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The Coxsackie virus and adenovirus receptor (CXADR) is an adhesion molecule known 
for its role in virus-cell interactions, epithelial integrity, and organogenesis. Loss of Cxadr 
causes numerous embryonic defects in mice, notably abnormal development of the 
cardiovascular system, and embryonic lethality. While CXADR expression has been 
reported in the placenta, the precise cellular localization and function within this tissue 
are unknown. Since impairments in placental development and function can cause 
secondary cardiovascular abnormalities, a phenomenon referred to as the placenta-heart 
axis, it is possible placental phenotypes in Cxadr mutant embryos may underlie the 
reported cardiovascular defects and embryonic lethality. In the current study, we determine 
the cellular localization of placental Cxadr expression and whether there are placental 
abnormalities in the absence of Cxadr. In the placenta, CXADR is expressed specifically 
by trophoblast labyrinth progenitors as well as cells of the visceral yolk sac (YS). In the 
absence of Cxadr, we observed altered expression of angiogenic factors coupled with 
poor expansion of trophoblast and fetal endothelial cell subpopulations, plus diminished 
placental transport. Unexpectedly, preserving endogenous trophoblast Cxadr expression 
revealed the placental defects to be secondary to primary embryonic and/or YS phenotypes. 
Moreover, further tissue-restricted deletions of Cxadr suggest that the secondary placental 
defects are likely influenced by embryonic lineages such as the fetal endothelium or those 
within the extraembryonic YS vascular plexus.

Keywords: placenta, Cxadr, fetal heart, fetal circulation, placenta-heart axis

INTRODUCTION

The Coxsackie virus and adenovirus receptor (CXADR) was originally characterized as a 
viral receptor that enables both Coxsackie B virus and adenovirus serotypes to gain entry 
into host cells (Bergelson et  al., 1997; Tomko et  al., 1997). Since then, CXADR has been 
recognized as a cell adhesion molecule, a component of apical junction complexes, and has 
been implicated in numerous physiological functions during embryonic development and 
epithelial cell interactions (Supplementary Table S1). What is clear from the literature is 
that CXADR is variably expressed during development, is promiscuous in its interactions, 
and is required by numerous tissues during organogenesis, with its roles in development 
differing to those in adult tissues (Supplementary Tables S1, S2). In particular, CXADR 
has been implicated in cell-cell junction integrity during cardiac and lymphatic development, 
as well as facilitating a permeability barrier in the trophectoderm of pre-implantation blastocysts 
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(Asher et  al., 2005; Dorner et  al., 2005; Chen et  al., 2006; 
Mirza et  al., 2012; Krivega et  al., 2014; Kwon et  al., 2016; 
Oh et  al., 2016).

Ubiquitous deletion of Cxadr is embryonic lethal between 
embryonic day (E) 11.5 and E13.5 with some null embryos 
variably reported to exhibit edema, hemorrhage, delayed heart 
development or valve formation, distended pericardia, enlarged 
aorta and cardinal veins, increased cardiomyocyte apoptosis, 
or proliferation (Asher et al., 2005; Dorner et al., 2005; Chen 
et  al., 2006). Studies have therefore largely concentrated on 
the cardiac defects that are present when functional CXADR 
is lost and suggest that these defects underlie the embryonic 
lethality. However, the described cardiac phenotypes are 
inconsistent between studies and could, at this developmental 
stage, be  attributed to broader vascular or placental defects, 
neither of which has been fully addressed. In fact, early 
cardiac defects associated with placental malformation have 
been shown to include smaller cardiac chambers, myocardial 
thinning, pericardial effusion, hemorrhage, increased 
cardiomyocyte apoptosis, ventricular septal defects, and missing 
atrioventricular cushions, some of which mirror those reported 
in the various Cxadr null studies (Barak et al., 1999; Schorpp-
Kistner et  al., 1999a; Adams et  al., 2000; Mudgett et  al., 
2000; Schreiber et  al., 2000; Hatano et  al., 2003; Galabova-
Kovacs et  al., 2006; Raffel et  al., 2008;  Ouseph et  al., 2012; 
Maruyama et  al., 2016; Perez-Garcia et  al., 2018).

Importantly, placental and heart development are known 
to be interdependent; a phenomenon coined the placenta-heart 
axis, previously posited by Barak et  al. (1999), which states 
the occurrence of a primary placental phenotype can result 
in secondary damage to the developing heart (Barak et  al., 
1999; Hemberger and Cross, 2001). This theory is supported 
in the mouse by studies that reveal cardiovascular defects can 
arise following placental-specific gene deletions; or alternatively, 
the amelioration of heart malformations follows the restoration 
of gene expression within the placenta alone: Pparγ (Barak 
et  al., 1999), Fra1 (Schreiber et  al., 2000), Erk2 (Hatano et  al., 
2003), p38α Mapk (Adams et  al., 2000; Mudgett et  al., 2000), 
B-Raf (Galabova-Kovacs et  al., 2006), JunB (Schorpp-Kistner 
et  al., 1999a), Ly6e (Langford et  al., 2018), Ott1 (Raffel et  al., 
2008), Senp2 (Maruyama et  al., 2016), Rb (Wu et  al., 2003; 
Wenzel et  al., 2007), c-Myc (Dubois et  al., 2008), and E2f7/
E2f8 (Ouseph et  al., 2012).

One of the first Cxadr knockout studies noted CXADR 
expression in trophoblast cells of the placenta and described 
possible altered labyrinth fetal vessel growth at a time consistent 
with lethality of the embryo. However, it was concluded that 
the phenotype was mild and would likely not impact 
development or growth of the embryo (Dorner et  al., 2005). 
The critical bidirectional dialogue between trophoblast 
epithelium and extraembryonic mesoderm, including fetal 
endothelium, in driving placental morphogenesis (Lu et  al., 
2013) is often underappreciated, and the full milieu of required 
molecular signals has not been fully elucidated. Given expression 
of CXADR in placenta, the cardiovascular phenotypes and 
embryonic lethality in Cxadr null embryos, and the link 
between placental impairments and cardiac development, 

we  hypothesized that trophoblast CXADR expression may 
be required to direct labyrinth morphogenesis, and subsequent 
impairments may contribute to the lethality of Cxadr 
mutant embryos.

In the current study, we  found Cxadr is expressed by 
trophoblast cells of the chorion and is retained in specialized 
labyrinth trophoblast progenitor cells at the chorioallantoic 
border; cells known to be critical for labyrinth development, 
guiding fetal blood vessels and contributing to the trophoblast 
component of the interhaemal membrane (IHM; Ueno et al., 
2013; Walentin et  al., 2016). In addition, close examination 
of the placentas of Cxadr mutant embryos found, contrary 
to previous reports, a severe phenotype comprising 
diminished labyrinth formation, reduced branching 
morphogenesis of the IHM, altered trophoblast development 
(syncytiotrophoblast layer II, SynT-II), inadequate expansion 
of endovascular progenitor (EVP) cells, and impaired placental 
transport. Opposing our initial hypothesis, a trophoblast 
sparing Cre transgene revealed that the severe labyrinth 
deficits in Cxadr null animals are directed by extraplacental 
phenotypes, and not the trophoblast compartment of the 
placenta. Loss of extraplacental CXADR results in altered 
placental expression of angiogenic factors and poor expansion 
of trophoblast and endothelial cell subpopulations at the 
chorioallantoic interface. Importantly, while the trophoblast 
defects are secondary to extraplacental phenotypes, the 
resulting impact to placental function nevertheless suggests 
that placental insufficiency may be  a major contributing 
factor to embryonic lethality and the severity of the Cxadr 
null phenotypes, including potentially previously observed 
heart defects. Moreover, further tissue-restricted deletions 
of Cxadr raise the possibility that the secondary placental 
defects are likely influenced by embryonic lineages such as 
the fetal endothelium or those within the extraembryonic 
YS vascular plexus.

MATERIALS AND METHODS

Mice
Animal experiments conducted in this study were approved 
by the University of Queensland Animal Ethics Committee 
and conformed to their guidelines. Toe and ear notch samples 
were used for genotyping and sequencing of genomic DNA. 
Genotyping primers are listed in Supplementary Table S3, 
and details pertaining to the individual mouse lines are outlined 
in Supplementary Table S4.

Recognition of seminal plug was designated E0.5. All tissues 
were dissected in cold PBS and fixed in 2 or 4% paraformaldehyde 
at 4°C overnight. Samples were processed through an ethanol 
gradient to xylene before being paraffin embedded. Frozen 
samples were processed through a sucrose gradient before being 
frozen in OCT-media (Tissue Tek). Alternatively, some tissues 
were fresh frozen in OCT-media and post-fixed in acetone or 
methanol following cryosectioning, depending on antibody 
requirements. 5 and 7  μm paraffin sections and 10  μm OCT 
sections were used.
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Stereology
Total placental and placental zone volumes were calculated by 
employing Cavalieri’s principal following processing and 
sectioning, as previously described (Coan, 2004). Morphometry 
of fetal and maternal blood spaces was established by randomly 
selecting several fields of view (3 fields per section/5 sections 
per placenta, 70  μm apart/minimum of n  =  5 per genotype) 
at 40× magnification from across the labyrinth (E10.5 and 
E11.5). Estimates of volume and absolute surface area were 
calculated using the test point and test grid cycloid arc counting 
systems as outlined by Coan, 2004.

Rhodamine 123
Two hours prior to dissection, Rhodamine 123 (Sigma-Aldrich) 
was injected subcutaneously (1  μg/g of body weight) into 
pregnant mice (E10.5, n  =  3 litters and E11.5, n  =  3 litters). 
Embryos and placentas were dissected in cold PBS and imaged 
directly on a Leica M205FA stereo fluorescent microscope 
using Leica software. Samples were taken from each embryo 
for subsequent genotyping. ImageJ software was used to 
determine fluorescent intensity in the embryos. Data from 
each profile were then imported into GraphPad Prism 6 and 
pooled according to genotype (E10.5: +/+ n  =  7, +/− 
n  =  9, −/− n  =  5; E11.5: +/+ n  =  6, +/− n  =  6, −/− n  =  5). 
Averaged fluorescent intensities were compared between 
genotypes and graphed (± SEM).

Flow Cytometry
Dissociated single cells in PBS/BSA/% EDTA were incubated 
with various antibody combinations for multiparameter flow 
acquisition and analysis, as previously described (Patel et  al., 
2017). The following combinations of antibodies were used to 
assess endothelial progenitor cell populations: Rat anti-mouse 
VE-Cadherin FITC, VEGFR2 PE, CD31 PE-Cy7, CD34 Alexa647, 
and CD45 V450 (Becton Dickinson).

Real-Time PCR
RNA was extracted using RNAzol BD (Astral Scientific) according 
to the manufacturer’s instructions. Total RNA was used to 
generate cDNA (final concentration 100 ng/μL; Qiagen Quantitect 
cDNA synthesis kit), and mRNA expression levels were assessed 
by iTaq Universal SYBR Green Super Mix (BIO-RAD) as per 
manufacturer’s instructions. Pre-designed and verified gene-
specific primers were purchased from Sigma-Aldrich (KiCqStart 
qPCR primers; Supplementary Table S5).

In situ Hybridization
The various in situ probes were generated with gene-specific 
primer sets that contained T7 RNA polymerase promoter 
sequence (TAATACGACTCACTATAGGG) attached to each 
reverse primer and T3 RNA polymerase promoter sequence 
(AATTAACCCTCACTAAAGGG) attached to each forward 
primer. Gene-specific primer sequences are listed in 
Supplemental Table S6. Sections were processed and stained 
as previously described (Simmons et  al., 2008).

Immunofluorescence
Immunofluorescence was performed on paraffin and frozen sections. 
Concentrations and optimization conditions for the various 
antibodies are listed in Supplementary Table S7. Sections were 
blocked with 1 × PBS/0.01% Tween 20/5% serum for 1  h at 
RT. Incubating slides in 0.1% Sudan Black B/70% EtOH for 
20  min at RT were performed to reduce auto-fluorescence of 
red blood cells. Following this, slides were incubated in primary 
antibody overnight at 4°C, followed by secondary antibody 
incubation for 1  h at RT (Supplementary Table S7).

Statistics
Results are represented as mean with variance displayed as 
standard error of the mean (± SEM). Differences were analyzed 
using Student’s t test with Welsh’s t-test correction performed 
when samples showed unequal variance. p < 0.05 was considered 
significant. Statistical analysis was performed using Prism 6 
(GraphPad Software).

RESULTS

CXADR Is Expressed in the Mouse 
Placenta and Yolk Sac
To assess the ontogeny of Cxadr expression in the mouse placenta, 
mRNA transcripts were localized from E8.0 to E18.5 using in 
situ hybridization (ISH). At E8.0 Cxadr is expressed in trophoblast 
cells of the chorion, adjacent to the fetal-derived allantois 
(Figure  1A). At E10.5, CXADR protein localization was detected 
in the chorionic plate and again in small clusters throughout the 
labyrinth, and mRNA transcripts were identified in the outer 
epithelial layer of the visceral YS (Figures 1B,C). By E11.5, Cxadr 
positive cells are seen in the chorionic plate and in small clusters 
throughout the labyrinth, replicating immunofluorescent (IF) 
findings (Figures 1D,D’). Punctate expression of Cxadr is observed 
in the expanding labyrinth at E14.5; however, chorionic plate 
expression at this time is reduced, corresponding to the gradual 
loss of this layer (Figure 1E). Endoderm cells of the intra placental 
yolk sac (IPYS) are also positive for Cxadr transcripts at E14.5, 
persisting until E18.5 (Figure 1E, E18.5 data not shown). Within 
the placenta proper, the expression pattern of Cxadr is reminiscent 
to that of the proposed labyrinth progenitor cell marker cMet 
(Figures 1F,F’; Ueno et  al., 2013). Expression of Cxadr within 
the developing embryo has previously been reported in numerous 
organs and tissues, outlined in Supplementary Table S2, but 
most notably include the developing cardiovascular and lymphatic 
systems (Dorner et  al., 2005; Chen et  al., 2006; Mirza et  al., 
2012). Importantly, CXADR is not perceptibly expressed by fetal 
endothelial cells (FECs) of the placenta at any time point analyzed 
and is in line with previously published data (Dorner et al., 2005).

CXADR Is Required for Mid-Gestation 
Placental Development and  
Embryonic Survival
To determine whether Cxadr null embryos have a placental 
phenotype, we initially made use of an ENU mutagenesis model 
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FIGURE 1 | Cxadr is expressed in chorion, labyrinth trophoblast, and extraembryonic yolk sac. (A) In situ hybridization of Cxadr in basal chorion cells at E8.0. 
 (B) Immunostaining for CXADR in placental labyrinth at E10.5. (C) Cxadr expression in visceral endoderm cells of the yolk sac at E10.5. (D) Expression of Cxadr in 
basal labyrinth cells and in clusters of trophoblast cells adjacent to fetal vessels at E11.5. (D’) Higher magnification image of inset in D. (E) Cxadr expression is 
evident in cells of the intraplacental yolk sac (IPYS) at E14.5. Parietal (blue arrow) and visceral (black arrow) IPYS layers are indicated. (F,F’) In situ hybridization of 
Cxadr (F) and cMet (F’) in basal chorion cells at E11.5. Scale bars: 100 μm (solid blue), 200 μm (solid black), and 2 mm (dashed).
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containing a C  →  A mutation at amino acid 210, introducing 
a premature stop codon (Y  →  Stop) just prior to the 
transmembrane domain of the CXADR protein (Supplementary 
Figure S1). CXADR was efficiently inactivated, shown by 
reduced mRNA and protein expression in mutant placentas 
(Supplementary Figure S1). Initial dissections of Cxadr-ENU 
embryos and placentas were carried out at E12.5, and in all 
cases, Cxadr210/210 homozygous embryos were found deceased, 
in line with previous reports (Asher et  al., 2005; Dorner et  al., 
2005; Chen et  al., 2006; Lim et  al., 2008). Dissections carried 
out 1 day earlier at E11.5 showed that the majority of Cxadr 
null embryos still had an observable heartbeat, and analysis 
of Cxadr210/210 placentas was therefore carried out at E10.5 and 
E11.5, prior to embryonic death (Supplementary Table S8).

Histological comparisons made between midline cross sections 
of Cxadr+/+ and Cxadr210/210 placentas at E11.5 exposed an overall 
thinness of the labyrinth in mutant samples (Figure 2A). To 
define the extent of the labyrinth deficit, Cavalieri’s principle 
was used to determine placental morphometry at E10.5 and 
E11.5, revealing Cxadr210/210 labyrinth volumes were markedly 
reduced at E10.5, increasing in severity by E11.5 (Figure 2B; 
Coan, 2004). It is noted that following E10.5 there is no 
substantial growth or expansion achieved in this region. 
Alternatively, junctional zone (JZ) volumes showed no significant 
differences at either time point (Figure 2C), confirming deficits 
were restricted to the labyrinth compartment. Stereology was 
also performed on heterozygous placentas, and no differences 
between Cxadr+/+ and Cxadr+/210 were noted for any measured 
parameters; figures and graphs therefore depict Cxadr+/+ and 
Cxadr210/210 examples for simplicity.

About two thirds of gene knockouts with placental phenotypes 
describe labyrinth defects. By far the most common labyrinth 
defect involves under-development of the region, revealing 
decreased fetal vessel branching or thickened IHM layers, 
with severe intrauterine growth restriction (IUGR) or fetal 
loss due to absent or insufficient metabolic exchange (Watson, 
2005; Cross et  al., 2006). Significantly reduced volumes are 
seen for maternal and fetal blood spaces within the Cxadr 
mutant labyrinth, beginning at E10.5 (Figures 2D,E). Similarly, 
decreased surface areas were observed in both maternal and 
fetal vessels, illustrating a considerably diminished IHM area 
available for exchange (Figures 2D’,E’). To this end, trans-
placental passage was assessed by injection of the fluorescent 
dye rhodamine 123 into the maternal circulation and 
measurement of dye accumulation within the embryo 
(Dupressoir et al., 2009); results are consistent with stereological 
findings, revealing markedly decreased IHM transfer of 
rhodamine 123 occurring as early as E10.5 and progressively 
worsening by E11.5 (Figures  2F,G). A mild reduction in 
crown-rump lengths was observed in Cxadr mutant embryos 
at both E10.5 and E11.5 (Figure 2H).

To assess the trophoblast component of the labyrinth, spatial 
distribution of cell subtypes was assessed by marker analysis at 
E11.5 and carried out by ISH on midline cross sections. cMet 
positive cell clusters, marking putative labyrinth progenitors, and 
the same cells expressing Cxadr, including basal chorion cells 
and clusters of cells adjacent to branching points in the labyrinth, 

are less evident throughout the Cxadr210/210 labyrinth. Interestingly, 
mRNA transcript levels detected by qRT-PCR within whole 
placental samples are not significantly different, suggesting a 
possible compensatory upregulation in cMet expression in the 
remaining positive cells of the chorion (Figures  3A,B). Gcm1 
expression, marking branching points and nascent SynT-II cells, 
is reduced at this time point, evident by both ISH and qRT-PCR 
(Figures 3C,D), suggesting CXADR is required following E10.5 
for the proper expansion and development of SynT-II. However, 
important growth factors known to be associated with maintaining 
Gcm1 and syncytial layer II development, including hepatocyte 
growth factor (Hgf) and various Wnt proteins, showed no change 
in expression between genotypes (Supplementary Figure S2; 
Matsuura et  al., 2011; Lu et  al., 2013; Ueno et  al., 2013; Zhu 
et al., 2017). In addition, markers of SynT-I (Syna) and sinusoidal-
trophoblast giant cells (S-TGCs; Ctsq) do not show reduced or 
altered expression (Figures  3E–H).

MCT1 (encoded by Slc16a1) and MCT4 (encoded by Slc16a3) 
are monocarboxylate (lactate) transporters found on the apical 
plasma membrane (maternal side) of SynT-I and basal membrane 
(fetal side) of SynT-II, respectively (Nagai et  al., 2010). In 
addition to marking the individual syncytial layers, these proteins 
also play an important transport role in the mouse placenta, 
and their expression is suggested to be  a useful measure of 
IHM transport capacity (Moreau et  al., 2014). While MCT1 
and MCT4 protein localization in Cxadr+/+ E11.5 placental 
sections show the normal distribution of interdigitated SynT-I 
and SynT-II cells, Cxadr210/210 labyrinths display altered IHM 
organization (Figures 3I,J), with peripheral areas (Figure 3J’) 
showing fetal capillary damage and a loss of SynT-II marker 
MCT4. Adjacent to decreased MCT4 expression, the intensity 
of MCT1 expression in SynT-I remains intact (Figure 3J). 
These results corroborate ISH findings, although Gcm1 loss at 
E11.5 was more widespread, possibly reflecting an earlier 
cessation to branching morphogenesis reflecting its role as a 
regulator of SynT-II differentiation (Figures 3C,D).

Cxadr Null Mice Display Impaired  
Vascular Expansion and Defective  
IHM Morphogenesis During  
Labyrinth Development
In the labyrinth of Cxadr null placentas, the initial formation 
of fetal blood vessels occurs unhindered. However, by E10.5 
decreased fetal blood space volume and surface area are observed, 
suggesting drivers of IHM development are perturbed soon 
after the placental, embryonic, and yolk sac vasculatures 
interconnect (Figures 2E,E’). Recently, endothelial cells of the 
mouse placenta were found to be  a heterogeneous population 
that can be  grouped into endovascular progenitors (EVP), 
transit amplifying (TA), and terminally differentiated (D) cell 
types based on their levels of expression of CD34, VECAD, 
CD31, VEGFR2, and their lack of hematopoietic marker CD45 
(Patel et  al., 2017). This suggests neovessel formation in the 
placenta involves the sequential differentiation of EVP cells to 
form a definitive vascular network comprised of TA and mature 
D endothelial cells (Patel et al., 2017). The extent of diminished 
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FIGURE 2 | CXADR is required for proper placental development. (A) Hematoxylin and eosin stained histological sections of Cxadr+/+ and Cxadr210/210 placentas at 
E11.5. Maternal decidua (Dec), labyrinth (Lab), and junctional zone (JZ) are indicated by dashed outlines. (B) Quantification of labyrinth volume. Plots represent the 
mean ± SEM for a minimum of n = 7 placentas per genotype. (C) Quantification of junctional zone volume. (D,D’) Quantification of maternal blood space volume (D) 
and surface area (D’). (E) Quantification of fetal blood space volume (E) and surface area (E’). (F,G) Whole-mount images of trans-placental passage of rhodamine 
123 in embryos at E10.5 (F) and quantification (G) of fluorescent intensity. Plots represent the mean ± SEM for a minimum of n = 6 embryos per genotype.  
(H) Measure of crown to rump length. *p < 0.05, **p < 0.01, ***p < 0.001. Scale bar: 1 mm.
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vascularization in Cxadr210/210 labyrinths is easily observed at 
E11.5 by IF detection of ENDOMUCIN (marking placental 
endothelial cells; Figures 4A,A’). In line with this, isolated 
endothelial cells from E11.25 dissociated labyrinths reveal a 

reduction in total endothelial cell numbers in Cxadr null samples 
(Figure 4B). Interestingly, within this population, EVP cells 
denote the majority of endothelial cells present in Cxadr null 
labyrinths, with very little TA and terminally differentiated 

A BA’

C D C’

E FE’

G HG’

J J’I

FIGURE 3 | CXADR is required for appropriate expansion of labyrinth trophoblast cell types. In situ hybridization in Cxadr+/+ and Cxadr210/210 placentas at E11.5 for 
cMet (A,A’), Gcm1 (C,C’), Syna (E,E’), and Ctsq (G,G’). qRT-PCR analysis for cMet (B), Gcm1 (D), Syna (F), and Ctsq (H) relative to Rpl13a. Plots represent the 
mean ± SEM for a minimum of n = 7 placentas per genotype. (I,J) Immunofluorescence of MCT1 (green) marking syncytial layer I cells, and MCT4 (red) marking 
syncytial layer II cells in Cxadr+/+ (I) and Cxadr210/210 (J) labyrinth vessels at E11.5. (J’) Higher magnification image of Cxadr210/210 peripheral labyrinth vessel loss. 
**p < 0.01. Scale bars: 200 μm (black) and 50 μm (white).
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FIGURE 4 | Cxadr null mice display impaired vascular invasion and defective IHM morphogenesis. (A) Immunofluorescence of ENDOMUCIN (green) marking fetal 
endothelial cells in Cxadr+/+ (A) and Cxadr210/210 (A’) labyrinth sections at E11.5. (B) CD34+ CD45− VECAD+ gated labyrinth cells reveal distinct endothelial 
populations in Cxadr+/+ and CxadrΔ/Δ samples, based on VEGFR2 and CD31 expression. From left to right: endovascular progenitors (EVP), transit amplifying (TA), 

(Continued)
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endothelium represented (Figure 4C). This suggests a reduced 
functional capacity of EVP to differentiate into mature endothelial 
cells, which form the basis of the vascular network.

To elucidate the basis for poor growth of the placental 
vasculature, analyses of gene expression of angiogenic signaling 
factors were assessed. Results revealed significant decreases 
in pro-angiogenic angiopoietin 1 (Ang1), vascular endothelial 
growth factor a (Vegfa) and Vegfc, in conjunction with 
increased apelin (Apln) in placental samples at E11.5 
(Figures 4D–G). While no changes were observed for placental 
growth factor (Pgf), neuropilin 1 (Nrp1), Apela, Ang2, Vegfb, 
Vegfd, or change in the expression of hypoxia inducible 
factor-1α (HIF-1α) and EGF-like domain containing protein 
7 (Egfl7), as part of a hypoxic response (Supplementary 
Figure S2; Lacko et  al., 2014; Ho et  al., 2017). Localization 
of Vegfa and Vegfc mRNA in wild-type labyrinths revealed 
Vegfa expression in basal chorion cells at E9.5, and an 
unknown cell type closely associated with labyrinth fetal 
vessels at E9.5 and 10.5, potentially a support or mural cell 
(Supplementary Figure S3, Figure 4H). By contrast, Vegfc 
is expressed in a small subset of fetal endothelial vessels, 
possibly suggesting an association with venule versus arteriole 
subtypes (Supplementary Figure S3, Figure 4H’). Reciprocally, 
while expression of the APJ receptor (Aplnr) is observed in 
the majority of labyrinth vasculature, it is notably absent in 
several vessels (Supplementary Figure S3). Interestingly, while 
there was a decrease in FECs, there was no accompanying 
change in expression for any associated angiogenic tyrosine-
kinase (Vegfr1, Vegfr2, Tie1, Tie2) or G-protein coupled 
receptors (Aplnr) in Cxadr null placentas compared to wild 
type (Supplementary Figure S2).

The cell-death marker, active (cleaved) Caspase-3 (CASP3), 
was used to determine whether apoptosis was occurring in 
IHM cells. At E10.5 and E11.5 immunofluorescence reveals 
an increase in apoptotic cells in the labyrinth of Cxadr210/210 
placentas compared to controls (Supplementary Figure S4), 
including a number of CASP3 positive cells seen throughout 
the allantois (data not shown). In addition, double IFs comparing 
expression of ENDOMUCIN (marking FECs) and CASP3 at 
E11.5 indicate some of the cells undergoing active cell death 
include endothelial cells (Supplementary Figure S4). In line 
with previous results, SynT-I cells remain unaffected, with no 
apoptosis or cell loss observed in MCT1-positive cells 
(Supplementary Figure S4).

Due to the emerging vascular phenotype, the impact of the 
Cxadr mutation was further investigated in the yolk sac (YS) 
vasculature. Examination of E10.5 YS vessels by whole-mount 
immunofluorescence for the endothelial marker platelet 
endothelial cell adhesion molecule 1 (PECAM 1) revealed wider 

vessels in Cxadr null compared with wild-type YS’s (Figures 4I,I’,J).  
The larger vessels seen in Cxadr null YS suggest that reduced 
vascular remodeling is occurring, complementing the growth 
restriction observed in the embryo at this time (Lucitti et al., 2007; 
Udan et  al., 2013; Garcia and Larina, 2014).

Placental Defects in Cxadr Null Mice Are 
Secondary to Embryonic Development
Due to the broad nature of Cxadr expression (placental, YS 
and embryonic), it cannot be  determined with a global loss 
of Cxadr within which tissue compartment CXADR is critical. 
However, TgSox2-Cre mice have been widely used to conditionally 
knockout genes within the embryo while retaining unaltered 
gene expression within trophoblast cell types (Hayashi et  al., 
2003). We  obtained Cxadrf/f mice to facilitate conditional gene 
deletion (Pazirandeh et  al., 2011), but first generated Cxadr+/Δ 
mice and crossed them to ensure the phenotypes of CxadrΔ/Δ 
placentas were consistent with what we observed in Cxadr210/210 
placentas (Supplementary Figure S5). We  found CxadrΔ/Δ 
placentas phenocopy Cxadr-ENU mutants, indicating the ENU 
mutation and the knockout allele are functionally equivalent 
(Supplementary Figure S6).

We also utilized the Cre reporter mouse line B6.Cg-
Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J (herein referred to as “tdTom”; 
Madisen et  al., 2009) to confirm the reported patterns of 
TgSox2-Cre activity in our hands. TdTom expression was observed 
in the visceral yolk sac (mosaic in the endoderm layer), allantois, 
and labyrinth FECs at E14.5, with Cre activity notably absent 
from the trophoblast compartment where Cxadr is expressed 
(Supplementary Figure S7). Within the embryo proper, the 
vast majority of cells at E14.5 are positive for tdTom expression, 
reflecting early epiblast expression of Cre from the Sox2 promoter 
(data not shown).

We then bred Cxadr+/Δ;TgSox2-Cre males with Cxadrf/f females 
to create CxadrΔ/Δ;TgSox2-Cre embryos with placentas that retain 
a floxed Cxadr allele (CxadrΔ/Δ(f);TgSox2-Cre) due to an absence 
of trophoblast Sox2-Cre activity. If placental defects are the 
primary reason for CxadrΔ/Δ embryonic phenotypes, we would 
expect to see ameliorated cardiovascular development in CxadrΔ/Δ 
embryos and survival past E13.5. However, counter to our 
original hypothesis, CxadrΔ/Δ;TgSox2-Cre embryos connected to 
heterozygous placentae died at the same gestational age as 
Cxadr-ENU and global knockout lines (between E11.5-E12.5). 
Despite sparing placental trophoblast from Cre-mediated 
deletion of Cxadr, histological analysis of CxadrΔ/Δ(f);TgSox2-Cre 
placentas surprisingly showed altered IHM architecture and 
reduced IHM branching reminiscent of global knockout 
placentas (Figures  5A,A’). Overall, heterozygous placentas 
attached to Cxadr null embryos appear flatter and have a 

FIGURE 4 | and differentiated (D) endothelial cells. Minimum of n = 2 labyrinths per genotype were pooled per litter, and comparisons were made between n = 3 
litters. (C) Endothelial hierarchy within each gated population/genotype. (D–F) qRT-PCR analysis for Ang1, Vegfa, and Vegfc expression in E11.5 placentas relative 
to Rpl13a. Plots represent the mean ± SEM for a minimum of n = 7 placentas per genotype. (G) qRT-PCR analysis for Apln expression in E11.5 placentas relative to 
Rpl13a. Plots represent the mean ± SEM for a minimum of n = 7 placentas per genotype. (H) In situ hybridization of Vegfa in labyrinth cells adjacent to fetal vessels 
at E10.5. (H’) In situ hybridization of Vegfc in some (arrow), not all, fetal endothelial cells of the labyrinth and allantois at E10.5. (I) Immunofluorescence of PECAM1 
marking endothelial cells in Cxadr+/+ (I) and CxadrΔ/Δ (I’) flat mount yolk sacs at E10.5. (J) Quantification of yolk sac vessel diameter at E10.5. Plots represent the 
mean ± SEM for n = 5 yolk sacs per genotype. *p < 0.05, **p < 0.01, ***p < 0.001. Scale bars: 200 μm (white) and 300 μm (black).
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FIGURE 5 | Placental defects in Cxadr null mice are secondary to embryo development. (A) Hematoxylin and eosin stained histological sections of control  
(Cxadr+/Δ;TgSox2-Cre) (A) and CxadrΔ/Δ(f);TgSox2-Cre (A’) labyrinths at E11.5. (B) Average labyrinth depth. Plots represent the mean ± SEM for n = 4 placentas per 
genotype. (C) In situ hybridization for Mest and immunohistochemistry for MCT4 in Cxadr+/+ (C) and Cxadr210/210 (C’) peripheral interhaemal membrane structures  
at E11.5. (D,E) Hematoxylin and eosin stained histological sections of CxadrΔ/Δ (D) and CxadrΔ/Δ(f);TgSox2-Cre (E) peripheral labyrinth fetal vessels at E11.5.  
(F) Immunofluorescence of MCT4, marking syncytial layer II, in control (Cxadr+/Δ;TgSox2-Cre) (F) and mutant (CxadrΔ/Δ(f);TgSox2-Cre) (F’) E11.5 placentas. (G) High 
magnification images showing immunofluorescence of MCT4 (red) and ENDOMUCIN (green), marking fetal endothelial cells, in control (Cxadr+/Δ;TgSox2-Cre) (G) and 
mutant (CxadrΔ/Δ(f);TgSox2-Cre) (G’) labyrinth sections at E11.5. (H) Immunofluorescent detection of MCT4 (red) and MCT1 (green), marking syncytial layer I, in E11.5 
CxadrΔ/Δ(f);TgSox2-Cre labyrinth sections. *p < 0.05. Scale bars: 300 μm (dashed black), 100 μm (solid black), 200 μm (dashed white), and 50 μm (solid white).
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significantly reduced labyrinth depth, as in Cxadr210/210 and 
CxadrΔ/Δ samples (Figure 5B). Higher magnification images 
show comparable congested peripheral vessels, where blood 
flow appears to be  disrupted, in Cxadr210/210, CxadrΔ/Δ, and 

CxadrΔ/Δ(f);TgSox2-Cre labyrinth sections (Figures 5C–E). 
Furthermore, disorganized IHM branching coupled with areas 
of SynT-II loss is illustrated by IF localization of MCT4 
(Figures 5F,F’). Disrupted MCT4 expression is also coupled 

A

C

D

E F F’

B

FIGURE 6 | Heart specific deletion of Cxadr does not impact placental development. (A,B) Hematoxylin and eosin stained histological sections of control 
(Cxadr+/Δ;TgMyh6-Cre) and mutant (CxadrΔ/Δ(f);TgMyh6-Cre) placentas at E11.5 (A) and E16.5 (B). Higher magnification of inset depicts close up of labyrinth. (C) Hematoxylin 
and eosin stained histological sections of control (Cxadr+/Δ;TgTnnt2-Cre) and mutant (CxadrΔ/Δ(f);TgTnnt2-Cre) placentas at E11.5. (D) E11.5 control (Cxadr+/Δ;TgTnnt2-Cre) and 
mutant (CxadrΔ/Δ(f);TgTnnt2-Cre) labyrinth depths. Plots represent the mean ± SEM for n = 4 placentas per genotype. (E) Hematoxylin and eosin stained histological 
section of CxadrΔ/Δ(f); TgSox2-Cre peripheral labyrinth fetal vessels at E11.5. (F) High magnification images showing immunofluorescence of MCT4 (red), marking 
syncytial layer II, and ENDOMUCIN (green), marking fetal endothelial cells, in control (Cxadr+/Δ;TgTnnt2-Cre) (F) and mutant (CxadrΔ/Δ(f);TgTnnt2-Cre) (F’) labyrinth sections at 
E11.5. ***p < 0.001. Scale bars: 2 mm (dashed black), 100 μm (solid black), and 50 μm (solid white).
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with the loss of FEC marker ENDOMUCIN while retaining 
SynT-I marker MCT1 (Figures  5G–H). These results indicate 
that labyrinth damage is secondary to an embryonic or yolk 
sac requirement for Cxadr.

Heart-Specific Deletion of Cxadr Does Not 
Impact Placental Development
Since a loss of trophoblast Cxadr is not responsible for the 
placental phenotypes observed in Cxadr null mutants, primary 
heart defects may underlie the observed impact on placentation. 
Therefore, to query the placenta-heart axis in this inverse 
direction, heart-specific deletion of Cxadr (driven by Myh6-
Cre and Tnnt2-Cre transgenes) was employed. TgMyh6-Cre driven 
deletion of Cxadr is not lethal and pups born from such 
crosses survive to adulthood. In line with previous reports, 
the majority of CxadrΔ/Δ(f);TgMyh6-Cre embryos were detected 
alive in litters collected at E11.5, E13.5, and E16.5, and 
histological analysis found no obvious labyrinth defects in 
these animals at corresponding stages (Figures 6A,B; 
Supplementary Table S9; Chen et  al., 2006; Lim et  al., 2008; 
Kallewaard et  al., 2009). Alternatively, crosses of Cxadr+/

Δ;TgTnnt2-Cre and Cxadrf/f mice resulted in embryonic lethality 
by E12.5, coupled with similar placental phenotypes to the 
TgSox2-Cre conditional and global knockout models  
(Figure 6C–F). Histological and IF analysis at E11.5 again 
revealed thinner placentas with decreased labyrinth depth, 
altered fetal branching, altered peripheral vessels, and a loss 
of fetal endothelium coupled with a breakdown of SynT-II 
in placentas of CxadrΔ/Δ(f);TgTnnt2-Cre embryos (Figures 6C–F’). 
On closer inspection, FECs do not appear adjacent or in 
contact with SynT-II as both layers are lost (Figure 6F’).

Interestingly, when we examined Myh6-Cre and Tnnt2-Cre 
activity in the placenta, using the tdTom Cre reporter line, 
we  similarly found diverse results. While TgMyh6-Cre driven 
expression of tdTom was not detected in E16.5 placentas 
(data not shown), whole-mount images and sections from 
TgTnnt2-Cre;TgtdTom placentas depict tdTom positive cells in the 
labyrinth, with a staining pattern reminiscent of S-TGCs, 
and in an unknown cell type(s) within the JZ, likely to 
be  Channel-TGCs (Supplementary Figure S8; Rai and Cross, 
2014). Double IFs for ENDOMUCIN, marking FECs, and 
MCT4, marking SynT-II, do not reveal any overlapping 
expression between tdTom positive cells and these layers in 
the labyrinth (Supplementary Figure  S8). Cells positive for 
tdTom are also seen around the umbilical vessels and throughout 
the fetal-derived allantoic mesenchyme and YS (Supplementary 
Figure S8). Moreover, additional tissues containing Tnnt2-Cre 
activity were observed throughout the embryo proper. Whole-
mount images and sections through the embryo reveal 
Tnnt2-Cre positive cells at E16.5 are found in the liver, lips, 
skeletal muscle, tongue, bladder, and throughout the CNS 
(Supplementary Figure S9, section data not shown). Tnnt2-Cre 
induced deletion of Cxadr results in both embryonic lethality 
and importantly placental defects. However, the expression 
pattern of this transgene within the placenta does not align 
with Cxadr expression and therefore implicates areas of Tnnt2 

and Cxadr overlap within the embryo or YS to be responsible 
for the secondary placental phenotypes observed.

DISCUSSION

CXADR expression has been cursorily reported in trophoblast 
(Dorner et  al., 2005), but the precise cellular localization and 
function within this tissue are unknown. Since impairments in 
placental development and function can cause secondary 
cardiovascular abnormalities, a phenomenon referred to as the 
placenta-heart axis, we  hypothesized that placental phenotypes 
may underlie or contribute to the reported cardiovascular defects 
and embryonic lethality observed in Cxadr mutant embryos.

In the current study, we  find that homozygous deletion of 
Cxadr, a mutation known to cause developmental heart and 
lymphatic defects, also causes severe defects in placental 
morphogenesis prior to embryonic lethality. Specifically, 
inactivation of Cxadr results in insufficient expansion of 
endothelial populations within the labyrinth. While it is clear 
an initial fetal vessel network forms, overall elaboration and 
patterning of a functional IHM in Cxadr mutants is significantly 
hampered, decreasing capacity for adequate placental transport. 
Due to the timing and severity of these placental phenotypes, 
placental insufficiency may play a key role in the demise of 
Cxadr mutants and may in part explain the variability observed 
in the reported embryonic heart defects by different studies 
(Asher et  al., 2005; Dorner et  al., 2005; Chen et  al., 2006; 
Lim et  al., 2008; Kallewaard et  al., 2009).

FEC-SynT-II Interactions Are Essential for 
Proper Morphogenesis of the IHM
Observations from numerous KO mouse models have demonstrated 
that reciprocal molecular crosstalk between trophoblast and allantoic-
derived cells is essential for normal labyrinth morphogenesis and 
expansion (reviewed in (Hemberger and Cross, 2001; Rossant 
and Cross, 2001; Watson, 2005; Cross et al., 2006)). One interesting 
observation from Cxadr mutant placentas is the synchronized 
loss of FECs and SynT-II cells. The sensitivity of SynT-II to the 
biochemical and molecular cues, conveyed by neighboring 
endothelium, has a profound influence on placental morphogenesis. 
For example, WNTs emanating from allantoic cells act through 
the FZD5 receptor on SynT-II cells to maintain Gcm1 expression, 
a transcription factor essential for SynT-II differentiation and IHM 
expansion (Lu et  al., 2013). In Cxadr mutant placentas, Gcm1 
expression is not maintained, and FEC differentiation is severely 
affected, indicating a breakdown in this important FEC-SynT-II 
dialogue. Intriguingly, the two syncytiotrophoblast layers in the 
labyrinth are joined by gap junctions and are thought to operate 
as a single unit providing an apical (SynT-I) and basal (SynT-II) 
layer for active and facilitated diffusion of nutrients (Coan et  al., 
2005; Nagai et  al., 2010); these layers are quite often considered 
one entity functionally. It is surprising then that the loss of SynT-II 
does not result in the loss of SynT-I or S-TGCs. The relationship 
between SynT-II and FECs appears significantly more 
interdependent, and it would seem that the affiliation SynT-II 
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and FECs have with the molecules and signals being relayed to 
each other, or from neighboring support cells, bind trophoblast 
and fetal-derived components of the IHM together, directing 
branching morphogenesis of the placental fetal vasculature.

Recently, a hierarchy among endothelial cells has been 
described in adult tissues and in the placenta of mice, including 
EVP, TA, and definitively differentiated (D) endothelial cells, 
with EVP cells providing a potential pool of tissue resident 
vascular stem cells (Patel et  al., 2017). Of note, the majority 
of endothelial cells within the vascular population of Cxadr 
mutant placentas are EVPs, raising the question of whether a 
block in labyrinth endothelial differentiation/development is 
the catalyst for poor IHM expansion. Importantly, expression 
of Wnts and other growth factors known to be  critical for 
labyrinth formation and SynT-II maintenance are not altered 
in Cxadr mutant placentas (Supplementary Figure S2), 
implicating a breakdown in pathways not previously linked 
with FEC-SynT-II communication. However, decreases in the 
expression of several additional angiogenic factors (Vgefa, Vegfc, 
Ang1, and Apln), some of which are required for the growth 
and maintenance of placental endothelial cells as well as 
trophoblast behaviors in both mouse and human placentas 
(Ahmed and Perkins, 2000; Dunk et  al., 2000; Burton et  al., 
2009; Chen and Zheng, 2014; Kappou et  al., 2015), were 
observed in Cxadr mutant labyrinths.

The precise roles these factors play in IHM development 
are currently unknown; however, the different expression patterns 
of Vegfa and Vegfc suggest diverse functions for these angiogenic 
factors within the developing placenta (Supplementary Figure S3).  
In the labyrinth, Vegfa is expressed in chorion trophoblast 
and in an unknown cell type adjacent to FECS (likely mural 
cells) in a prime position to instruct endothelial cell expansion, 
while expression of Vegfc appears limited to a subset of fetal 
endothelial vessels (Supplementary Figure S3). Interestingly, 
disruption of key angiogenic pathways, including VEGFA and 
C, has causal links to IUGR and abnormal villous development 
in mouse and human pregnancies (Ahmed and Perkins, 2000; 
Dunk et  al., 2000; Burton et  al., 2009; Chen and Zheng, 2014; 
Kappou et  al., 2015). Additionally, the Apln ligand and its 
receptor are reportedly expressed in all endothelial arteries, 
and Apln is also noted to have widespread expression in 
extraembryonic tissues, including endothelial tip cells of the 
developing labyrinth (Ho et  al., 2017; Mughal and O’Rourke, 
2018). During development, Apln is important for angiogenesis, 
and the role of the apelinergic system during this process can 
be either detrimental or beneficial, depending on the underlying 
pathology (He et  al., 2015; Mughal and O’Rourke, 2018). It 
is unclear whether the increase in Apln expression noted here 
may be  playing a damaging or compensatory role.

Extra-Placental Cxadr Expression Is 
Critical for Mid-Gestation Placental 
Labyrinth Morphogenesis
Placental abnormalities and embryonic lethality frequently 
co-exist (Perez-Garcia et  al., 2018), and increasing evidence 
from animal models shows that primary placental defects in 

particular can influence cardiogenesis (aka the placenta-heart 
axis), although the basis of the mechanistic relationship between 
these two concurrently developing organs has not been fully 
revealed (Hemberger and Cross, 2001; Linask, 2013; Burton 
and Jauniaux, 2018). Due to the nature of their physical 
connection, differentiating between the possible causes of 
damage such as nutrient and endocrine deficiency, co-factor 
availability or local hemodynamic impacts prove difficult. 
Furthermore, the characterization of secondary effects on the 
placenta in cases of primary cardiovascular phenotypes has 
not been previously elucidated.

Despite Cxadr expression in labyrinth trophoblast progenitors, 
and the severe placental abnormalities that develop in the absence 
of Cxadr, retention of trophoblast Cxadr expression with deletion 
of Cxadr outside the placental trophoblast compartment, using 
Sox2-Cre mice (Hayashi et al., 2003), confirmed that the observed 
placental phenotypes in Cxadr mutants are a consequence of 
primary embryonic or non-trophoblast extraembryonic defects. 
While it is true, the functional capacity of the placenta can 
impose mechanical constraints that affect blood flow patterns 
(Linask et al., 2014; Burton et al., 2016); the heart is the primary 
contributing factor to hemodynamics (pressure, shear stress, and 
cyclic strain), producing and organizing local and global molecular 
and cellular changes within the whole vascular system, not just 
the embryo proper. Previous studies reported Cxadr mutants 
die due to cardiac defects. Therefore, the persistence of a placental 
phenotype in heterozygous placentas attached to Cxadr null 
embryos suggested that altered cardiac output or failing heart 
function could be the origin of these secondary placental defects. 
In an attempt to address the impact of altered cardiac development 
on the placenta and assess the two-way nature of the placenta-
heart axis, we  sought to conditionally delete CXADR during 
gestation. However, when Cxadr is deleted using TgMyh6-Cre, the 
most heart-restricted gene utilized in these studies, embryos 
can survive to adulthood, and we observed no significant placental 
phenotypes (Chen et  al., 2006; Lim et  al., 2008; Kallewaard 
et al., 2009). Therefore, any cardiac phenotypes caused by Myh6-
Cre induced deletion of Cxadr are not critical during development 
or sufficient enough to cause obvious secondary placental defects, 
probably accounting for embryo survivability.

Contrary to this, deletion of Cxadr using Tnnt2-Cre mice 
is not compatible with embryonic survival (Chen et al., 2006). 
Accordingly, we found placental phenotypes following TgTnnt2-Cre 
driven deletion of Cxadr that resemble those of the more 
broadly expressed TgSox2-Cre and global deletion models. The 
difference in embryonic phenotypes between TgMyh6-Cre and 
TgTnnt2-Cre driven deletion of Cxadr was originally hypothesized 
to be  the result of a later onset of Cre expression in the 
hearts of Myh6-Cre mice compared with Tnnt2-Cre mice 
(Chen et al., 2006), reflecting a critical developmental window 
for CXADR function in the heart prior to E11.5. However, 
we  observed Cre activity in the hearts of Myh6-Cre mice 
as early as E9.0 with mRNA expression detected at E8.5 by 
ISH, refuting this notion (Supplementary Figure S10). If 
loss of Cxadr in the heart is the driver of secondary placental 
defects, it is due to the wider expression of Tnnt2-Cre throughout 
the myocardium compared with Myh6-Cre (Yan et al., 2016), 
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rather than differences in the developmental onset of Cre 
expression. This raises an interesting question, could the degree 
of cardiac dysfunction, due to variation in the percentage of 
cardiomyocytes that express Cxadr, result in the difference 
between embryonic lethality, as seen in CxadrΔ/Δ(f);TgTnnt2-Cre 
embryos, and cardiomyopathies like those exhibited in 
CxadrΔ/Δ(f);TgMyh6-Cre adult mice? (Lim et  al., 2008). However, 
confounding our analysis, expression of Cre from the TgTnnt2-Cre 
transgene is not restricted to the heart and is in fact broader 
than previously appreciated. Cre expression from the Tnnt2 
promoter is noted in lateral plate mesoderm (LPM) at E7.5 
(Wang et  al., 2000, 2001), and we  observed cells positive 
for tdTom throughout LPM derivatives, including components 
of the circulatory system and in the extraembryonic YS 
(Supplementary Figures S8, S9). Therefore, the cells responsible 
for the observed placental phenotypes, in the absence of 
Cxadr, are within the non-overlapping cell populations 
expressing Cre between the TgMyh6-Cre and TgTnnt2-Cre transgenes, 
and this may include cardiac, vascular (embryonic or 
extraembryonic), or vascular support cells.

Within the embryo, dilated aorta and cardinal veins (CVs) 
have been detected in several Cxadr KO studies by E11.5 (Dorner 
et  al., 2005; Chen et  al., 2006; Marsman et  al., 2014), and Mirza 

et  al. observed deformed and dilated lymphatic vessels resulting 
from impaired formation of cell-cell junctions in lymphatic 
endothelium (Mirza et al., 2012). Expression of Cxadr in embryonic 
endothelial cells is somewhat inconclusive but has been reported 
in several studies (Carson et  al., 1999; Vincent et  al., 2004), and 
Cxadr expression in lymphatic endothelial cells (LECs) has been 
shown, with the protein localized to cell-cell junctions (Mirza 
et al., 2012). LECs bud from the CV, beginning at E10.5, signaling 
the emergence of the developing lymphatic system. In a wild-
type situation, disruption to the CV endothelial barrier is avoided 
as budding LECs increase expression of cell adhesion markers 
and remain attached to CV cells via cell-cell junctions (Yang 
and Oliver, 2014). By E11.5 lymph sacs are noted along the 
posterior of the CV, a loss of proper cell-cell contact in lymph 
sacs could facilitate a loss of CV integrity and tone. This suggests 
that a loss of Cxadr within cells of the developing embryonic 
cardiovascular system of Cxadr210/210, CxadrΔ/Δ, CxadrΔ/Δ(f);TgSox2-Cre, 
CxadrΔ/Δ(f);TgTnnt2-Cre embryos likely causes primary cardiovascular 
defects that result in secondary placental phenotypes. However, 
since TgSox2-Cre and TgTnnt2-Cre can drive gene deletions within the 
YS, we  cannot rule out a primary YS defect as a driving or 
contributing cause of placental defects. Indeed, we  observed a 
loss of vessel tone in Cxadr null YSs at E10.5. This is of importance, 

FIGURE 7 | Timeline of placental, yolk sac (YS), and cardiac developmental milestones occurring between E7.5 and E11.5.
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as dilated vessels are known to correlate with altered blood flow, 
and perturbed YS development has previously been noted to 
affect hemodynamics causing embryonic lethality, and could 
presumably affect placental and cardiac growth (Conway et  al., 
2002; Lucitti et  al., 2007; Udan et  al., 2012, 2013; Garcia and 
Larina, 2014); a YS contribution to placental defects is therefore 
plausible. However, even though YS and placental defects are 
observed in this study to occur earlier than reported cardiac 
phenotypes, we cannot definitively determine at this time whether 
YS defects are a primary contributing factor to both placental 
and embryonic phenotypes, or whether, like the placenta, they 
are secondary to embryonic defects.

The fetal circulatory system connects the developing placenta 
and heart, and in the mouse these organs sit at opposite ends 
of a system that also includes an extensive extraembryonic YS 
vasculature. It is evident, when Cxadr is deleted from the mouse 
genome, a broader vascular defect emerges with embryonic, 
placental, and YS fetal vessels affected. The role of the vasculature 
is currently under investigation. While we  cannot at this time 
determine with certainty whether YS defects or embryonic 
vascular/lymphatic or cardiac defects are the driving force behind 
the secondary placental abnormalities, TgTnnt2-Cre and TgSox2-Cre 
mediated deletion of Cxadr nevertheless clearly shows that 
severe secondary placental defects are the result of a loss of 
Cxadr in non-trophoblast cells and that impaired placental 
function most likely impacts embryonic viability.

CONCLUSION

While it is not disputed that loss of Cxadr impacts cardiac 
development and function, the notion that the accompanying 
placental or YS abnormalities could have a compounding impact 
on the outcome of pregnancy is instead introduced by the current 
study. We  propose that defects observed in the placenta, YS and 
heart, emerge at a time when development of these systems 
becomes interdependent (major developmental milestones outlined 
in Figure 7). By E9.5, once fetal, placental and YS circulations 
are joined, the importance of optimal function of each component 
of the system is critical for the continued healthy expansion of 
embryonic and extraembryonic vascular beds as major remodeling 
occurs. The rising demands made by the fetus on diffusional 
exchange (oxygen and carbon dioxide) and placental transfer of 
nutrients is exponential beyond E10.5 and requires synchronization 
in development between maternal, placental, and fetal blood 
flows (Figure 7). The embryonic heart needs to sustain the 
growing embryo and work hard enough to sustain an expanding 
extraembryonic vascular system. An inability to maintain 
endothelial differentiation and sustain branching and IHM 
patterning to provide adequate surface area for transplacental 
passage in the Cxadr null placenta from E10.5 onwards in all 
likelihood contributes to the exacerbated heart defects and 
embryonic lethality. Equally, and most confounding in this scenario, 
placental and cardiac hemodynamic transactions play a role in 
determining the subsequent morphology and functional capacity 
of each other. The conditional deletion of Cxadr in the current 
study shows that significant placental phenotypes can be secondary 

to primary defects in either YS and/or embryonic structures. 
Unfortunately, however, definitive conclusions about the precise 
origin of the extraplacental phenotypes that drive defects in 
placental growth could not be  directly assessed in this study 
due to the non-selective nature of the Cre mouse lines at our 
disposal, only that the placental defects observed in Cxadr mutants 
are secondary in nature. What does become evident from this 
work is that placental development, cardiac development, and 
vascular function cannot be  easily separated and that future 
studies must be expanded to include an extensive YS vascular plexus.

DATA AVAILABILITY

All datasets generated for this study are included in the 
manuscript and/or the Supplementary Files.

ETHICS STATEMENT

Animal experiments conducted in this study were approved 
by the University of Queensland Animal Ethics Committee 
and conformed to their guidelines.

AUTHOR CONTRIBUTIONS

JO collected and evaluated the data. JP performed the flow 
cytometry and analysis. JO and DS drafted the manuscript. 
All authors approved the final version of the manuscript.

FUNDING

The authors thank and acknowledge the National Health and 
Medical Research Council for funding to DS (APP1130255) 
and the Australian Research Council for salary support through 
a DECRA Research Fellowship (DE180100984) to JP.

ACKNOWLEDGMENTS

The authors would like to thank the animal house staff at the 
University of Queensland (animal management) and the 
Australian Genome Research Facility (DNA sequencing) for 
technical assistance. The authors would also like to thank the 
Australian Phenomics Network for production and supply of 
the Cxadr-ENU mouse model, to Jackson Labs for the Cxadr 
floxed, Sox2-Cre, Tnnt2-Cre, and Myh6-Cre mouse models, 
and Jackson Labs and Prof Linda Richards (Queensland Brain 
Institute) for the tdTomato Cre reporter mouse line.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fphys.2019.00622/
full#supplementary-material

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://www.frontiersin.org/articles/10.3389/fphys.2019.00622/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2019.00622/full#supplementary-material


Outhwaite et al. Placental Defects in Cxadr Mutants

Frontiers in Physiology | www.frontiersin.org 16 May 2019 | Volume 10 | Article 622

REFERENCES

Adams, R. H., Porras, A., Alonso, G., Jones, M., Vintersten, K., Panelli, S., 
et  al. (2000). Essential role of p38α MAP kinase in placental but not 
embryonic cardiovascular development. Mol. Cell 6, 109–116. doi: 10.1016/
S1097-2765(05)00014-6

Ahmed, A., and Perkins, J. (2000). Angiogenesis and intrauterine growth 
restriction. Best Pract. Res. Clin. Obstet. Gynaecol. 14, 981–998. doi: 10.1053/
beog.2000.0139

Asher, D. R., Cerny, A. M., Weiler, S. R., Horner, J. W., Keeler, M. L., Neptune, M. A., 
et al. (2005). Coxsackievirus and adenovirus receptor is essential for 
cardiomyocyte development. Genesis 42, 77–85. doi: 10.1002/gene.20127

Barak, Y., Nelson, M. C., Ong, E. S., Jones, Y. Z., Ruiz-Lozano, P., Chien, K. R., 
et al. (1999). PPAR gamma is required for placental, cardiac, and adipose 
tissue development. Mol. Cell 4, 585–595. doi: 10.1016/S1097-2765(00)80209-9

Bergelson, J. M., Cunningham, J. A., Droguett, G., Kurt-Jones, E. A., Krithivas, A., 
Hong, J. S., et al. (1997). Isolation of a common receptor for coxsackie B 
viruses and adenoviruses 2 and 5. Science 275, 1320–1323. doi: 10.1126/
science.275.5304.1320

Burton, G. J., Charnock-Jones, D. S., and Jauniaux, E. (2009). Regulation of 
vascular growth and function in the human placenta. Reproduction 138, 
895–902. doi: 10.1530/REP-09-0092

Burton, G. J., Fowden, A. L., and Thornburg, K. L. (2016). Placental origins 
of chronic disease. Physiol. Rev. 96, 1509–1565. doi: 10.1152/physrev.00029.2015

Burton, G. J., and Jauniaux, E. (2018). Development of the human placenta 
and fetal heart: synergic or independent? Front. Physiol. 9, 109–110. doi: 
10.3389/fphys.2018.00373

Carson, S. D., Hobbs, J. T., Tracy, S. M., and Chapman, N. M. (1999). Expression 
of the coxsackievirus and adenovirus receptor in cultured human umbilical 
vein endothelial cells: regulation in response to cell density. J. Virol. 73, 
7077–7079.

Chen, D., and Zheng, J. (2014). Regulation of placental angiogenesis. 
Microcirculation 21, 15–25. doi: 10.1111/micc.12093

Chen, J. W., Zhou, B., Yu, Q. C., Shin, S. J., Jiao, K., Schneider, M. D., et  al. (2006). 
Cardiomyocyte-specific deletion of the coxsackievirus and adenovirus receptor 
results in hyperplasia of the embryonic left ventricle and abnormalities of sinuatrial 
valves. Circ. Res. 98, 923–930. doi: 10.1161/01.RES.0000218041.41932.e3

Coan, P. M. (2004). Developmental dynamics of the definitive mouse placenta 
assessed by stereology. Biol. Reprod. 70, 1806–1813. doi: 10.1095/
biolreprod.103.024166

Coan, P. M., Ferguson-Smith, A. C., and Burton, G. J. (2005). Ultrastructural 
changes in the interhaemal membrane and junctional zone of the murine 
chorioallantoic placenta across gestation. J. Anat. 207, 783–796. doi: 10.1111/j.
1469-7580.2005.00488.x

Conway, S. J., Kruzynska-Frejtag, A., Kneer, P. L., Machnicki, M., and Koushik, 
S. V. (2002). What cardiovascular defect does my prenatal mouse mutant 
have, and why? Genesis 35, 1–21. doi: 10.1002/gene.10152

Cross, J., Nakano, H., Natale, D. R. C., Simmons, D. G., and Watson, E. D. 
(2006). Branching morphogenesis during development of placental villi. 
Differentiation 74, 393–401. doi: 10.1111/j.1432-0436.2006.00103.x

Dorner, A. A., Wegmann, F., Butz, S., Wolburg-Buchholz, K., Wolburg, H., 
Mack, A., et al. (2005). Coxsackievirus-adenovirus receptor (CAR) is essential 
for early embryonic cardiac development. J. Cell Sci. 118, 3509–3521. doi: 
10.1242/jcs.02476

Dubois, N. C., Adolphe, C., Ehninger, A., Wang, R. A., Robertson, E. J., and 
Trumpp, A. (2008). Placental rescue reveals a sole requirement for c-Myc 
in embryonic erythroblast survival and hematopoietic stem cell function. 
Development 135, 2455–2465. doi: 10.1242/dev.022707

Dunk, C., Shams, M., Nijjar, S., Rhaman, M., Qiu, Y., Bussolati, B., et al. 
(2000). Angiopoietin-1 and angiopoietin-2 activate trophoblast Tie-2 to 
promote growth and migration during placental development. Am. J. Phys. 
Anthropol. 156, 2185–2199. doi: 10.1016/S0002-9440(10)65089-4

Dupressoir, A., Vernochet, C., Bawa, O., Harper, F., Pierron, G., Opolon, P., 
et al. (2009). Syncytin  - a knockout mice demonstrate the critical role in 
placentation of a fusogenic, endogenous retrovirus-derived, envelope gene. 
Proc. Natl. Acad. Sci. USA 106, 12127–12132. doi: 10.1073/pnas.0902925106

Galabova-Kovacs, G., Matzen, D., Piazzolla, D., Meissl, K., Plyushch, T., Chen, 
A. P., et al. (2006). Essential role of B-Raf in ERK activation during 

extraembryonic development. Proc. Natl. Acad. Sci. USA 103, 1325–1330. 
doi: 10.1073/pnas.0507399103

Garcia, M. D., and Larina, I. V. (2014). Vascular development and hemodynamic 
force in the mouse yolk sac. Front. Physiol. 5:308. doi: 10.3389/fphys.2014.00308

Hatano, N., Mori, Y., Oh-hora, M., Kosugi, A., Fujikawa, T., Nakai, N., et al. 
(2003). Essential role for ERK2 mitogen-activated protein kinase in placental 
development. Genes Cells 8, 847–856. doi: 10.1046/j.1365-2443.2003.00680.x

Hayashi, S., Tenzen, T., and McMahon, A. P. (2003). Maternal inheritance of Cre 
activity in a Sox2Cre deleter strain. Genesis 37, 51–53. doi: 10.1002/gene.10225

He, L., Xu, J., Chen, L., and Li, L. (2015). Apelin/APJ signaling in hypoxia-
related diseases. Clin. Chim. Acta 451, 191–198. doi: 10.1016/j.cca.2015.09.029

Hemberger, M., and Cross, J. C. (2001). Genes governing placental development. 
Trends Endocrinol. Metab. 12, 162–168. doi: 10.1016/S1043-2760(01)00375-7

Ho, L., van Dijk, M., Chye, S. T. J., Messerschmidt, D. M., Chng, S. C., Ong, S., 
et al. (2017). ELABELA deficiency promotes preeclampsia and cardiovascular 
malformations in mice. Science 357, 707–713. doi: 10.1126/science.aam6607

Kallewaard, N. L., Zhang, L., Chen, J.-W., Guttenberg, M., Sanchez, M. D., and 
Bergelson, J. M. (2009). Tissue-specific deletion of the coxsackievirus and 
adenovirus receptor protects mice from virus-induced pancreatitis and 
myocarditis. Cell Host Microbe 6, 91–98. doi: 10.1016/j.chom.2009.05.018

Kappou, D., Sifakis, S., Konstantinidou, A., Papantoniou, N., and Spandidos, D. 
(2015). Role of the angiopoietin/tie system in pregnancy. Exp. Ther. Med. 9, 
1–6. doi: 10.3892/etm.2015.2280

Krivega, M., Geens, M., and Van de Velde, H. (2014). CAR expression in 
human embryos and hESC illustrates its role in pluripotency and tight 
junctions. Reproduction 148, 531–544. doi: 10.1530/REP-14-0253

Kwon, J.-W., Kim, N.-H., and Choi, I. (2016). CXADR is required for AJ and 
TJ assembly during porcine blastocyst formation. Reproduction 151, 297–304. 
doi: 10.1530/REP-15-0397

Lacko, L., Massimiani, M., Sones, J., Hurtado, R., Salvi, S., Ferrazzani, S., et  al. 
(2014). Novel expression of EGFL7  in placental trophoblast and endothelial 
cells and its implication in preeclampsia. Mech. Dev. 133, 163–176. doi: 
10.1016/j.mod.2014.04.001

Langford, M. B., Outhwaite, J. E., Hughes, M., Natale, D. R. C., and Simmons, D. G. 
(2018). Deletion of the Syncytin A receptor Ly6e impairs syncytiotrophoblast 
fusion and placental morphogenesis causing embryonic lethality in mice. 
Sci. Rep. 8:3961. doi: 10.1038/s41598-018-22040-2

Lim, B.-K., Xiong, D., Dorner, A., Youn, T.-J., Yung, A., Liu, T. I., et al. (2008). 
Coxsackievirus and adenovirus receptor (CAR) mediates atrioventricular-
node function and connexin 45 localization in the murine heart. J. Clin. 
Invest. 118, 2758–2770. doi: 10.1172/JCI34777

Linask, K. K. (2013). The heart-placenta axis in the first month of pregnancy: 
induction and prevention of cardiovascular birth defects. J. Pregnancy 2013, 
1–11. doi: 10.1155/2013/320413

Linask, K. K., Han, M., and Bravo-Valenzuela, N. J. M. (2014). Changes in 
vitelline and utero-placental hemodynamics: implications for cardiovascular 
development. Front. Physiol. 5:390. doi: 10.3389/fphys.2014.00390

Lu, J., Zhang, S., Nakano, H., Simmons, D. G., Wang, S., Kong, S., et al. 
(2013). A positive feedback loop involving Gcm1 and Fzd5 directs chorionic 
branching morphogenesis in the placenta. PLoS Biol. 11:e1001536. doi: 
10.1371/journal.pbio.1001536

Lucitti, J. L., Jones, E. A. V., Huang, C., Chen, J., Fraser, S. E., and Dickinson, 
M. E. (2007). Vascular remodeling of the mouse yolk sac requires hemodynamic 
force. Development 134, 3317–3326. doi: 10.1242/dev.02883

Madisen, L., Zwingman, T. A., Sunkin, S. M., Oh, S. W., Zariwala, H. A., Gu, H., et al. 
(2009). A robust and high-throughput Cre reporting and characterization 
system for the whole mouse brain. Nat. Neurosci. 13, 133–140. doi: 10.1038/
nn.2467

Marsman, R., Bezzina, C. R., Freiberg, F., Verkerk, A. O., Adriaens, M. E., 
Podliesna, S., et al. (2014). Coxsackie and adenovirus receptor is a modifier 
of cardiac conduction and arrhythmia vulnerability in the setting of myocardial 
ischemia. J. Am. Coll. Cardiol. 63, 549–559. doi: 10.1016/j.jacc.2013.10.062

Maruyama, E. O., Lin, H., Chiu, S.-Y., Yu, H. M. I., Porter, G. A., and Hsu, W. 
(2016). Extraembryonic but not embryonic SUMO-specific protease 2 is 
required for heart development. Sci. Rep. 6:20999. doi: 10.1038/srep202999

Matsuura, K., Jigami, T., Taniue, K., Morishita, Y., Adachi, S., Senda, T., et al. 
(2011). Identification of a link between Wnt/β-catenin signalling and the 
cell fusion pathway. Nat. Commun. 2, 548–549. doi: 10.1038/ncomms1551

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1016/S1097-2765(05)00014-6
https://doi.org/10.1016/S1097-2765(05)00014-6
https://doi.org/10.1053/beog.2000.0139
https://doi.org/10.1053/beog.2000.0139
https://doi.org/10.1002/gene.20127
https://doi.org/10.1016/S1097-2765(00)80209-9
https://doi.org/10.1126/science.275.5304.1320
https://doi.org/10.1126/science.275.5304.1320
https://doi.org/10.1530/REP-09-0092
https://doi.org/10.1152/physrev.00029.2015
https://doi.org/10.3389/fphys.2018.00373
https://doi.org/10.1111/micc.12093
https://doi.org/10.1161/01.RES.0000218041.41932.e3
https://doi.org/10.1095/biolreprod.103.024166
https://doi.org/10.1095/biolreprod.103.024166
https://doi.org/10.1111/j.1469-7580.2005.00488.x
https://doi.org/10.1111/j.1469-7580.2005.00488.x
https://doi.org/10.1002/gene.10152
https://doi.org/10.1111/j.1432-0436.2006.00103.x
https://doi.org/10.1242/jcs.02476
https://doi.org/10.1242/dev.022707
https://doi.org/10.1016/S0002-9440(10)65089-4
https://doi.org/10.1073/pnas.0902925106
https://doi.org/10.1073/pnas.0507399103
https://doi.org/10.3389/fphys.2014.00308
https://doi.org/10.1046/j.1365-2443.2003.00680.x
https://doi.org/10.1002/gene.10225
https://doi.org/10.1016/j.cca.2015.09.029
https://doi.org/10.1016/S1043-2760(01)00375-7
https://doi.org/10.1126/science.aam6607
https://doi.org/10.1016/j.chom.2009.05.018
https://doi.org/10.3892/etm.2015.2280
https://doi.org/10.1530/REP-14-0253
https://doi.org/10.1530/REP-15-0397
https://doi.org/10.1016/j.mod.2014.04.001
https://doi.org/10.1038/s41598-018-22040-2
https://doi.org/10.1172/JCI34777
https://doi.org/10.1155/2013/320413
https://doi.org/10.3389/fphys.2014.00390
https://doi.org/10.1371/journal.pbio.1001536
https://doi.org/10.1242/dev.02883
https://doi.org/10.1038/nn.2467
https://doi.org/10.1038/nn.2467
https://doi.org/10.1016/j.jacc.2013.10.062
https://doi.org/10.1038/srep202999
https://doi.org/10.1038/ncomms1551


Outhwaite et al. Placental Defects in Cxadr Mutants

Frontiers in Physiology | www.frontiersin.org 17 May 2019 | Volume 10 | Article 622

Mirza, M., Pang, M.-F., Zaini, M. A., Haiko, P., Tammela, T., Alitalo, K., et  al. 
(2012). Essential role of the coxsackie  - and adenovirus receptor (CAR) in 
development of the lymphatic system in mice. PLoS One 7:e37523. doi: 
10.1371/journal.pone.0037523

Moreau, J. L. M., Artap, S. T., Shi, H., Chapman, G., Leone, G., Sparrow, D. B., 
et al. (2014). Cited2 is required in trophoblasts for correct placental capillary 
patterning. Dev. Biol. 392, 62–79. doi: 10.1016/j.ydbio.2014.04.023

Mudgett, J. S., Ding, J., Guh-Siesel, L., Chartrain, N. A., Yang, L., Gopal, S., 
et al. (2000). Essential role for p38alpha mitogen-activated protein kinase 
in placental angiogenesis. Proc. Natl. Acad. Sci. USA 97, 10454–10459. doi: 
10.1073/pnas.180316397

Mughal, A., and O’Rourke, S. T. (2018). Vascular effects of apelin: mechanisms 
and therapeutic potential. Pharmacol. Ther. 190, 139–147. doi: 10.1016/j.
pharmthera.2018.05.013

Nagai, A., Takebe, K., Nio-Kobayashi, J., Takahashi-Iwanaga, H., and 
Iwanaga, T. (2010). Cellular expression of the monocarboxylate transporter 
(MCT) family in the placenta of mice. Placenta 31, 126–133. doi: 10.1016/j.
placenta.2009.11.013

Oh, Y. S., Nah, W. H., Choi, B., Kim, S. H., and Gye, M. C. (2016). Coxsackievirus 
and adenovirus receptor, a tight junction protein, in Peri-implantation mouse 
embryos. Biol. Reprod. 95, 5–5. doi: 10.1095/biolreprod.115.138099

Ouseph, M. M., Li, J., Chen, H.-Z., Pécot, T., Wenzel, P., Thompson, J. C., 
et  al. (2012). Atypical E2F repressors and activators coordinate placental 
development. Dev. Cell 22, 849–862. doi: 10.1016/j.devcel.2012.01.013

Patel, J., Seppanen, E. J., Rodero, M. P., Wong, H. Y., Donovan, P., Neufeld, Z., 
et al. (2017). Functional definition of progenitors versus mature endothelial 
cells reveals key SoxF-dependent differentiation process. Circulation 135, 
786–805. doi: 10.1161/CIRCULATIONAHA.116.024754

Pazirandeh, A., Sultana, T., Mirza, M., Rozell, B., Hultenby, K., Wallis, K., 
et  al. (2011). Multiple phenotypes in adult mice following inactivation of 
the coxsackievirus and adenovirus receptor (car) gene. PLoS One 6:e20203. 
doi: 10.1371/journal.pone.0020203

Perez-Garcia, V., Fineberg, E., Wilson, R., Murray, A., Mazzeo, C. I., Tudor, C., 
et al. (2018). Placentation defects are highly prevalent in embryonic lethal 
mouse mutants. Nature 555, 463–468. doi: 10.1038/nature26002

Raffel, G. D., Chu, G. C., Jesneck, J. L., Cullen, D. E., Bronson, R. T., 
Bernard, O. A., et al. (2008). Ott1 (Rbm15) is essential for placental vascular 
branching morphogenesis and embryonic development of the heart and 
spleen. Mol. Cell. Biol. 29, 333–341. doi: 10.1128/MCB.00370-08

Rai, A., and Cross, J. (2014). Development of the hemochorial maternal vascular 
spaces in the placenta through endothelial and vasculogenic mimicry. Dev. 
Biol. 387, 131–141. doi: 10.1016/j.ydbio.2014.01.015

Rossant, J., and Cross, J. (2001). Placental development: lessons from mouse 
mutants. Nat. Rev. Genet. 2, 538–548. doi: 10.1038/35080570

Schorpp-Kistner, M., Wang, Z. Q., Angel, P., and Wagner, E. F. (1999a). JunB 
is essential for mammalian placentation. EMBO J. 18, 934–948. doi: 10.1093/
emboj/18.4.934

Schreiber, M., Wang, Z. Q., Jochum, W., Fetka, I., Elliott, C., and Wagner, E. F. 
(2000). Placental vascularisation requires the AP-1 component fra1. Development 
127, 4937–4948.

Simmons, D. G., Rawn, S. M., Davies, A., Hughes, M., and Cross, J. (2008). 
Spatial and temporal expression of the 23 murine prolactin/placental lactogen-
related genes is not associated with their position in the locus. BMC Genomics 
9:352. doi: 10.1186/1471-2164-9-352

Tomko, R. P., Xu, R., and Philipson, L. (1997). HCAR and MCAR: the human 
and mouse cellular receptors for subgroup C adenoviruses and group B 
coxsackieviruses. Proc. Natl. Acad. Sci. U.S.A. 94, 3352–3356. doi: 10.1073/
pnas.94.7.3352

Udan, R. S., Culver, J. C., and Dickinson, M. E. (2012). Understanding vascular 
development. WIREs Dev. Biol. 2, 327–346. doi: 10.1002/wdev.91

Udan, R. S., Vadakkan, T. J., and Dickinson, M. E. (2013). Dynamic responses 
of endothelial cells to changes in blood flow during vascular remodeling 
of the mouse yolk sac. Development 140, 4041–4050. doi: 10.1242/dev.096255

Ueno, M., Lee, L. K., Chhabra, A., Kim, Y. J., Sasidharan, R., Van Handel, B., 
et al. (2013). C-met-dependent multipotent labyrinth trophoblast progenitors 
establish placental exchange Interface. Dev. Cell 27, 373–386. doi: 10.1016/j.
devcel.2013.10.019

Vincent, T., Pettersson, R. F., Crystal, R. G., and Leopold, P. L. (2004). Cytokine-
mediated downregulation of coxsackievirus-adenovirus receptor in endothelial 
cells. J. Virol. 78, 8047–8058. doi: 10.1128/JVI.78.15.8047-8058.2004

Walentin, K., Hinze, C., and Schmidt-Ott, K. M. (2016). The basal chorionic 
trophoblast cell layer: an emerging coordinator of placenta development. 
BioEssays 38, 254–265. doi: 10.1002/bies.201500087

Wang, Q., Reiter, R. S., Huang, Q. Q., Jin, J. P., and Lin, J. J. (2001). Comparative 
studies on the expression patterns of three troponin T genes during mouse 
development. Anat. Rec. 263, 72–84. doi: 10.1002/ar.1078

Wang, Q., Sigmund, C. D., and Lin, J. J. (2000). Identification of cis elements 
in the cardiac troponin T gene conferring specific expression in cardiac 
muscle of transgenic mice. Circ. Res. 86, 478–484. doi: 10.1161/01.RES.86.4.478

Watson, E. D. (2005). Development of structures and transport functions in 
the mouse placenta. Physiology 20, 180–193. doi: 10.1152/physiol.00001.2005

Wenzel, P. L., Wu, L., de Bruin, A., Chong, J. L., Chen, W. Y., Dureska, G., 
et al. (2007). Rb is critical in a mammalian tissue stem cell population. 
Genes Dev. 21, 85–97. doi: 10.1101/gad.1485307

Wu, L., de Bruin, A., Saavedra, H., Starovic, M., Trimboll, A., Yang, Y., et al. 
(2003). Extra-embryonic function of Rb is essential for embryonic development 
and viability. Nature 421, 939–942. doi: 10.1038/nature01417

Yan, J., Zhang, L., Sultana, N., Oh, J. G., Wu, B., Hajjar, R. J., et al. (2016). 
A series of robust genetic indicators for definitive identification of 
cardiomyocytes. J. Mol. Cell. Cardiol. 97, 278–285. doi: 10.1016/j.
yjmcc.2016.06.003

Yang, Y., and Oliver, G. (2014). Development of the mammalian lymphatic 
vasculature. J. Clin. Invest. 124, 888–897. doi: 10.1172/JCI71609

Zhu, D., Gong, X., Miao, L., Fang, J., and Zhang, J. (2017). Efficient induction 
of syncytiotrophoblast layer II cells from trophoblast stem cells by canonical 
Wnt signaling activation. Stem Cell Reports 9, 2034–2049. doi: 10.1016/j.
stemcr.2017.10.014

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest.

Copyright © 2019 Outhwaite, Patel and Simmons. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the original 
author(s) and the copyright owner(s) are credited and that the original publication 
in this journal is cited, in accordance with accepted academic practice. No use, 
distribution or reproduction is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1371/journal.pone.0037523
https://doi.org/10.1016/j.ydbio.2014.04.023
https://doi.org/10.1073/pnas.180316397
https://doi.org/10.1016/j.pharmthera.2018.05.013
https://doi.org/10.1016/j.pharmthera.2018.05.013
https://doi.org/10.1016/j.placenta.2009.11.013
https://doi.org/10.1016/j.placenta.2009.11.013
https://doi.org/10.1095/biolreprod.115.138099
https://doi.org/10.1016/j.devcel.2012.01.013
https://doi.org/10.1161/CIRCULATIONAHA.116.024754
https://doi.org/10.1371/journal.pone.0020203
https://doi.org/10.1038/nature26002
https://doi.org/10.1128/MCB.00370-08
https://doi.org/10.1016/j.ydbio.2014.01.015
https://doi.org/10.1038/35080570
https://doi.org/10.1093/emboj/18.4.934
https://doi.org/10.1093/emboj/18.4.934
https://doi.org/10.1186/1471-2164-9-352
https://doi.org/10.1073/pnas.94.7.3352
https://doi.org/10.1073/pnas.94.7.3352
https://doi.org/10.1002/wdev.91
https://doi.org/10.1242/dev.096255
https://doi.org/10.1016/j.devcel.2013.10.019
https://doi.org/10.1016/j.devcel.2013.10.019
https://doi.org/10.1128/JVI.78.15.8047-8058.2004
https://doi.org/10.1002/bies.201500087
https://doi.org/10.1002/ar.1078
https://doi.org/10.1161/01.RES.86.4.478
https://doi.org/10.1152/physiol.00001.2005
https://doi.org/10.1101/gad.1485307
https://doi.org/10.1038/nature01417
https://doi.org/10.1016/j.yjmcc.2016.06.003
https://doi.org/10.1016/j.yjmcc.2016.06.003
https://doi.org/10.1172/JCI71609
https://doi.org/10.1016/j.stemcr.2017.10.014
https://doi.org/10.1016/j.stemcr.2017.10.014
http://creativecommons.org/licenses/by/4.0/

	Secondary Placental Defects in ﻿Cxadr﻿ Mutant Mice
	Introduction
	MATERIALS AND Metho﻿﻿ds
	Mice
	Stereology
	Rhodamine 123
	Flow Cytometry
	Real-Time PCR
	﻿In situ﻿ Hybridization
	Immunofluorescence
	Statistics

	Results
	CXADR Is Expressed in the Mouse Placenta and Yolk Sac
	﻿CXADR﻿ Is Required for Mid-Gestation Placental Development and 
Embryonic Survival
	﻿Cxadr﻿ Null Mice Display Impaired 
Vascular Expansion and Defective 
IHM Morphogenesis During 
Labyrinth Development
	Placental Defects in ﻿Cxadr﻿ Null Mice Are Secondary to Embryonic Development
	Heart-Specific Deletion of ﻿Cxadr﻿ Does Not Impact Placental Development

	Discussion
	FEC-SynT-II Interactions Are Essential for Proper Morphogenesis of the IHM
	Extra-Placental ﻿Cxadr﻿ Expression Is Critical for Mid-Gestation Placental Labyrinth Morphogenesis

	Conclusion
	Data Availability
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material

	References

