT-PCR showing relative gene expression of the fetal endothelial marker Mest, the
syncytiotrophoblast markers Syna and Synb, and the S-TGC marker Ctsq shown in (F) from E11.5
Gpr126™" and Gpri26?7%7 placentas. B-actin was used as a housekeeping gene. Data are means
+ SD (n= 3 WT and 3 mutant placentas). Statistical significance was determined by unpaired
Student's ¢-test (ns, not significant).

Gpri126*72” mutants show downregulation of placental cathepsins

Because Gpri26 is expressed in the four TGC subtypes and the SpT, we next asked whether
Gprl126 signaling was instrumental for the development and/or differentiation of these placental
cell populations, each having specialized functions during pregnancy. By E12.5, these trophoblast
cells can be readily distinguished by their spatial localization and gene expression profiles
(Simmons et al., 2007) (Fig. 33A). Thus, to study the effect of Gpr/26 mutation on the
differentiation of the trophoblast lineage, we conducted a comprehensive gene expression analysis

of known cell-type-specific markers in Gpr126°”*” placentas.

First, we confirmed by gqRT-PCR the downregulation of GprI26 transcripts in Gpr126*7*’
mutant placentas (Fig. 33B). Next, we examined the expression levels of several hormones and
cytokines that are produced by TGCs for the maintenance of the fetal-maternal interface and
regulation of maternal adaptations to pregnancy. Some members belong to the prolactin (also
known as placental lactogen or prolactin-like protein gene family (PRL/PL/PLP) (Wiemers et al.,
2003), like Pri8a?2 (also termed decidual trophoblast prolactin-related protein, Ditprp), which is
located in the uterine decidua; Pri2c2 (also termed proliferin, PIf), which is expressed by Spa-
TGCs and C-TGCs; Pri3bl (also termed placental lactogen 2, PI2), which is expressed by P-, C-
and S-TGCs; Pri3dl (also termed placental lactogen 1, PII), which is confined in the P-TGCs;
and Pri7b1 (also termed prolactin-like protein N, PlpN), which is expressed by invasive GlyT
and Spa-TGCs (Croy et al., 2014; Simmons et al., 2007; Simmons et al., 2008b). Of them, only
Pri7b]l was downregulated in Gpri26"7“7 placentas (Fig. 33B). Since Pri7blis uniquely
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expressed by invasive trophoblast cells involved in maternal spiral artery remodeling (Simmons
et al., 2008b) and placental-associated adaptations to physiological stressors (Bu et al., 2016),

these results suggest a defect in maternal vascular remodeling and sensing pregnancy quality.
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Figure 33. Gene expression analysis by qRT-PCR of trophoblast-subtype associated
markers in Gprl267747 placentas. (A) Cartoon illustrating the main structures and cell types of
a WT E12.5 mouse placenta and the key marker genes that are expressed in each cell type. Note
that family members of the trophoblast giant cell-expressed “prolactin/placental
lactogen/prolactin-like protein” genes are also known as follows: Pri3dI=Pl1, Pri3b1=PI2,
Pri2¢2=PIf, Pri8a2=Ditprp, Pri7b1=PIpN. Spa-TGC, spiral artery-associated trophoblast giant
cell; GlyT, glycogen trophoblast cell; P-TGC, parietal trophoblast giant cell; C-TGC, canal
trophoblast giant cells; S-TGC, sinusoidal trophoblast giant cells. (B) qRT-PCR showing relative
gene expression of key markers shown in (A) from E11.5 Gpri126™* and Gpri26747 placentas.
B-actin was used as a housekeeping gene. Data are means = SD (n= 3 WT and 3 mutant
placentas). Statistical significance was determined by unpaired Student's f~test (ns, not
significant; **P < 0.01; ***P < (.001).

We also examined placental-specific cathepsins, which are a family of cysteine proteases
that are mainly involved in extracellular matrix remodeling and invasion (Rawn and Cross,
2008). Strikingly, Cts7 and Cts8, which are expressed in giant cells that are in direct contact with

maternal arteries (Spa-TGCs), show a dramatic decrease of mRNA levels in Gpr126°7?” placentas
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compared to WT littermates (Fig. 33B). Since the junctional zone underpins the major origin of
progenitors for invasive trophoblasts, we evaluated expression levels of the SpT marker Mash?2
(also known as Ascl?2), the GlyT marker Pcdhl2, and the whole junctional zone marker Tpbpa.

However, no significant changes were observed in the mutant placentas (Fig. 33B).

Then, to discard the possibility that Gpri26 deletion affected the spatial localization of
trophoblast subtype markers rather than the expression levels, we examined Pri2c2, Mash2,
Pcdhi2 and Tpbpa transcripts by ISH analysis on placental sections from E11.5 WT
and Gpr126*7%” mutants. Staining of invading SpA-TGCs by Pri2c2 revealed thinner spiral

6747 placentas, while expression in

arteries in the decidua close to the junctional zone in Gpri2
the C-TGCs appeared to be similar WT littermates (Fig. 34A-B’). The junctional zone,
distinguished by expression of Tpbpa (Fig. 34C-D”), and specifically the SpT, detected by Mash?2
(Fig. 34E-F’), showed normal patterning in WT and mutant placentas. At E11.5, Mash2
expression was also detected in the labyrinth trophoblasts (Fig. 34E-F’). Interestingly, we
detected that the distinctive wrapping of WT Pcdhli2-positive GlyT cells around maternal blood
spaces was reduced in Gpri26"7?” placentas (Fig. 34G-H’). Hence, mutant GlyT showed a
patchy-like distribution, in contrast to the highly organized layered pattern of WT GlyT. This
observation was especially noticeable in the decidua, around maternal spiral arteries (Fig. 34G’,

H’). As expected, Gpr126 expression was markedly reduced in Gpr126“7“” mutant placentas (Fig.
341T).

Altogether, our marker gene expression analyses indicate that Spa-TGCs are the only

6747 placentas. In particular,

trophoblast subtype exhibiting aberrant gene expression in Gpri2
the dysregulation of placental cathepsins Cts7 and Cts8, which are critical for the remodeling of
maternal spiral arteries during pregnancy, suggest a potential requirement of Gpri26 in

controlling this process.
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Figure 34. Gene expression analysis by ISH of trophoblast-subtype associated markers in
Gpr126*747 placentas. (A-J’) ISH of Pri2c2/Plf (A-B’), Tpbpa (C-D’), Mash2/Ascl2 (E-F’),
Pcdhl2 (G-H’), and Gpri26 (I-J’) on sagittal sections of E11.5 Gpri26"* and Gpri26747
placentas WT placentas. High power magnification views corresponding to boxed areas are
displayed on the right (°). Arrowheads in (A’, B’) indicate Pri2c¢2-positive Spa-TGCs; arrows in

(G’) point to multi-layered expression of Pcdh-12-positive Spa-TGCs; asterisks in (H’) indicate
patchy expression of Pcdhl2. Scale bars, 200 pm.
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Gpri126°77 placentas show downregulation of the preeclampsia marker Mmp9

Pregnancy success entails a synchronized cross-talk between the invading fetal trophoblasts
and maternal endometrial cells (Croy et al., 2014). This paracrine dialogue involves a fine
regulation of a wide range of molecules, and signaling disturbance can lead to pregnancy
disorders, like preeclampsia (McMaster and Fisher, 2003). In women, a two-stage disease model
has been proposed to describe the pathogenesis of preeclampsia. The first stage involves poor
trophoblast invasion, the incomplete vascular remodeling of spiral arteries from small, high-
resistance vessels into large, high-capacitance vessels, and the creation of a hypoxic environment.
The second stage is manifested as a systemic inflammatory response, endothelial dysfunction,
maternal hypertension and proteinuria (Chaiworapongsa et al., 2014; Sones and Davisson, 2016).
Thus, to explore whether typical features of preeclampsia were manifested in Gpri26?7%

mutants, we examined by qRT-PCR the expression levels of a panel of genes previously

associated with this syndrome.

First, we focused on the invasive and vascular remodeling capacity of fetal trophoblasts,
which depends on the activity of different extracellular proteases, such as matrix metalloproteases
(MMPs), ADAMSs and cathepsins. Mmp2 and Mmp9 are the most abundant gelatinases expressed
during trophoblast invasion in humans in early and middle pregnancy, respectively, and reduced
expression of Mmp9 is associated with preeclampsia in mice and humans (Plaks et al., 2013;
Shokry et al., 2009). Although Mmp2 was expressed at extremely low levels at E11.5 (data not
shown), Mmp9 was significantly downregulated in Gpr/26*7"” mutant placentas (Fig. 35A),
indicating a defect in the remodeling of maternal spiral arteries. On the other hand, Adamli7,
whose expression is induced by oxidative stress in preeclamptic placentas (Ma et al., 2011), is
normally expressed in our mutants (Fig. 35A). Because invasive trophoblast and decidua cells
also express protease inhibitors, such as tissue inhibitors of metalloproteinases (TIMPs) and
cystatins (Cts), which are cathepsin inhibitors, we also assessed their transcript levels. In this case,
preeclampsia associates with high expression of the inhibitors, resulting in the downregulation of
their targets (Gutiérrez et al., 2020). However, Cst3 (cystatin C), Serpinel (serine peptidase
inhibitor, clade E, member 1), and Timp (tissue inhibitor of metalloproteinase 1) were normally

expressed in mutant placentas compared to their WT siblings (Fig. 35A).

Second, we evaluated the expression levels of several immunomodulators, whose production
is altered in preeclampsia due to (at least in part) hypoxia (Keelan and Mitchell, 2007), like the
proinflammatory cytokine interleukin lalpha (/L-/a) and the chemokine (C-X-C motif) receptors
4 (Cxcr4) and 7 (Cxcr7). We did not detect differences between WT and mutant placentas (Fig.
35B). Beyond the inflammatory process, preeclampsia also results in endothelial dysfunction.

Placental secretion of endogenous circulating anti-angiogenic factors, such as soluble forms of
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vascular endothelial growth factor receptor 1 (sVEGFR1) and endoglin (sSENG), is upregulated in
preeclampsia. On one hand, sVEGFR1 binds and neutralizes the proangiogenic effect of vascular
endothelial growth factor (VEGF-A) and placental growth factor (PGF), by reducing their
bioavailability and preventing their interaction with endogenous receptors (Kendall and Thomas,
1993). On the other hand, sEng does likewise by binding to TGF-B1 (Venkatesha et al., 2006).
Decreased VEGF-A, PGF, and TGF-B1-mediated signaling results in the downregulation of the
endothelial nitric oxide synthase (eNOS), which is responsible for the production of nitric oxide,
a potent vasodilatory factor necessary for the maintenance of endothelial function and integrity
(Sanchez et al., 2014; Wang et al., 2009). These alterations lead to impaired endothelium-
dependent vasorelaxation and increased endothelial permeability, clinically manifested as
hypertension and proteinuria, respectively (Khan et al., 2005). However, all these preeclampsia
markers did not show significant changes in Gpr126%”%” placentas compared to WT littermates

(Fig. 35C), suggesting normal vascular homeostasis at E11.5.

Finally, we analyzed the expression levels of some genes recently reported to be
dysregulated in placenta samples from women with preeclampsia due to abnormal placental
imprinting, including distal-less homeobox 5 (DIx5), GATA binding protein 3 (Gata3) and
apolipoprotein B mRNA editing enzyme, catalytic polypeptide 2 (4dpobec?2) (Zadora et al., 2017).
None of the genes was dysregulated either in Gpr126?”*” placentas (Fig. 35D).

In summary, our gene expression analysis of factors known to play a role in preeclampsia

revealed the specific downregulation of Mmp9 transcripts in Gpri267747

placentas. This result,
along with the pronounced downregulation of placental cathepsins Cts7 and Cts8, suggests that
Gprl26 is implicated in the invasive behavior of trophoblast giant cells and the remodeling of the

uterine vasculature by controlling the expression of extracellular proteases.
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Figure 35. Gene expression analysis of preeclampsia markers in Gpr1264747 placentas. (A-

D) qRT-PCR showing relative gene expression of known preeclampsia-associated factors, like

proteases and protease inhibitors (A), cytokines and chemokine receptors (B), angiogenic/growth
factors (C), and imprinted genes (D) in E11.5 Gpri126™* and Gpr126°7?” placentas. B-actin was
used as a housekeeping gene. Data are means £ SD (n= 3 or 4 WT and 3 mutant placentas).

Statistical significance was determined by unpaired Student's #-test (ns, not significant, *P <

0.05).
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The results of this doctoral thesis describe a previously unknown role for Gprl26 in the
development of the mouse placenta. Previous studies reported its essential function in the
peripheral nervous system and heart development in zebrafish and mice (Monk et al., 2009; Monk
etal., 2011; Patra et al., 2013; Petersen et al., 2015; Waller-Evans et al., 2010). Although gpr126
loss of function is compatible with embryo survival in zebrafish (Diamantopoulou et al., 2019;
Geng et al., 2013; Leon et al., 2020; Liebscher et al., 2014; Monk et al., 2009; Paavola et al.,
2014; Petersen et al., 2015), deletion in mice leads to embryonic lethality, and heart defects were
thought to be the major cause of death (Monk et al., 2009; Patra et al., 2013; Waller-Evans et al.,
2010). Here, we demonstrate that cardiac abnormalities associated with global Gprl26
inactivation are secondary defects and arise as a result of placental insufficiency, thus highlighting
the existence of a critical placenta-heart axis (Camm et al., 2018; Hemberger and Cross, 2001).
Using conditional loss-of-function and gain-of-function analysis, we show that heterozygous and
homozygous embryos associated with Gpri26 null placentas are dead after E12.5, like global
knockouts, while homozygous embryos with a heterozygous placenta survive to birth. Thus,
restoring Gpr126 function in the trophoblast lineage is sufficient to rescue the embryonic lethality
of homozygous mutants, which does not occur because of heart defects. Instead, heart defects
arise as a consequence of abnormal placental development and function. Interestingly, the
adhesive CUB and PTX domains within the NTF, encoded by exons 3 and 4, are dispensable for
this extraembryonic function, but critical in the embryo for PNS myelination. Besides, our data
demonstrate that Gprl26 is dispensable for heart development not only in mice but also in
zebrafish. Strikingly, larvae bearing a homozygous deletion in the gpri26 promoter or a PTC in
exon 10, survive to adulthood and do not exhibit trabeculation defects as it was previously
described in morphants (Patra et al., 2013). In contrast, they have swollen ears, resembling other

previously characterized gpri26 zebrafish mutants.

We report Gpri26 expression in the SpT and the four different TGC subtypes (Spa-TGCs,
P-TGCs, C-TGCs, and S-TGCs) of the mouse placenta, and provide evidence for its role in the
organization of the maternal blood spaces in the labyrinth, and vascular remodeling in the decidua.
Hence, maternal sinusoids were abnormally enlarged in Gpri26-deficient placentas, resulting in
enhanced accumulation of maternal blood in the labyrinth. This phenotype is accompanied by
impaired maternal spiral artery remodeling, supported by the downregulation of different
extracellular proteases, such as Mmp9 and placental cathepsins Cts7 and Cts8, and the abnormal
distribution of GlyT around maternal spiral arteries, which leads to the persistence of vascular
smooth muscle cells in their walls. It is well established that incomplete vascular remodeling of
the uterine spiral arteries by trophoblasts is a crucial contributing factor to preeclampsia, a major
complication of pregnancy, albeit the exact pathophysiology of this syndrome remains poorly

understood. Thus, our results support Gpr126 as a key regulator of spiral artery remodeling in the
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placental bed, whose expression is a prerequisite for normal protease function and maternal
physiological adaptation to pregnancy. Consistent with our findings, a recent publication reported
that GPR126 expression was altered in pre-eclamptic human placentas (Zadora et al., 2017),
which provides significant value to this mouse model not only for investigating and expanding
the current knowledge about the etiology of preeclampsia, but also for the potential therapeutic

implications in human disease.

The major findings and relevant suggestions drawn from this research are addressed in

greater detail in the following subsections.

The CUB and PTX domains of Gpri26 are essential for PNS development in mice

Although the majority of Gpri26 studies have been carried out using the zebrafish model,
Kelly Monk’s group characterized for the first time the role of Gpri26 in myelination and other
aspects of peripheral nerve development in mammals. Using Gpri26 knockout mice from
Lexicon/Taconic, in which exons 3 and 4 (termed 2 and 3 in the original publication) are replaced
by a B-geo-puromycin selection cassette, only 7.8% of homozygous mutants survived to birth.
These pups were distinguishable from their WT and heterozygous littermates by abnormal joint
contractures of the forelimbs and hindlimbs, uncoordinated locomotion, and died between P8 and
P16 (Monk et al., 2011). Interestingly, GprI26*#43# mutants recapitulate the same phenotype as
early as birth but were viable during embryonic development. Contracted joints were apparent in
the limbs, leading to mobility difficulties, but also in the jaw, thus impeding proper feeding. To
prevent animal suffering, mutant pups were sacrificed at P2 at the latest, and the postnatal period
of lethality could not be determined. Since both mouse models have been obtained on the same
mixed background (129/SvEv-C57BL/6), the differences in the Gpri26 targeting strategy might
explain why Gpri26*** deletion is not embryonically lethal and mutant mice are born in the
expected Mendelian ratios. Unlike the Gpr/26” mutant allele from Lexicon Pharmaceuticals,
which is a null allele due to the insertion of a selection cassette, the Gpr126***allele lacks exons
3 and 4, likely encoding a shorter truncated protein without the CUB and PTX domains. As
expected, Gpr126™"; Sox2-Cre mutant pups, in which Gpr126 expression has been ablated in the
epiblast derivatives contributing to the embryo, phenocopied the same joint stiffness defects.
Since embryonic lethality of global Gpri26 null knockouts is caused by placental dysfunction
(see Discussion subsection below), the fact that constitutive deletion of exons 3 and 4 can
circumvent that embryonic lethality reveals a distinct domain-dependent signaling mechanism in
the embryo and the placenta. Thus, our work confirms the previous finding that Gpr/26 signaling

is essential for myelination in the mammalian PNS, and demonstrates that the CUB and PTX
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domains are essential for this function in the embryo proper, but dispensable in the

extraembryonic tissue for embryonic progression.

Previous findings identified type IV collagen as an activating ligand for Gpr126, which
specifically binds the CUB/PTX-containing region of zebrafish gpr126 in vitro (Paavola et al.,
2014). This interaction results in the activation of gprl26 signaling and a cAMP second-
messenger cascade that serves as a readout of G-protein activation. Since Schwann cell
myelination is dependent on gpr126 activation and the secretion of type IV collagen to the basal
membrane, the authors suggest that they act together to promote myelin synthesis. Nevertheless,
this physical binding has not been detected in vivo. In a different study, ligand testing was
performed using different human IgG Fc-tagged mouse GPR126-NTF constructs on P3 mouse
sciatic nerves (containing Schwann cells), but no binding was detected to the CUB and PTX
containing GPR126 fragment (Petersen et al., 2015). In contrast, they found Laminin-211 bound
C-terminally to the PTX domain, whose interaction with Gprl26 also regulates myelination
during Schwann cell development. Besides, a recent study showed that the large extracellular
domain of zebrafish gpr126 adopts a close conformation where the most N-terminal CUB domain
interacts with the more C-terminal HormR domain. Importantly, the CUB domain contains a
calcium-binding site that is essential to mediate the close conformation of the extracellular region
and gpr126 function in vivo, so that zebrafish mutants for the calcium-binding site show defective
SC and ear development. Our analysis suggests that the regulatory function of the CUB domain
of Gpr126 in peripheral myelination is conserved in mammals. In addition to the in vifro evidence
that type IV collagen is an activatory ligand for Gprl26, a subset of CUB domains from other
proteins coordinate calcium to mediate ligand-binding (Gaboriaud et al., 2011). These
observations raise the question of whether the CUB and PTX domains act as a ligand-binding site
necessary for Gprl26 activation in mammalian Schwann cells, or whether they favor a protein
conformation necessary for ligand binding, or both. Future studies are required to investigate these

possibilities.

Of note, the joint phenotype of Gpri26**#*3* and Gpri26"': Sox2-Cre mutants is
reminiscent of human patients with arthrogryposis multiplex congenita (AMC), as Monk’s group
previously reported for Gpr126” mutants (Monk et al., 2011). AMC is a heterogeneous group of
disorders defined by the presence of congenital joint contractures in two or more areas of the
body, and is sometimes associated with fetal or neonatal death (Ravenscroft et al., 2015). The
incidence is ~1 in 3,000 live births, and it is considered a rare disorder in the National
Organization for Rare Disorders (NORD). Interestingly, loss-of-function mutations in GPRI26
have been identified in three consanguineous families that are affected by lethal AMC, providing
the first evidence that GPRI26 mutations also disrupt myelination in humans (Ravenscroft et al.,

2015). The exact cause of arthrogryposis multiplex congenita (AMC) is not fully understood, but
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is thought to be related to decreased fetal movement in the uterus during development, due to
genetic and environmental factors (multifactorial inheritance). It is conceivable that abnormal
PNS development caused by Gpri26 abrogation could be the trigger of the diminished fetal

6** mouse line could be used

movement, resulting in congenital contractures. Hence, the Gpri2
as a model to explore the pathogenesis of this complex disorder and to facilitate the development
of novel therapeutic approaches in humans. Despite the life span of individuals affected with
AMC is often normal (Dubousset and Guillaumat, 2015), it is appealing that in Ravenscroft et al.
study, all fetuses and newborns carrying homozygous deleterious mutations in GPRI26 were
aborted or dead at birth, concurrent with intrauterine growth retardation or severe preeclampsia
(Ravenscroft et al., 2015). Based on our findings, Gpr126 function in the placenta could apply to
humans and be the reason for fetal death, while embryonic function in PNS development could

be responsible for the AMC disorder. If applicable, this hypothesis would open an avenue for

future research in humans and entails important clinical implications.

Gprl26 is dispensable for heart trabeculation in zebrafish

Previously, it has been suggested that in the heart, the N-terminal fragment of Gprl126 can
function independently of the C-terminal fragment and act in a paracrine fashion to control cardiac
trabeculation in zebrafish (Patra et al., 2013). In contrast, our analysis of gpr/26 mutants
demonstrates that gpr126 is dispensable for zebrafish heart development. In collaboration with
Prof. Didier Stainier, we generated two different gpr126 mutant alleles, the gpr/26”* and the
gpr126"3*. Similar to the Gpr126"” mouse line, the gpr126”3*' knockout allele lacks exons 7
and 8, and harbors a PTC in exon 10. Contrary to mouse mutants, gpri26 transcript is detected in
homozygous gpr126”* zebrafish, raising the possibility that the resulting truncated protein only
contains the signal peptide, CUB and PTX domains. This mutation is comparable to that of
gpr126*%, which introduces a premature stop codon at position 406 (exon 7) without affecting
gene expression (Paavola et al., 2014). The phenotype of homozygous gpri26”** larvae
resemble that of gpr]26%° mutants, hence exhibiting ear defects but normal heart development.
Normal trabeculae are formed at 80 hpf and 100 hpf, when trabeculation is already advanced.
These results raise the possibility that the CUB and PTX domains alone could be sufficient for
heart trabeculation in zebrafish. Nevertheless, the lack of a heart phenotype was also described

for homozygous gpri126™3#

mutants, which lack the promoter region and fail to transcribe
gpr126. El Brolosy et al. recently published that alleles that fail to transcribe the mutated gene
can circumvent transcriptional adaptation mediated by mutant mRNA decay (El-Brolosy et al.,
2019). Thus, the gpri26”* mutant allele will prevent the upregulation of potential
compensatory gene(s) that could assume the function of the mutated gene. However, one might

think that the gpr126”* allele, as it does not lead to mutant mRNA decay, neither will elicit the
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transcriptional adaption response. In any case, disruption of gpr26 expression is also compatible
with heart trabeculation and animal survival, as homozygous mutants reach adulthood and are
fertile. Like other mutant alleles for gpr/26, homozygous mutants could be easily identified by
the “swollen ear” phenotype. Likely, myelination defects are also present in both gpr126"*' and

6bns3 42

gpri?2 mutants, although this has not been examined.

6bns34 1 6bnx342

One explanation for the lack of a heart phenotype in gpri2 and gpri2 zygotic
mutants is the possible maternal function of gpr26. Despite gpri26 is very lowly expressed until
3 dpf (Harty et al., 2015), some phenotypes caused by loss of maternal gene products into the egg
can be manifested beyond the maternal-zygotic transition period (Wagner et al., 2004). This

6st86

hypothesis has been already tested using the gpri2 zebrafish line, and maternal-zygotic

6°56556 mutants also have normal hearts (Paavola et al., 2014). Together with our data, these

gpri2
findings indicate that, in the very hypothetical case that gpr126 is playing a role in zebrafish heart
trabeculation, it is fulfilled by the maternally transmitted CUB and PTX domains of gpr126,

unlike in mice.

Thus, the only evidence for a role of gpr126 in zebrafish heart development is based on
morpholino experiments (Patra et al., 2013). Despite the large number of zebrafish gpr126 mutant
alleles that have been identified or generated, no cardiac defects have been reported
(Diamantopoulou et al., 2019; Leon et al., 2020; Liebscher et al., 2014; Monk et al., 2009; Paavola
et al., 2014; Petersen et al., 2015). These discrepancies between mutants and morpholino-induced
phenotypes do not represent an isolated case. A comparison of published morphant defects with
the Sanger Zebrafish Mutation Project revealed that approximately 80% of morphant phenotypes
were not observed in mutant embryos (Kok et al., 2015). Our findings are consistent with previous
genetic studies interrogating gpr126 function in zebrafish and suggest that heart defects described

in morpholino-injected larvae might be an off-target effect.

The placenta-heart axis underlies cardiac defects in Gpr126 mutant mice

Previous studies with three different constitutive Gpri26 knockout mouse lines have shown
that homozygous deletion leads to embryonic lethality between E11.5 and E12.5 due to cardiac
abnormalities. On one hand, Waller-Evans et al. described a normal ventricular wall in
homozygous mutants at E10.5, which undergoes a pronounced thinning at E11.5, therefore
suggesting that ventricular function was initially normal and might fail under increased load
(Waller-Evans et al., 2010). On the other hand, Patra et al. reported that GprI26 mutant hearts
were characterized by thinner ventricular wall and trabeculac with aberrant mitochondrial
function, and proposed that cardiomyocyte proliferation and differentiation was driven by Gpr126

in the endocardium (Patra et al., 2013). However, no published studies have performed tissue-

157



158

5. DISCUSSION

specific gene ablation to elucidate whether cardiac defects are the direct consequence of Gpr126
loss in the heart, or rather secondary to Gpr126 deficiency in (a) different organ(s). To address
this question, in this study we used CRISPR-Cas9 technology to generate a new Gprl26 standard
knockout model (Gpr126”7), which lacks exon 7 and results in frameshifting and the generation
of a PTC, and a corresponding conditional knockout model (Gpri26"), where the exon 7 is
flanked by loxP sites. In both cases, Gpri26 expression was efficiently inactivated, indicated by
a strong downregulation of transcript levels. This data suggests that the mutant mRNA may be
degraded through NMD, which is one of the best-studied RNA surveillance pathways responsible
for the removal of PTC-containing mRNAs (Lykke-Andersen and Bennett, 2014). However, the
unavailability of a good commercial antibody recognizing Gpr126 is a limiting factor in this study,
so that we could not confirm the absence of a truncated protein in mutant embryos.
Notwithstanding, rapid degradation by the proteasome of specific PTC protein products escaping
NMD also prevents the expression of abnormal proteins (Kuroha et al., 2009), further supporting
that Gpr126” is very likely a null allele.

6?77 mutants confirmed previous evidence that homozygous deletion

Our analysis of Gpri2
causes fully penetrant embryonic lethality (Fig. 36A, B, 37A, B). Nevertheless, the timing of
lethality widened from E10.5 to E13.5, in contrast to the previously published range of E11.5 to
E12.5 (Waller-Evans et al., 2010). Accordingly, the penetrance of the cardiac phenotype in
mutants is also variable, despite the use of the isogenic C57BL/6N mouse strain. Thus, while
some homozygous mutants recapitulated the same reported heart defects, characterized by a
marked thinning of the compact and trabecular myocardium, chamber dilation, and
underdeveloped interventricular septa, some others were indistinguishable from their WT and
heterozygous littermates before E13.5. These results suggest that heart defects may not be the
cause of embryonic lethality. The heart is the first organ to form in the mammalian embryo, and
its rapid growth in the earlier stages (up to E11.5) (de Boer et al., 2012) makes that embryonic
demise resulting from disruption of any key event of cardiogenesis occurs at a precise
developmental stage, which can vary by the individual embryonic growth rate differences. Thus,
the fact that global Gpri26 deletion elicits a 4 days lethality window, raises the possibility that

fetal demise is unrelated to the loss of Gpr126 function in the heart.

Indeed, we genetically demonstrate that cardiac-specific inactivation of Gpri26 is
compatible with embryonic survival and heart development. Targeted endocardial-specific
inactivation of Gpri26 using both the endocardial-specific driver line NfatcIpan-Cre, and the
endothelial-specific transgenic line 7ie2-Cre, does not recapitulate any developmental defect
observed in global Gpri26*7“” null embryos (Fig. 36C). Noteworthy, ablation of Gpr126 in the
Mespl lineage, affecting the early cardiogenic mesoderm, nor does disrupt embryonic progression

nor cardiovascular function, clearly indicating that cardiac Gpr126 is not essential for embryonic
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development (Fig. 36D). The lack of phenotype is also recapitulated in embryos bearing both the
conditional allele and the global knockout allele (Gpr126"7), in which Gpr126™* recombination
is specifically targeted in endothelial or cardiac precursor cells, using the Tie2- and Mespl-Cre
drivers, respectively. Likewise, Gpr126 null embryos cannot be rescued by endothelial-specific
GPRI126 overexpression, which is consistent with the loss-of-function studies (Fig. 36E). These
findings strongly argue against a specific requirement of Gprl26 in the heart during embryonic

development.

Gpr126ﬂ/ﬂ; Nfa tc1Cf’e/+ GPR12660F/+;
Gpr126™7; Tie2¢r* Gpr1264747; Tig2Crer

Gpr1264™+
- C

A

D

O Gpr1265™
O Gpri1264747

W GPR12657;
Gpr1264747

.........................

___________

Dead by E13.5 Viable

Figure 36. Summary of the outcomes of embryonic viability when conditionally
deleting/overexpressing Gpri26 using cardiac-specific Cre drivers. (A-D) Cartoons
illustrating Gpri26 expression (blue areas) and Gpri26 deletion (white areas) in E12.5
Gpri26°7" (A), Gpri26"7%7 (B), Gpri26""; Nfatcl-Cre, Gpri26™'; Tie2-Cre (C) and
Gpri126™': Mespl-Cre (D) hearts, embryos and placentas. (E) Cartoon illustrating GPR126
overexpression (green area in the chamber endocardium) and Gpr126 deletion (white areas) in an
E12.5 GPRI26°°F"; Gpr126"7%7; Tie2-Cre heart, embryo and placenta. The maternal decidua is
shown in grey color.
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In this study, we demonstrate that embryonic lethality and cardiac defects of Gpri2
embryos are a secondary consequence of Gprl26 abrogation in the extraembryonic compartment,
in which Gpr126 plays a critical role in placentation. Epiblast-specific deletion of Gpri26 using
the paternally transmitted Sox2-Cre allele rescues the embryonic lethality of roughly 75% of
homozygous mutant offspring (Fig. 37C). In contrast, germline deletion of GprI26 via maternal
inheritance of the Cre transgene/protein leads to fully penetrant embryonic lethality, resembling
the global Gpr1267“” knockouts (Fig. 37D). In other words, 75% of mutant embryos associated
with a Gprl26 heterozygous placenta are viable throughout development, while mutant embryos
attached to a mutant placenta die. Interestingly, the genetic rescue does not occur in 25% of the
Gpr126™": Sox2“ mutants. One possible explanation is related to Sox2 expression. Although it
is expressed primarily in the epiblast, some expression has been also reported in the multipotential
cells of the ExE at E6.5 (Avilion et al.,, 2003). The ExE is the source of undifferentiated
trophoblast stem cells, which contribute to the EPC and the mature placenta (Woods et al., 2018).
Thus, a certain degree of Gpr126 deletion driven by Sox2-Cre-mediated recombination in the EXE
could potentially lead to placental abnormalities and embryonic lethality. Due to the variability
in the efficiency of Cre between littermates, it is likely that the aforementioned 25% of dead
mutant embryos have undergone Gpri26 deletion in the EXE, in addition to the epiblast, due to
Sox2-Cre leakiness. One approach to overcome the low recombination rates of the Sox2-Cre
transgene in the EXE is the tetraploid embryo complementation strategy. The rationale is that
tetraploid cells can only give rise to the extraembryonic tissues, whereas diploid cells contribute
primarily to the embryo proper (Nagy et al., 1990). Thus, aggregations of WT tetraploid (4N)
embryos with Gpri26"7?” diploid (2N) embryos would lead to Gpri26*7%” mutant embryos
supplied with a WT placenta. However, if some diploid cells partially contribute to placental
trophoblasts, resulting in a placenta that is a chimera of 4N and 2N cells (James et al., 1995), the
embryonic lethality might not be rescued in 100% of mutant embryos, leading to the same results
obtained by genetic ablation using the Sox2-Cre driver. To support that placental trophoblast
defects cause lethality in Gpr26“”“"null embryos, we show that restoring Gpr126 function in the
epiblast is not sufficient to rescue the embryonic lethality. In this setting, GPR126-overexpressing
embryos associated with a Gpri26-deficient placenta are already dead by E13.5, resembling
global knockouts (Fig. 37E). Based on these results, we would expect that germline
overexpression of GPR126 would result in a functional placenta and allow normal embryonic
progression (Fig. 37F). Hence, this hypothesis can be tested in future research by crossing R26-
GPR126°°F°OF: Gpr126"”* males with Gpr126°7"*; Sox2"** females, and ascertain whether R26-
GPR126°°"": Gpri26°77*; Sox2“"*" embryos are born. The generation and analysis of the three
different Gpr126 mouse genetic lines (Gpri26?’, Gpri26™ and R26-GPR126°°F) represent a

powerful tool for deleting and overexpressing Gprl26 within a specific tissue and at a given time
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point, and their combination with different Cre drivers has been critical for elucidating its role in

the extraembryonic tissue, hence becoming the key strength of the present study.

GPR126°°F*;

Gpr1262™ Gpr126™; Sox2¢"*  Gpr126°77; Sox2¢"

Paternal
Cre
transmission

Viable ~75% viable

Gpr1264747
B D

Maternal
Cre
transmission

transmission

Dead by E13.5 Dead by E13.5 Prediction: viable

Figure 37. Summary of the outcomes of embryonic viability when conditionally
deleting/overexpressing Gpri26 using the Sox2-Cre driver. (A-D) Cartoons illustrating
Gprl26 expression (blue areas) and Gpri26 deletion (white areas) in E12.5 Gpri26*7* (A),
Gpri126°747 (B) and Gpri126™": Sox2-Cre (C, D) embryos and placentas. The origin of the Sox2-
Cre transgene is paternal in (C) and maternal in (D). (E-F) Cartoons illustrating GPR126
overexpression (green areas) and Gprl26 deletion (white areas) in E12.5 GPRI26%°7*;
Gpri126777; Sox2-Cre embryos and placentas. The origin of the Sox2-Cre transgene is paternal
in (E) and maternal in (F). The maternal decidua is shown in grey color.

Altogether, these findings highlight the close connection between the placenta and the
embryo, and particularly, the heart. This phenomenon has been described as the “placenta-heart
axis”, based on the inter-dependence in the development of both organs and the requirement of
common molecular pathways (Courtney et al., 2018; Linask, 2013). Remarkably, the enlargement

of the chambers and thinning of the ventricular walls observed in Gpr126*”“” embryos have been
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also described as secondary phenotypes in other global knockout mice, owing to the primary
placental gene function. Some examples are the SUMO-specific protease 2 (Senp2) (Maruyama
et al., 2016), fibronectin leucine-rich repeat transmembrane protein (Flrt2) (Miuller et al., 2011;
Tai-Nagara et al., 2017), the programmed cell death 5 (Pdcd5) (Li et al., 2017), c-Myc (Dubois
et al., 2008), lymphocyte antigen 6 complex, locus E (Langford et al., 2018; Zammit et al., 2002),
p38alpha MAP kinase (Adams et al., 2000) and the peroxisome proliferator-activated receptor y
(PPARy) (Barak et al., 1999), whose ablation also results in fetal demise between E10.5-E15.5.

6747 mutants, it has

Although our analysis mainly focuses on the cardiovascular defects of Gpri2
been reported that placental abnormalities can also co-associate with vascular and neural defects
(Perez-Garcia et al., 2018). Hence, the possibility that other organs may be affected by Gpri26

deletion should be considered for future studies.

Regulation of maternal spiral artery remodeling by Gprl26 and its potential

implication in preeclampsia

Waller Evans et al. first reported Gpri26 expression in the P-TGC of the mouse placenta,
but did not detect morphological abnormalities that led them to associate placental dysfunction to
embryonic lethality (Waller-Evans et al., 2010). Here, we show that Gpr126 is broadly expressed
in the placenta at different developmental stages (E9.5 to E12.5). At E12.5, when mouse Gpri26
transcripts were detected in all TGC subtypes (Spa-TGC, P-TGC, C-TGC, and S-TGC) and the
SpT by ISH analysis. However, because GlyT may originate from spongiotrophoblasts (Adamson
et al., 2002; Coan et al., 2006), and their distribution around maternal spiral arteries is reduced in
the absence of Gpri26, as supported by PAS and Pcdhl?2 stainings, we speculate that Gpri26 is
also expressed in GlyT. Since all these placental cell types can have different developmental
origins (Simmons et al., 2007), it is conceivable that Gprl26 begins to be expressed in common
precursor cells. Thus, it will be interesting to determine the onset of Gpri26 expression in the
trophoblast lineage, which would help to gain a better understanding of Gpr126 function in
placental development, to characterize in greater detail the impact of deleterious mutations in this
organ, and to establish the embryonic stage when developmental defects arise. Likewise, whether
Gprl26 expression in the placenta remains constant beyond E12.5 or changes throughout

pregnancy, is another open question.

Here, we report that Gpr126 deletion impairs maternal vascularization in the mouse placenta.
In the hemochorial placentas of humans and rodents, fetal vessels are lined by endothelial cells,
whereas maternal blood spaces are taken over and built by invasive fetal trophoblasts, instead of
endothelial cells (Rai and Cross, 2014). Interestingly, Gpri26 is expressed in the three TGC

subtypes that lie the maternal vasculature within the mouse placenta, starting at the level of spiral
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arteries in the decidua (Spa-TGC), that direct maternal blood through central canals (C-TGC)
towards the sinusoidal spaces of the labyrinth (S-TGC). Thus, it is not surprising that Gpri26
mutants show defects in the maternal vascular circuit. However, the fact that Gpri26 is expressed
in several cell types also complicates the interpretation of their relative contribution to the global

phenotype.

We examined the expression of several trophoblast cell subtype-specific markers in
Gpr126*7“7 mutant placentas, which allow for their identification. Intriguingly, one common
feature shared among all downregulated genes is their exclusive expression in trophoblast cells
that invade the maternal decidua (Cts7, Cts8, Pri7b1). Mmp9 levels are also decreased in mutant
placentas, and it is expressed not only by invasive trophoblasts, but also by decidual macrophages
and natural killer cells (NK), which contribute to trophoblast invasion and localize in sites of
disruption near the spiral arteries (Ander et al., 2019). On one hand, Mmp9-null mouse embryos
exhibit deficiencies in trophoblast differentiation and invasion along with intrauterine growth
restriction or embryonic death. Pregnant females also exhibit features of preeclampsia including
VEGF dysregulation and proteinuria accompanied by pre-existing elevated blood pressure (Plaks
et al., 2013). Accordingly, MMP9 was found to be downregulated in placental bed biopsies from
patients diagnosed with preeclampsia (Zhu et al., 2014). On the other hand, mouse placental
cathepsins Cts7 and Cts8 are expressed in P-TGCs surrounding the implantation site as early as
ES.5. Later in development, they are also expressed by Spa-TGC, with Cts8§ being extremely
important for the remodeling of spiral arteries through the degradation of vascular smooth muscle
cells, thus allowing their transformation into high capacitance vessels (Screen et al., 2008).
Further confirmation of impaired vascular remodeling would need smooth-muscle a-actin (SMA),
CD31 (endothelial marker), and cytokeratin (trophoblast marker) staining on Gpril26*74
placentas, thus allowing the visualization of SMA around maternal spiral arteries, and endothelial
replacement by fetal trophoblasts. Whether this is the case in humans remains to be determined.
Placental cathepsins have undergone a series of duplications in the mouse genome, so that the
ancestral cathepsin L (CTSL) gene found in humans has given rise to a family of eight placenta-
specific cathepsins in mice. How GPR126 regulates the expression of placental cathepsins in
humans should be explored in future studies. Indeed, our findings suggest a requirement of
Gprl26 for the transcriptional regulation of proteases playing a key role in trophoblast invasion

and spiral artery remodeling during placenta formation.

The labyrinth architecture is also impaired in Gpri26*”*’ placentas. Maternal sinusoid
spaces are enlarged, which presumably decreases the surface area available for gas and nutrient
exchange. However, the capacity of trans-placental transport is not altered in the mutants, as
evaluated by measuring hypoxia levels, GLUT1 expression levels, and the maternal-fetal passage

of rhodamine 123. Hence, it is unlikely that the lack of energy and glucose underlies embryonic
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death in Gpri26°”%” mutants. Markers for the different layers that compose the interhemal
membrane are also normally expressed, further supporting that its function is not compromised.
The sinusoid spaces, filled with maternal blood, are formed as the chorioallantoic interface
branches (Rodriguez et al., 2004). Thus, a reduction of chorioallantoic branching could potentially
explain the enlargement of maternal sinusoids and the formation of large blood pools in the
labyrinth. A second possibility could be based on the increased blood pressure entering the
exchange surface by abnormal spiral artery remodeling. High blood pressure can cause rupture of
the delicate placental sinusoids and contribute to fetal death. However, the wide range of the
lethality window (E10.5-E13.5) complicates to detect signs of vessel break in mutant placentas,
as it may occur just before embryonic death. The impaired placental perfusion caused by abnormal
vascular remodeling could be evaluated by Doppler ultrasound (US) of the maternal uterine
arteries, which is considered a useful method for the prediction of preeclampsia (Lopez-Mendez
et al., 2013). Apart from Spa-TGC and S-TGC, we cannot exclude additional defects in other
trophoblast cell types that might be masked by the early and severe placenta phenotype of
mutants. Gpri26 deletion in specific trophoblast cell types is required to clarify each cell-type-

specific function.

Our findings point to Gpr126 dysregulation as a potential contributing factor to the etiology
of preeclampsia and pregnancy loss, due to defective trophoblast invasion and spiral artery
remodeling, which are considered hallmarks of this syndrome. A recent study identified increased
GPRI26 expression in human preeclamptic placentas (Zadora et al., 2017), supporting the
hypothesis that disturbed GPRI26 expression and preeclampsia could indeed be associated.
Although preeclampsia is a multisystem disorder clinically manifested as gestational
hypertension, proteinuria, and vascular dysfunction, none of these features have been measured
in pregnant females bearing GprI26-null embryos. Based on the stages of embryonic lethality,
we speculate that Gpri26 mutants die as a result of a severe disruption of the maternal vascular
remodeling before clinical manifestations arise in the mother. Interestingly, the onset of fetal
demise is E10.5, when the mature placenta is just established, and the spiral artery remodeling
process is over (~E7.5 and E10.5). From around E10.5 onwards, there is a switch from the yolk
sac to placental nutrient supply that entails an absolute requirement of a functional placenta to

ensure embryo survival (Woods et al., 2018), which may be compromised in Gpr267“” embryos.

Altogether, we have identified Gpri26 as a new marker labeling all TGC subtypes and the
SpT. We propose that during placental development, Gpr126 function is critical in the TGCs at
the implantation site for the expression of extracellular proteases that are associated with
trophoblast invasion into the maternal decidua, like the gelatinase Mmp9, and maternal spiral

artery remodeling, such as the placental cathepsin Cst8 (Fig. 38A, B). Mmp?9 is involved in the
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breakdown of collagen IV, which is the main component of the maternal basal membrane, thus
playing a critical role in decidual ECM remodeling and cell migration (Hamutoglu et al., 2020)
(Fig. 38B). Cts8 mediates the loss of SMA from the vessel wall, thus facilitating the
transformation of narrow high-resistance, low-flow vessels into dilated low-resistant, high-flow
vessels that lack maternal vasomotor control (Fig. 38B). By the secretion of both proteases, Spa-
TGCs finally replace the endothelial lining of maternal spiral arteries and acquire a
pseudoendothelial phenotype (Harris, 2010; Red-Horse et al., 2004) (Fig. 38B). This process is
thought to be coordinated by SpA-TGCs and uNK cells (not shown) and results in increased blood
flow to the developing embryo (Cross et al., 2002). A proportion of GlyT also invades
interstitially into the decidua from the junctional zone to congregate around maternal spiral
arteries (Fig. 38A) (Adamson et al., 2002). Inactivation of Gpri26 causes a reduction of Mmp9
and Cts$ transcript levels, leading to shallow trophoblast invasion, defective vascular remodeling
and less GlyT around maternal spiral arteries (Fig. 38C, D). Narrow high-resistance, non-
remodeled vessels associate with high perfusion blood pressure into the labyrinth and shear stress
in the trophoblast layer, likely resulting in an enlargement of maternal blood spaces and aberrant
labyrinth architecture (Fig. 38C, D). These defects compromise embryonic progression and might

be involved in the development of pregnancy diseases, like preeclampsia.

The Gpr126*7*” mouse line could represent a valuable animal model for investigating the
molecular mechanisms involved in preeclampsia. Furthermore, as previous pieces of evidence
support a role in human placentation (Zadora et al., 2017) (Ravenscroft et al., 2015), our results
could become the basis for a future clinical application in preimplantation genetic diagnosis
(PGD). This diagnostic tool is used to screen for a particular genetic condition in embryos that
have been created through in vitro fertilization before they are transferred to the uterus. The aim
is to prevent certain inherited genetic disorders from being passed on to subsequent generations
and discard genetic abnormalities that may compromise embryo viability. Thus, deleterious
Gpri26 mutations could be potentially included in the list of monogenic disorders that are

evaluated in PGD if a definitive molecular diagnosis is established.
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Figure 38. Model of Gpr126 function in the remodeling of the maternal vasculature of the
mouse placenta. (A-D) Cartoon illustrating an E12.5 WT (A, B) and Gpr126°747 (B, C) placenta.
(A, B) In a WT scenario, Gpri26 endows TGC with invasive behavior by the production of
Mmp?9, together with the capacity of degrading vascular smooth muscle cells by the expression
of Cts8. Both activities are required for uterine trophoblast invasion and vascular remodeling
during placental development, in which maternal spiral arteries are transformed from narrow
high-resistance, low flow vessels into dilated vessels, comprising higher blood flow at lower
pressure. Thus, Spa-TGCs replace the maternal endothelial lining and GlyT congregate around
spiral arteries. (C, D) Gpri26-null placentas fail to express Mmp9 and Cts8, thus impairing
trophoblast migration and spiral artery adaptation. Fewer GlyT cells wrapped around un-
remodeled maternal spiral arteries. As a result of the altered uteroplacental hemodynamics,
increased blood pressure triggers an enlargement of maternal sinusoids. EC, endothelial cells;
ECM, extracellular matrix; GlyT, glycogen trophoblasts; P-TGC, parietal trophoblast giant cells;
Spa-TGC, spiral artery-associated trophoblast giant cells; VSMC, vascular smooth muscle cells.

Altered uteroplacental hemodynamics as a potential explanation for cardiac

defects in Gpr126 mutants

In this study, we demonstrate that the leading cause of the heart defects and embryonic
lethality previously reported in Gprl26 mutant embryos is defective placental development.

However, how placental abnormalities impact on heart development remains unexplored.

We found that expression of chamber patterning markers, cardiac metabolism, and cellular
proliferation are normal in Gpri26 mutant hearts and do not contribute to morphological defects.
In contrast, comparative transcriptome profiling of WT and mutant ventricles and subsequent GO
analysis revealed an enrichment of downregulated DEG involved in “angiogenesis” and
“vasculature development”. In the heart, there are two types of endothelial cells: the endocardial
endothelial cells, lining the lumen of the heart, and the microvascular endothelial cells, lining the
blood vessels of the heart. Forasmuch as Gpri26 is not expressed in the embryonic
microvasculature (Stehlik et al., 2004), one possible explanation for the transcriptional alteration
of endothelial/endocardial specific genes is the activation of pathways sensing shear stress in
response to altered placental hemodynamics in GprI26 null placentas. Deficient remodeling of
uterine spiral arteries can lead to an increase in placental vascular resistance and cardiac afterload,
thus increasing the mechanical force to which the heart is subjected (Camm et al., 2018). In the
heart, the endocardium acts as a sensor of biophysical forces induced by blood flow, and translate
them into a response during cardiac development and homeostasis (Haack and Abdelilah-
Seyfried, 2016). Hence, dysregulation of endocardial gene expression in Gpri26°”*” mutants
could be explained by a mechanosensitive transcriptional response to altered hemodynamic
forces. Some examples of known shear stress sensors downregulated in the mutants are Kdr (Coon

etal., 2015), Eng (Sugden et al., 2017), Plxdl (Mehta et al., 2020) and Tiel (Woo et al., 2011). A
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question that remains to be elucidated is whether Gprl126 also participates in the regulation of
endocardial homeostasis as a flow-responsive gene, thus explaining why it is expressed in the
endocardium. Moreover, we excluded the possibility that the embryonic function of Gpri26 was
required for adult heart homeostasis, as assessed by a cross-sectional ECG analysis and
histological examination of Gpr126™"; Tie2-Cre adult hearts. Although ECG is the cornerstone
in diagnosing patients with heart disease, echocardiography is also frequently used for the
evaluation of cardiac function in mice, as it provides valuable information regarding the size,
shape, and internal structure of the heart, and how blood flows through it. Thus, it would be
interesting to combine our electrophysiological and morphological data with echocardiography

measurements to further confirm that Gpr126 is dispensable for adult cardiac function.

Potential functional association between Gprl126 and the NOTCH signaling

pathway in the placenta

Previous studies defining the role of gpr126 in zebrafish inner ear development have also
related the expression of gpr126 with ECM-modifying enzymes (Geng et al., 2013). Furthermore,
Gpri126 has been shown to signal through G protein-mediated activation of adenylyl cyclase and
production of cAMP, which is essential for myelination in SC (Mogha et al., 2013), inner ear
development (Geng et al., 2013) and osteoblast differentiation (Sun et al., 2020). Whether this is

also the case in the placenta should be addressed in future studies.

Ultimately, this doctoral thesis embraces the end in the same way that it got started:
highlighting the potential association between Notch and Gpr126, considering Gpr126 as a Notch
target gene (D'Amato et al., 2016b). In mice, Notch activity starts at E7.5 in the EPC, the primary
source of invasive trophoblasts, it continues between E8.5 and E10.5 TGCs at the periphery of
the junctional zone, and by E14.5 it is mostly restricted to Spa-TGC (Hunkapiller et al., 2011).
Constitutive Notch2 deletion causes embryonic lethality at E11.5 (Hamada et al., 2007) and
targeted deletion using the Tpbpa-Cre driver line, which drives Cre recombination specifically in
EPC cells, leads to defective invasion of maternal spiral arterioles and a reduction in the canal
size and placental perfusion (Hunkapiller et al., 2011). In addition, Notch2 is significantly
downregulated in placentas from patients with early-onset severe preeclampsia, at both mRNA
and protein levels (Zhao et al., 2014). The similarities between Gpr126 and Notch2 function in
the development of maternal vascular structures in the placenta, as well as their potential
involvement in the pathogenesis of preeclampsia, is compatible with a model in which Gpri26
may mediate some of the effects of Notch2 signaling in the extraembryonic tissue. However, this
hypothesis should be investigated carefully regarding the incomplete overlapping of Notch2 and

Gprl26 expression patterns, and the different stages of embryonic lethality of null mutants.
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Gprl26 expression in the heart is confined to the endocardium of the cardiac chambers,

and it is dispensable in this organ for mouse heart development and adult cardiac function.
Gprl26 is not required for heart trabeculation in zebrafish.

Endocardial or endothelial GPRI26 overexpression is not sufficient to rescue

hypotrabeculation defects nor embryonic lethality of DI/4""; Tie2-Cre mouse mutants.

Gprl26 is expressed in the SpT and the four TGC subtypes (Spa-TGC, C-TGC, P-TGC
and S-TGC) of the mature placenta.

Gprl126 signaling in the trophoblast lineage is crucial for embryonic progression beyond
E10.5, and placental abnormalities are the primary cause of embryonic lethality and heart

defects of Gpri26-null mutants.

Gpr126 has distinct and domain-specific functions in the embryo and the placenta. The
adhesive CUB and PTX domains, encoded by exons 3 and 4 respectively, are essential for
peripheral nervous system development, but dispensable in the trophoblast lineage for

placental development.

Gprl26 is required for the organization of maternal blood sinusoids in the placental

labyrinth.

Gprl26 is involved in placental glycogen storage and congregation of GlyT around

maternal spiral arteries.

Gprl126 regulates the expression of Mmp9, Pri7bl and cathepsins 7 (Cts7) and 8 (Cts8),
which are involved in trophoblast invasion and spiral artery remodeling during placental

development.
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Gpri26 se expresa en el endocardio de las camaras cardiacas, pero es prescindible para el

desarrollo del corazon embrionario y la funcion cardiaca en el adulto.

La sefializacion mediada por gpr126 no es necesaria para el proceso de trabeculacion en el

pez cebra.

La sobreexpresion de GPRI26 en el endocardio o endotelio no rescata el defecto de

hipotrabeculacién ni la letalidad embrionaria de los mutantes DI[4™"; Tie2-Cre.

Gprl26 se expresa en el espongiotrofoblasto y en los cuatro subtipos de células gigantes

del trofoblasto (Spa-TGC, C-TGC, P-TGC y S-TGC) de la placenta madura.

La sefializacion mediada por Gprl126 en el linaje trofoblastico juega un papel fundamental
en la viabilidad embrionaria a partir del dia de gestacion 10.5 (E10.5). La alteracion del
desarrollo placentario provoca la letalidad embrionaria y los defectos cardiacos

caracteristicos de los mutantes de Gpri26.

Gprl126 desempena funciones distintas asociadas a dominios proteicos especificos. Los
dominios de adhesiéon CUB y PTX, codificados por los exones 3 y 4 respectivamente, son
esenciales para el desarrollo del sistema nervioso periférico, pero no para el desarrollo

placentario.

Gprl126 estd implicado en la organizacion de los sinusoides maternos del laberinto

placentario.

Gprl26 es necesario para el almacenamiento de glucogeno placentario y la movilizacion

de GlyT alrededor de las arterias espirales maternas.

Gprl126 regula la expresion de Mmp9, Pri7b1 y de las catepsinas 7 (Cts7) y 8 (Cts8), cuya
secrecion y funcidén es necesaria para la invasion trofoblastica y el remodelado de las

arterias espirales maternas durante el desarrollo placentario.
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SCRIPTS

Script 1. Quantification of Hypoxyprobe mean thresholded intensity levels and the area
occupied by the Hypoxyprobe positive staining as a proportion of the total placental area (ratio).

//Getting Fiji and ROI Manager ready

run("Close All");

run("Clear Results");

roiManager("Reset");

run("Colors...", "foreground=white background=black selection=yellow");

input=getDirectory("Choose folder with ND2 images...");
output=getDirectory("Choose folder to save results...");
lista = getFileList(input);
myposition=0;
setBatchMode(true);
for (i=0; i<lista.length; i++) {
if (endsWith(lista[i],"nd2")==1) {
run(""Bio-Formats Importer", "open=["+input+lista[i]+"]
color_ mode=Composite view=Hyperstack stack order=XYCZT");
myname=getTitle();
myORI=getlmagelD();
selectlmage(myORI);
getPixelSize(unit, pixelWidth, pixelHeight);
rename("ORI");
run("Split Channels");
selectWindow("C2-ORI");
close();

//Detect tissue area

run("Duplicate...", "title=Tissue");

run("Enhance Contrast...", "saturated=10");

run("Gaussian Blur...", "sigma=2");

setThreshold(10, 4095);

run("Analyze Particles...", "size=8000-Infinity pixel show=Masks include");
setThreshold(1, 255);

run("Create Selection");

roiManager("Add");

//Measure tissue area and get Mean and Integrated Density intensity values

selectWindow("C1-ORI"™);
roiManager("Select", 0);
getStatistics(areatissue);
List.setMeasurements;
MeanlIntensity=List.getValue("Mean");
IntegratedDensity=List.getValue("IntDen");
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/1% of green signal

//Use intensity threshold
//setAutoThreshold("Otsu dark");
setThreshold(578, 4095);

getThreshold(lower, upper);
List.setMeasurements("limit");
MeanThresholdIntensity=List.getValue("Mean");
PositiveAreaPercentaje=List.getValue("%Area");

//Save Result image

selectWindow("C1-ORI");

run("Flatten");

saveAs("tif'", output+myname+"_Selection Hypoxiprobe");
run("Close All");

roiManager("reset");

//Create Result Table

run("Clear Results");

if (isOpen("TempResults")){Table.rename("TempResults", "Results");}
setResult("Image name", myposition, myname);

setResult("Tissue Area "+unit+""2", myposition, areatissue);
setResult("Tissue Mean Intensity", myposition, MeanIntensity);
setResult("Tissue Integrated Density", myposition, IntegratedDensity);
setResult("Min Threshold Value", myposition, lower);

setResult("Positive Area % "+unit+""2", myposition, PositiveAreaPercentaje);
setResult("Thresholded Mean Intensity", myposition, MeanThresholdIntensity);
updateResults();

Table.rename("Results","TempResults");

myposition++;

if (isOpen("TempResults")){Table.rename("TempResults", "Results"); }
selectWindow("Results");

saveAs("Results", output+"Hypoxiprobe Results.xls");
saveAs("Results", output+"Hypoxiprobe Results.txt");
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Supplementary Figure 1. Identification of gpri126 active promoters by ChIP-seq data set
analysis. (A) Genome browser view of H3K4me3 histone modification marks in the adgrg6 locus
from a sample of zebrafish embryos at 24 hpf. Two strong H3K4me3 binding peaks can be
detected in a ~ 470 bp region around the TSS (A”) and a ~ 250 bp region around exon 23 (A”’). (B)
ENSEMBL view of the zebrafish gpr/26 gene and the upstream adjacent gene vzal. The region
highlighted in grey corresponds to the 4.7 kb sequence targeted for CRISPR-mediated deletion.
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Stage Gpri26”* Gpri126™**  Gpri26****>* Resorptions Total pups Litters

E9.5 2 6 2 0 10 1
20.00% 60.00% 20.00%

E10.5 4 = 6 0 15 2
26.67% 33.33% 40.00%

1 6 1

E11.5 1 8 1
12.50% 75.00% 12.50%

E12.5 4 2 g 1 21 3
19.05% 42.86% 38.10%

E14.5 4 g S 0 17 2
23.53% 47.06% 35.29%

E16.5 = 1 g 3 24 4
20.83% 45.83% 25.00%

E17.5 2 o 3 0 14 2
14.29% 64.29% 42.86%

E18.5 12 16 17 0 45 7
26.67% 35.56% 13.33%

PO 1 3 3 0 7 1
14.29% 42.86% 85.71%

P2 2 2 = 0 7 1
28.57% 28.57% 85.71%

Supplementary Table 1. Genotype

Gpr126%3** intercrosses.

analysis of embryos derived from heterozygous

209
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Stage Gpri26”* Gpri26"”* Gpri26*77 Resorptions Total pups Litters
E9.5 4 ? S 0 18 2
22.22% 50.00% 27.78%
+ %
E10.5 7 B I+2 2 31 4
22.58% 41.94% 35.48%
% %
E11.5 =0 SRS Tl 23 166 24
18.07% 48.80% 33.13%
+ % + % + %
E12.5 107 +2 200+1 92 +20 64 427 67
25.83% 47.63% 26.54%
%
E13.5 6 20 2+6 4 34 5
17.65% 58.82% 23.53%
%
E15.5 16 39 ? 2 64 9
25.00% 60.94% 14.06%
* Dead

Supplementary Table 2. Genotype analysis of embryos derived from heterozygous
Gpr126”" intercrosses.

Supplementary Table 3 (CD-ROM). RNA-seq analysis of Gpr126774” versus Gprl126™* ventricles
at E12.5.

List of the differentially expressed genes (DEG) identified by RNA-seq (P < 0.05). Upregulation is
shown in orange and downregulation in blue.

Supplementary Table 4 (CD-ROM). GO enrichment analysis of DEG genes.

Overrepresented GO terms and KEGG pathways for the differentially upregulated and downregulated
genes. Oversecretion is shown in red, and downsecretion in blue. GO terms are listed by the Z-score
value. Data are the standard output from GO Elite.
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Gpr126"*; Gpr126™; Gpri26"*; Gpri26™; . Total .
Stage ]gfa tc1+/+’ ]6fa tc1+/+’ N;a tclc"’/i N?a tc]C’”J" Resorptions Litters
E11.5 2 2 L : 0 8 1
25.00% 25.00% 12.50% 37.50%
E13.5 5 2 ¢ e 0 15 2
40.00% 13.33% 26.67% 20.00%
E15.5 4 1 A1 2 0 12 2
) 33.33% 8.33% 41.67% 16.67%
E18.5 . = 4 4 0 17 3
17.65% 29.41% 23.53% 23.53%
* Dead

Supplementary Table 5. Genotype analysis of embryos derived from crosses of Gpr126"";
Nfatc1€™* (male) and Gpr126"" (female) mice.

Gpr126™; Gpr126™'; Gpri26"*; Gpri26™"; . Total .

Stage Tie2"" Tie2"" Tie2Cre* Tie2Cre* Resorptions Litters

E11.5 2 2 1 2 0 7 1
28.57% 28.57% 14.29% 28.57%

E13.5 3 1 0 2 0 6 1
50.00% 16.67% 0.00% 33.33%

E15.5 £ 4 6 = 0 21 3
38.10% 19.05% 28.57% 14.29%

E18.5 2 2 2 1 0 9 1
22.22% 22.22% 22.22% 11.11%

Supplementary Table 6. Genotype analysis of embryos derived from crosses of Gpr126/"";

Tie2¢"* (male) and Gpr126™ (female) mice.

Gpr126™; Gpr126™'; Gpri26™; Gpri26™'; . tal .

Stage Mespl™  Mespl” MespI™ Mespl™ Resorptions Litters

E12.5 6 8 6 14 4 34 5
17.65% 23.53% 17.65% 41.18%

E13.5 = 2 0 = 0 8 1
37.50% 25.00% 0.00% 37.50%

E15.5 = U 1 = 0 7 1
42.86% 0.00% 14.29% 42.86%

E18.5 = = 2 = 0 13 2
23.08% 38.46% 15.38% 23.08%

Supplementary Table 7. Genotype analysis of embryos derived from crosses of Gpr126"";
Mesp1€** (male) and Gpr126"" (female) mice.
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Supplementary Table 8. Genotype analysis of
embryos derived from crosses of Gpri26'”*
Tie2“"* (male) and Gpr126™'" (female) mice.
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Supplementary Table 9. Genotype analysis of
embryos derived from crosses of Gpri2617*

Mesp1€™* (male) and Gpr126"" (female) mice.
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R26-GPRI126"*;  R26-GPRI126°°Y";

Stage Nkx2. 55 Niox2, 56 Resorptions Total pups Litters

E9.5 2 6 5 8 2
25.00% 75.00%

E10.5 1 1 0 22 3
50.00% 50.00%

Supplementary Table 10. Genotype analysis of embryos derived from crosses of
Nkx2.5¢7Cr¢ (male) and GPR126°°"* (female) mice.

R26-GPRI126"*;  R26-GPRI126°°""*;

Stage Tie2Cre Tie2C* Resorptions Total pups Litters
E9.5 = g 0 23 2
65.22% 34.78%
E10.5 2 6 0 8 1
25.00% 75.00%
E11.5 . . 1 4 1
25.00% 75.00%
E13.5 2 6 0 8 1
25.00% 75.00%
E16.5 3 7 0 10 1
30.00% 70.00%

Supplementary Table 11. Genotype analysis of embryos derived from crosses of Tie2¢"r
(male) and GPR126°°"* (female) mice.
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Tie2“** (male) and GPRI26%°""
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Supplementary Table 12. Genotype analysis of embryos derived
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Supplementary Table 14 (CD-ROM). Sequence similarity analysis of zebrafish gpri26.

Supplementary Table 15 (CD-ROM). Sequence similarity analysis of mouse Gpri26.

Gpr126™; Gpr126™; Gpri26*"; Gpr126"*; . Total .
Stage Sox 2 Sox 2 Sox 2 Sox 2" Resorptions Litters
+ *
E13.5 o+3 8 4 4 3 24 4
50.00% 33.33% 16.67% 16.67%
+ *
E15.5 10+3 16 19 22 5 70 11
18.57% 22.86% 27.14% 31.43%
*
Et6s| > F3 ) 18 13 5 39 8
30.77% 23.08% 46.15% 33.33%
* *
PO 4+4 18 12+1 20 0 59 10
13.56% 30.51% 22.03% 33.90%
*
P1 3 3 3+1 6 0 16 )
18.75% 18.75% 25.00% 37.50%
* Dead

Supplementary Table 16. Genotype analysis of embryos derived from crosses of Gpr126/"*;
So0x2“* (male) and Gpr126™" (female) mice.

Gpr126*™; Gpri26"*; Gpr126“"; Gpri26“"; , Total .
Stage Sox 26 Sox2 Sox 2 Sox 2 Resorptions Litters
* *
E13.5 8 6 26 19 8 59 9
13.56% 10.17% 44.07% 32.20%
*
E14.5 ! 0 8 6 2 15 2
6.67% 0.00% 53.33% 40.00%
* + *
E15.5 4 2+2 1 12 12 31 6
12.90% 12.90% 35.48% 38.71%
* Dead

Supplementary Table 17. Genotype analysis of embryos derived from crosses of GprI126""

(male) and Gpr126™"*; Sox2"** (female) mice.
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Artwork illustrating the placenta-heart connection, by David Alcantara Rubio.
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