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Essential role of the ERK/MAPK pathway in blood-placental

barrier formation

Valérie Nadeau and Jean Charron*

ABSTRACT

The mammalian genome contains two ERK/MAP kinase kinase
genes, Map2k1 and Map2k2, which encode dual-specificity kinases
responsible for ERK activation. Loss of Map2k1 function in mouse
causes embryonic lethality due to placental defects, whereas
Map2k2 mutants have a normal lifespan. The majority of Map2k1*'~
Map2k2*'~ embryos die during gestation from the underdevelopment
of the placenta labyrinth, demonstrating that both kinases are
involved in placenta formation. Map2k1*'~ Map2k2*'~ mutants
show reduced vascularization of the labyrinth and defective
formation of syncytiotrophoblast layer Il (SynT-Il) leading to the
accumulation of multinucleated trophoblast giant cells (MTGs). To
define the cell type-specific contribution of the ERK/MAPK pathway to
placenta development, we performed deletions of Map2k1 function in
different Map2k1 Map2k2 allelic backgrounds. Loss of MAP kinase
kinase activity in pericytes or in allantois-derived tissues worsens the
MTG phenotype. These results define the contribution of the ERK/
MAPK pathway in specific embryonic and extraembryonic cell
populations for normal placentation. Our data also indicate that
MTGs could result from the aberrant fusion of SynT-I and -Il. Using
mouse genetics, we demonstrate that the normal development of
SynT-l into a thin layer of multinucleated cells depends on the
presence of SynT-Il. Lastly, the combined mutations of Map2k1 and
Map2k2 alter the expression of several genes involved in cell fate
specification, cell fusion and cell polarity. Thus, appropriate ERK/
MAPK signaling in defined cell types is required for the proper growth,
differentiation and morphogenesis of the placenta.

KEY WORDS: MAP2K1 (MEK1), MAP2K2 (MEK2),
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INTRODUCTION

The placenta is a transient organ that permits the mammalian embryo
to survive in the uterine environment. The fetal blood vessels are
closely juxtaposed to the maternal blood network, allowing efficient
gas and nutrient exchange and evacuation of fetal wastes. The
separation between the fetal and maternal blood circulations is
crucial for the immune tolerance of the mother to embryo antigens to
allow normal embryonic development throughout gestation
(Rossant and Cross, 2001). In mice, placenta formation initiates
around embryonic day (E) 8.5 with the fusion of the chorion with the
allantois to produce the labyrinthine region. The chorion gives rise
to trophoblasts, whereas endothelial cells and pericytes originate
from the allantois. As the labyrinth develops, the chorionic ectoderm
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undergoes extensive branching morphogenesis and vascularization
to form a highly branched villous structure that provides the surface
required for the maternal-fetal exchanges. The trophoblasts play a
structural role and participate in the vascularization of the placenta.
Thus, both extraembryonic and embryonic tissues cooperate in
placenta formation.

Establishment of the blood-placental barrier between maternal
and fetal circulations is crucial for proper embryonic development. It
is formed of fetal vascular endothelial cells and three types of
trophoblast cells. A single fenestrated layer of sinusoidal trophoblast
giant cells (S-TGCs) close to the maternal blood sinuses is
juxtaposed to a double layer of syncytiotrophoblast (SynT) cells:
SynT layer I (SynT-I) and layer II (SynT-II). The former lines
maternal sinuses, whereas the latter is adjacent to fetal blood vessels
(see Fig. 8) (Simmons et al., 2008). Each SynT layer forms, by cell
fusion, a postmitotic multinucleated syncytium that fulfills transport
functions. The SynT layers guarantee isolation between the maternal
and embryonic blood circulations by reducing the number of
intercellular junctions. Thus, maternal and fetal blood cells are
isolated by a tight, triple cell layer comprising SynT-I and -II and the
fetal vascular endothelial cells.

Cell fusion is a highly controlled process that entails fusogenic
proteins inducing membrane fusion (Palfreyman and Jorgensen,
2009). In placenta, syncytins A and B are two fusogenic proteins
encoded by the retrovirus-derived genes Syna and Synb
(Dupressoir et al., 2005). They are implicated in trophoblast cell
fusion to form SynT-I and -II, respectively (Dupressoir et al., 2009,
2011). Differentiation of SynT-II cells is also coupled to the
expression of Geml, an early marker of SynT-II that encodes a
transcriptional regulator of Synb (Anson-Cartwright et al., 2000,
Simmons et al., 2008).

To facilitate maternal-fetal exchanges, both SynT layers express
specific transporters that show polarized localization. In murine
placenta, the glucose transporters GLUT1 (SLC2A1) and GLUT3
(SLC2A3) are localized at the apical membrane of SynT-I, and
GLUT]1 is also present at the basal membrane of SynT-II (Shin et al.,
1997, 1996). The monocarboxylate transporters of lactate MCT1
(SLC16A1) and MCT4 (SLC16A3) are located at the SynT-I apical
and SynT-II basal membranes, respectively (Nagai et al., 2010).
Thus, SynT cells are highly polarized to accomplish their role as an
epithelial barrier.

As revealed by the characterization of mutant mouse lines,
anomalies in SynT cell fusion and cell polarity affect placenta
morphogenesis, impairing maternal-fetal exchanges, contributing to
growth retardation and ultimately causing embryonic death (Anson-
Cartwright et al., 2000; Dupressoir et al., 2009, 2011; Sripathy et al.,
2011). For instance, the placenta of mice mutant for genes involved
in the ERK/MAPK pathway exhibits defects associated with an
accumulation of MTGs (Galabova-Kovacs et al., 2006; Kubota et al.,
1999; Nadeau et al., 2009; Parekh et al., 2004; Qian et al., 2000). In
Map2kl*'~ Map2k2"~ mutants, cell lineage analysis showed that

2825



RESEARCH ARTICLE

Development (2014) 141, 2825-2837 doi:10.1242/dev.107409

MTGs are derived from SynT-II (Nadeau et al., 2009). Moreover, the
specific ablation of one Map2kI allele in SynT-II with Gem I Cre mice
in a Map2k2™~ background (Map2kl 1% Map2k2*/~ Tg*/GemiCrey
caused MTG formation, revealing the cell-autonomous function of
Map 2kl in SynT-II. However, the presence of a Map2k2 mutant allele
in all cell types does not exclude the possibility that the ERK/MAPK
pathway may be necessary in other cell types for placenta integrity.
Mice mutant for the grainyhead transcription factor LBP-1a (UBP1),
atarget of ERK, also present an accumulation of MTG-like structures
referred to as ‘amorphous material’ (Pagon et al., 2003; Parekh
et al., 2004; Volker et al., 1997). This MTG-like phenotype cannot
be rescued in tetraploid complementation assays, indicating that the
defect is non-cell-autonomous and secondary to a defective
allantoic mesoderm. The allantoic mesoderm is known to provide
signals to the chorionic ectoderm to initiate placenta morphogenesis
and SynT-II differentiation (Hemberger and Cross, 2001).

To define the contribution of Map2kl and Map2k2 in
extraembryonic- and embryonic-derived placental cell types, we
generated a series of Map2kl Map2k2 compound allelic mutants
using the Map2kl conditional allele and distinct Cre mouse lines.
The specific ablation of Map2kl function in pericytes or in
allantois-derived tissues aggravated the MTG placenta phenotype
compared with Map2kl™~ Map2k2*'~ specimens, demonstrating
the importance of the ERK/MAPK pathway in defined embryonic
and extraembryonic cell types for correct placenta development.
Characterization of the MTGs indicated that they expressed markers
of both SynT-I and -II. Mechanistically, loss of ERK/MAPK
activity in SynT cells led to decreased expression of GCM1 and
PPARYy, which are known to be essential for proper placental
development (Anson-Cartwright et al., 2000; Barak et al., 1999).
Additionally, the SynT-I apical proteins MCT1, GLUTI and
atypical protein kinase C zeta (PKC{) were mislocalized.
Attenuation of the ERK/MAPK pathway in SynT-II, pericytes
and endothelial cells by genetic means thus perturbs the normal
SynT cell fusion process, thus contributing to MTG formation and
causing embryonic death.

RESULTS
Map2k1 gene deletion in SynT-Il does not compromise
embryo survival or placenta development
We showed that placenta from Map 2kl 1% Map2k2 "/~ Tg*/Gem1Cre
conceptuses contains MTGs, indicating the cell-autonomous
function of Map2kl in SynT-II in a Map2k2*'~ background
(Table 1) (Nadeau et al., 2009). To test the role of Map2kl in SynT-
IT differentiation and MTG formation, both Map2kl alleles were
deleted in SynT-II using the GemlCre mouse line. Map2kl 1%~
Rosa ™12 Tg*/GemlCre mice were viable, indicating that the loss of
Map?2kl function in SynT-II is not essential for placenta formation.
Placenta from Map2kl ¥~ Rosa™'*? Tg*/GemICre mutants was
similar to that of controls (supplementary material Fig. S2A,D). As
shown by X-Gal staining, the Rosa'*? Cre reporter allele was
activated in SynT-II (supplementary material Fig. S2E). No
MAP2K1 immunostaining was detected in mutants, confirming
efficient deletion of the Map2k11°* allele (supplementary material
Fig. S2B,C). Few MTGs were observed in Map2k1f1°¥~ Rosa™2*
Tg*/GemlICre ylacentas but they were comparable in size and number
to those detected in Map2k2~'~ placentas (supplementary material
Fig. S2D; Table 1). Thus, the lack of Map2kI function in SynT-II
can cause MTG formation but at a low penetrance and expressivity
that does not compromise embryo survival.

A defective allantoic mesoderm can contribute to the formation of
MTG-like structures, as shown in Lbp-1a mutant mice (Parekh et al.,
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Table 1. MTG phenotype in the various Map2k1 Map2k2 mutants

Surface
Number of  Number of occupied by  Survival
specimens MTGs per MTGs at birth
Genotype with MTGs* specimen® (x107> mm?) (%)
Map2k11o¥/= Tg*/Sox2Cre 45 0.2+0.4 0.6+1.3 100
Map21*™ Map2k2™=  1/9 0.120.3 22465 100
Tg+/Sox20re
Map2k1*'~ 3/13 0.7+1.3  3.246.7 100
Map2k2~'= 3/7 1.4+1.9 11.1+17.7 100
Map2k11¥= Tg*'eemicre  7/10 2.1+2.8 20.4+19.8 100
Map2k1*™ Map2k2*"=  5/7 31425  31.3%484  nd.
T +/Gecm1Cre
Map2k 1%/~ Tg*/CemiCre 34 50456  41.7+450  nd.

Tg+/Sox20re

Map2k1*'~ Map2k2*'~  13/13 8.3+4.3  89.7+50.1 10

Map2k1"'~ Map2k2*~  7/8 104+6.8 103.7+78.0 nd.
T +/Gecm1Cre

Map2k1™= Map2k2™=  11/11 13.3+3.6  102.7+30.6 n.d.
Dermo1*/c™®

Map2k1™= Map2k2*'~  20/20 17.7¢6.8  133.0+64.8 n.d.

Tg+/Sox2Cre

*The number of specimens with MTGs out of the total number of specimens
analyzed at E12.5.

*Four sections ~100 um apart were analyzed for each specimen to estimate
the number of MTGs.

Values are meanzs.d.

n.d., not determined.

P-values in text refer to Student’s t-test analyses between the genotypes
indicated. The number of specimens used per genotype is indicated.

2004). The MTGs present in Map 2kl ™~ Map2k2*'~ specimens were
mainly located near the junction with the allantoic mesoderm (69.4%;
Fig. 1) (Nadeau et al., 2009). ERK modulates LBP-1a activity,
leading us to hypothesize that the loss of one Map2kl allele in
allantoic mesoderm combined with the Map2k! mutation in SynT-II
can worsen the MTG phenotype. This was assessed by generating
Map2k119¥~ Rosa % Tg*/GemlCre 7ot/Sox2Cre gpacimens. The loss
of Map 2kl function in SynT-II and allantois-derived cells resulted in
an increase in the number and size of MTGs, indicating a tendency
toward an aggravated MTG phenotype compared with Map2k11°¥~
TgGemlCre  gpecimens (P=0.38 and P=0.42, respectively;
supplementary material Fig. S2G; Table 1).

Contribution of ERK/IMAPK signaling in allantois-derived
tissues for SynT-ll differentiation

To characterize the placenta phenotype of Map2kl™1°% Map2k2*'~
Tg*/GemlICre shecimens, we evaluated the number and size of MTGs.
Compared with Map2kl*'= Map2k2*'~ specimens, labyrinth growth
was less affected and the number and the area occupied by MTGs
were significantly reduced (P=0.027 and P=0.025, respectively;
Fig. 1C, Table 1). The remaining Map2kl allele was inactivated
in SynT-II by generating Map2kI1°¥~ Map2k2*'~ Tg*/GemiCre
specimens. The number and the size of MTGs were statistically
increased compared with Map2kl 1% Map2k2*'~ Tg*/GemiCre
specimens (P=0.03 and P=0.049, respectively) and comparable to
the Map2k1™~ Map2k2*'~ phenotype (Fig. 1B-D, Table 1). Map2kl
deletion in cell types other than SynT-II cells combined with reduced
Map2k2 function is thus required for full penetrance and expressivity
of the MTG phenotype.

To analyze whether reduced ERK/MAPK signaling in allantoic
mesoderm contributes to MTG formation, we generated Map 2k /0%
Map2k2+'~ Tg/5°%2% conceptuses in which one Map 2kl allele was
mutated in allantois. One out of nine specimens analyzed presented
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a placental phenotype, indicating that deletion of one Map2kl
allele in allantois-derived tissues in a Map2k2*'~ background
was insufficient for MTG formation (Table 1). In Map2klfo¥~
Map2k2"'= Tg*/Sox2Cre gpecimens, in which both Map2kl alleles
were deleted in allantois-derived tissues in a Map2kl ™'~ Map2k2*'~
background, the placenta phenotype was exacerbated, with more
MTGs (P=3x1075) occupying an increased placental area (P=0.04)
when compared with Map2kl™~ Map2k2*'~ specimens (Fig. 1E,
Table 1). These results highlight the importance of Map2k! function
in allantois-derived tissues during SynT-II differentiation.

The Sox2Cre-mediated recombination occurs in all allantois-
derived cell types, including endothelial cells and pericytes. In the
labyrinth, SynT-II is flanked by pericytes and embryonic vascular
endothelial cells (supplementary material Fig. S1) (Hayashi et al.,
2002). The role of ERK/MAPK signaling in pericytes was tested
with DermolCre mice, which drive deletion in pericytes of the
placenta (supplementary material Fig. S1). Map 2kl 19~ Map2k2"'~
Dermol ' specimens, in which both Map2k1 alleles were deleted in
pericytes in a Map2kl™'~ Map2k2*'~ background, were produced.
Placentas displayed more MTGs than Map2kl"'~ Map2k2"'~
specimens (P=0.006), with no difference in size (P=0.45; Table 1).
However, the phenotype was not as severe as that seen in Map 2k 1%~
Map2k2t~ Tg"8ox2C gpecimens; fewer MTGs were observed and

Fig. 1. Placenta phenotypes in Map2k1
Map2k2 allelic series generated by
Cre-mediated recombination. H&E
staining was performed on placenta sections
from E12.5 mouse embryos carrying
different combinations of Map2k1 Map2k2
mutations, as indicated. MTGs are identified
by asterisks. Scale bar: 200 um.

" Map2k1*Map2k2"-

Map 2k 17 Map 2k 2D

& l\ ;

the area they occupied was reduced (P=0.02 and P=0.09,
respectively; Fig. 1E,F, Table 1). Therefore, the placenta phenotype
from Map2kl = Map2k2*'~ Dermol*“™ embryos did not fully
recapitulate the Map2ki1o= Map2k2™~ Tg*S**2C phenotype.
These results suggest that, even though pericytes are involved in
SynT-II differentiation, they are not the sole allantois-derived cell type
requiring the ERK/MAPK pathway for placenta formation. Thus,
proper expression levels of Map2kl and Map2k2 are essential in
allantois and extraembryonic tissues to support SynT-II formation and
differentiation.

MTGs have a double identity

In vivo cell lineage experiments demonstrated that MTGs in
Map2k1™~ Map2k2*'~ placentas derive from SynT-1I (Nadeau
et al., 2009). However, expression of Geml, a SynT-II marker,
was not observed in MTGs. To define the origin of the MTGs,
staining with specific SynT-I and SynT-II markers was performed.
Oil Red O staining, which labels lipid droplets present in SynT-II,
was observed in MTGs (Fig. 2A,B) (Barak et al., 1999). CEBPa
and Synb expression, both markers of SynT-II, was detected in
SynT-II in wild-type (wt) and Map2kl*'~ Map2k2™'~ placenta,
but not in MTGs (Fig. 2C-F) (Simmons et al., 2008). By contrast,
MTGs were positive for Syna expression, a SynT-I marker
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Oil Red O

Synb

Fig. 2. Characterization of MTGs in placenta from E12.5 Map2k1*'~
Map2k2+" embryos. (A) Oil Red O staining revealed the presence of lipid
droplets in SynT-Il (arrows) but not in SynT-I (arrowheads) in placenta from an
E12.5 wt embryo. (B) In Map2k1+” Map2k2+/’ specimens, the presence of
lipid droplets (arrow) was observed in MTGs (asterisk). (C,D) CEBPa
immunostaining labeled the nuclei of SynT-Il cells in wt (C, arrows) and
Map2k1*'~ Map2k2™'~ (D) specimens. No signal was observed in MTG nuclei.
(E-H) Expression of Synb (E,F) and Syna (G,H), which are markers of SynT-I|
and SynT-I, respectively, was revealed by ISH. MTGs expressed Syna but
not Synb (MTG encircled). (1,J) PAX8 expression was detected by IHC

in SynT-l and in the nuclei of MTGs (arrows). Scale bars: 20 um in A,B; 50 um
in C-J.

(Fig. 2G,H). Altogether, these data suggest that MTGs possess a
double identity.

To validate the SynT-I identity of MTGs, we looked for
additional SynT-I markers. The transcription factor PAXS8 is
expressed in mouse and human placenta. Its expression is
increased by cAMP, a pathway involved in SynT fusion (Chang
et al., 2005; Ferretti et al., 2005; Ohno et al., 1999; Wice et al.,
1990). PAXS expression was detected in SynT-I nuclei (Fig. 21).
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This was confirmed by co-labeling experiments with MCTI, a
marker of the apical membrane of SynT-I (supplementary
material Fig. S3A). We also took advantage of the EGFP
expression in Rosq/Tomato-EGFP 7o t/GemlICre placenta combined
with PAX8 immunodetection. EGFP labeled both apical and
basal SynT-II membranes. No PAXS8-positive nuclei were
surrounded by EGFP-labeled membranes, demonstrating that
PAXS8 was not expressed in SynT-II. Moreover, EGFP-labeled
SynT-II membranes were localized between PAXS8-positive
nuclei and fetal blood cells (supplementary material Fig. S3B).
Thus, PAX8 appears to be a new SynT-I cell marker
(supplementary material Fig. S3C). In Map2kl*'~ Map2k2*'~
placenta, nuclear PAXS8 staining was observed in MTGs,
indicating that they display SynT-I characteristics (Fig. 2J).

We examined whether MTG formation could result from the
fusion of both SynT layers. This was tested by immunostaining on
adjacent sections of wt, Map 2kl ™'~ Map2k2™'~ and Map2k1 1o/~
Map2k2*'= Tg*/S0x2Cre gpecimens for the MCT1 and MCT4
markers, the latter being specific to SynT-II basal membrane. In
controls, MCT1 was expressed in SynT-I (Fig. 3B), whereas
MCT4 was detected in SynT-II (Fig. 3A). In Map2kl*'~
Map2k2™'~ and Map2ki™~ Map2k2™'~ Tg*/S°x2Cre placentas,
MCT1 and MCT4 were co-expressed in MTGs, suggesting that
MTGs were composed of both cell types (Fig. 3C-F). This was
validated by MCT1 and MCT4 co-immunofluorescence staining.
Most of the MTGs analyzed (18 out of 20) were positive for both
markers (Fig. 3G-J). In a few cases, co-expression of MCT1 and
MCT4 occurred along the entire MTG membrane (supplementary
material Fig. S4). Thus, MTGs might result from the aberrant fusion
of SynT-I and SynT-II layers.

SynT protein mislocalization in MTGs

The localization of syncytin and transporter proteins at the SynT
membrane is crucial for the fusogenic and transport functions of
SynT layers. Immunostaining showed MCT1 mislocalization in
MTGs, as MCT1 staining became cytoplasmic in SynT-I adjacent to
MTGs (Fig. 3D,F,I). Moreover, MTGs were large and round instead
of adopting the characteristic elongated, thin shape of SynT. These
observations prompted us to investigate whether other SynT
proteins were mislocalized in MTGs. Abnormal expression of
GLUTI, a glucose transporter located at the SynT-I apical and
SynT-II basal membranes, was detected in MTG cytoplasm
(Fig. 4A,B). We also analyzed the expression of connexin 26
(also known as GJB2), which is found at the SynT-I basal and
SynT-II apical membranes and contributes to gap junction
formation (Shin et al., 1996). In MTGs, connexin 26 was
correctly maintained at the membranes (Fig. 4C,D). Finally, we
looked at the expression of PKCZ, a member of the apical complex
necessary for epithelial cell polarity (McCaffrey and Macara, 2009).
In controls, PKCC staining was restricted to the apical domain of
SynT-I cytoplasm. In mutants, PKCC was detected throughout the
MTG cytoplasm (Fig. 4E,F; supplementary material Fig. S5). The
delocalization of MCT1 and PKC{ proteins was also observed in
MTGs present in Map 2kl 1% Map2k2*'~ Tg™/Sem1€re placenta (not
shown). These results suggest that a reduction of ERK/MAPK
signaling in SynT-II might be sufficient to perturb SynT-I and
SynT-II integrity and to induce interlayer fusion and MTG
formation.

Cellular ablation of SynT-ll prevents SynT-I fusion
Electron microscopy data suggest that interactions of SynT-I cells
with SynT-II are required to induce the formation of SynT-I
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Mapzk-rﬂom‘-mapzkzw‘-Tgﬂ-Suz?C:e J Map?k‘l"‘”’"‘Maka?’"‘T 'Sox2Cre

Fig. 3. MTGs express markers characteristic of SynT-l and SynT-ll cells.
(A-F) Expression of the membrane monocarboxylate transporters MCT 1
(B,D,F)and MCT4 (A,C,E), which are specific markers of the SynT-l and SynT-
Il layers, respectively, was detected by IHC on adjacent sections of placenta
from E12.5 wt (A,B), Map2k1*'~ Map2k2*'~ (C,D) and Map2k 1"/~ Map2k2™'~
Tg*/5*2C™ (E F) embryos. In wt specimens, MCT1 labeled SynT-I cells (B,
arrows) lining the maternal blood sinuses (#), whereas MCT4 stained SynT-II
cells (A, arrowheads) lining the fetal blood vessels (asterisk). MTGs stained
positive for both MCT1 and MCT4 (C-F). (G,H) Co-localization of MCT1

and MCT4 proteins in MTGs was confirmed by IF on placenta sections

from E12.5 wt (G) and Map2k1"~ Map2k2*'~ Tg*'S*?° (H-J) embryos.

In wt specimens, no co-localization was observed. In Map2k1"%/~ Map2k2™'~
Tg'"S°2C™ placenta, MTGs were positive for both MCT1 and MCT4 (H). (1,J)
Single channels of panel H for MCT1 (l) and MCT4 (J) are presented to show
membrane co-labeling (arrows). Scale bars: 20 um in A,B,E,F; 25 um in G-J;
50 ymin C,D.

(Hernandez-Verdun, 1974). This is further supported by the lack of
SynT-I in the placenta from Gcml mutants, in which SynT-II is not
produced (Anson-Cartwright et al., 2000). Our results suggested that
inappropriate cell fusion between SynT-I and SynT-II might underlie
MTG formation in Map2kl Map2k2 mutants, further indicating that

cell-cell interactions between these two layers are important. To
assess the relationship between the two SynT layers, a cellular
ablation experiment was performed with the conditional diphteria
toxin fragment A (DTA) allele (RosaP™; Ivanova et al., 2005).
Using Gem 1 Cre mice, we specifically eliminated SynT-II upon DTA
action during gestation. Conceptuses from Rosa"PT mice bred with
Tg*/GemICre mice were recovered at E10.5, when labyrinth formation
initiates and SynT-II functions are required. Rosa /P4 Tgt/GemiCre
embryos were under-represented and their placenta had a more
compact and less vascularized labyrinth compared with controls
(supplementary material Table S3; Fig. 5). Embryonic vessels did not
invade the labyrinth, supporting a role for SynT-II in migration
guidance of endothelial cells. Rare maternal sinuses were visible but
they did not penetrate efficiently into the labyrinth (Fig. 5C). To
monitor the impact on the formation of SynT-I, co-labeling
experiments with MCT1 and MCT4 were performed. In Rosa™/PTA
Tg/GemlCre gpecimens, scarce MCT4-positive cells were detected
showing the extent of the SynT-II deletion (Fig. 5G,H). MCT1
staining was observed in control and Rosq"PTA Tgt/GemliCre
specimens. However, in Rosa™/PT™A Tg"/GemiCre placenta, MCTI
staining was associated with uninucleated cells (Fig. 5G,H). Thus, the
cellular ablation of SynT-II perturbed the SynT-I cell fusion process,
reflecting a dependence of SynT-I cells on SynT-II for their correct
differentiation, confirming the original hypothesis.

Molecular repercussions of ERK/MAPK pathway
dysregulation in the labyrinth

The ERK/MAPK pathway is known to regulate gene expression
programs through the activation of transcription factors. To identify
the downstream effectors of the ERK/MAPK cascade that could
contribute to the MTG phenotype, we proceeded by a gene
candidate approach. PPARY, a known target of the ERK/MAPK
cascade, is involved in SynT cell differentiation via the regulation of
Gceml (Burgermeister et al., 2007; Parast et al., 2009; Prusty et al.,
2002). Loss of Pparg function causes embryonic lethality at mid-
gestation due to trophoblast differentiation defects affecting
syncytium formation (Barak et al., 1999). MTGs are also found in
Pparg™" placentas (Kubota et al., 1999). PPARy and GCMI
immunodetection was performed on placenta from Map2kl*'~
Map2k2*'~ and Map2kI "~ Map2k2*'~ TgSox2Cr muytants. In
controls, PPARY expression was present in spongiotrophoblasts and
in trophoblasts from the labyrinthine region. However, in mutants,
PPARY expression was reduced in the labyrinth trophoblasts and not
detected in MTGs (Fig. 6A-D; not shown). Similarly, GCM1
expression was decreased in SynT-II of mutants and absent in
MTGs (Fig. 6E-H). Thus, the loss of ERK/MAPK signaling in
placenta caused reduced expression of PPARy, which affected
GCMI1 expression and probably contributed to the phenotype.

To extend our findings to additional potential target genes, we
performed microarray experiments with RNA extracted from
E12.5 wt, Map2kl™~ Map2k2™'~ and Map2ki1¥~ Map2k2*'~
Tg/Sox2Cre placentas. Venn diagrams (Fig. 7A) displaying the
total number of transcripts up- and downregulated (P<0.05) reveal
that the number of transcripts differentially expressed between
Map 2k~ Map2k2™'~ Tg*/5°%2Cr and wt was greater than that
when the Map2kl '~ Map2k2™~ and wt groups were compared.
Moreover, most genes were more dysregulated in Map2kl/'o¥/~
Map2k2™~ Tg*/S0x2€r gpecimens than in Map2kl ™'~ Map2k2™*/~
placentas. Map2kl and Map2k2 transcripts were downregulated
in both Map2kl™~ Map2k2™~ and Map2kI1°~ Map2k2*/~
Tg*/Sox2Cre groups, validating the experimental approach (Fig. 7C;
not shown). Thus, the lack of an additional Map2kl allele in

2829


http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.107409/-/DC1

RESEARCH ARTICLE

Development (2014) 141, 2825-2837 doi:10.1242/dev.107409

allantois-derived  tissues in the Map2kl™~ Map2k2*/~
background had a greater impact on the placenta transcriptome
than the absence of one allele of each Map2ki/2 gene, which
correlated with the exacerbated phenotype of Map2kifo¥~
Map2k2*'~ Tg'/S°x2C™ gpecimens.

To identify the biological processes affected in mutant placentas,
we used the DAVID functional annotation chart algorithm
(Huang et al, 2009). Upregulated genes in Map2klf1o¥~
Map2k2"'~ Tg*/3°x2Cre placentas were associated with processes
involving organelle and protein localization, transport, metabolism
and apoptosis, whereas downregulated genes were enriched in cell
structure and mobility, DNA organization, placenta development,
protein localization, regulation of signal transduction and organelle
organization processes (P<0.01; Fig. 7B). In the Map2kl*~
Map2k2*'~ group, fewer biological processes were enriched and
fewer dysregulated genes were found in each affected process
(not shown).

Several of the processes dysregulated in Map2kl Map2k2
mutants could contribute to the placenta phenotype. Our results
indicated that genes associated with syncytiotrophoblast cell fusion
or differentiation, such as Syna, Synb, caveolin 1, syntaxin 3 and
axinl upregulated gene (Axudl; also known as Csrnpl), were
upregulated in mutant specimens (not shown) (Collett et al., 2010;
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Fig. 4. Protein mislocalization in MTGs.
GLUT1 (A,B), connexin 26 (C,D) and PKC{¢
(E,F) immunostainings were performed on
placenta from E12.5 wt (A,C,E) and
Map2k1"= Map2k2*'~ Tg*'S**?° (B,D,F)
embryos. GLUT1 staining was observed in
SynT-l and SynT-Il membranes of wt and
Map2k1flox/— Map2k2+" Tg+/Sox20re
specimens. An abnormal cytoplasmic signal
was also observed in MTGs (asterisk) and in
adjacent cells (B). Connexin 26 signal was
detected at the SynT membranes of wt and
Map2k1flox/— Map2k2+" Tg+/Sox2Cre
specimens as well as in the membrane
surrounding MTGs (D). PKC{
immunostaining was present at the SynT-I
membrane in wt and Map2k1 floxd~ Map2k2+’_
Tg*S°2C™ placentas (E,F). In MTGs, PKC{
was mislocalized in the cytoplasm (asterisk).
Scale bar: 50 pm.

Dupressoir et al., 2009, 2011; Ishiguro et al., 2001; Palfreyman and
Jorgensen, 2009). By contrast, PKA catalytic unit  (Prkach), which
encodes a regulator of Geml expression, and Cyr6l, which is
involved in syncytiotrophoblast cell fusion, were downregulated
(not shown) (Matsuura et al., 2011; Mo et al., 2002). Expression of
Sipi, which encodes a secretory leukocyte protease inhibitor
implicated in syncytiotrophoblast differentiation and fusion, was
also repressed in mutant placentas, as confirmed by qRT-PCR
(Fig. 7C) (Neelima and Rao, 2008). Thus, the concomitant
upregulation and downregulation of genes promoting and
repressing cell fusion, respectively, support the notion that SynT
cell fusion defects participate in MTG formation.

The expression of Cdx2, Esrrb and Tcfap2c, which encode
transcription factors important for trophoblast cell fate specification
and differentiation, was also downregulated in mutants (Fig. 7C; not
shown) (Kuckenberg et al., 2010; Luo et al., 1997; Strumpf et al.,
2005). Immunofluorescence data confirmed the decreased CDX2
expression in mutants and also revealed that, throughout placenta
development, CDX2-positive cells are detected at the chorio-
allantoic interface, where SynT progenitors are proposed to be
located (Fig. 7D) (Simmons et al., 2008).

Cdx2 has been shown to play a role in cell polarity by controlling
protein trafficking allowing apical-basal transport (Gao and
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Fig. 5. The genetic ablation of SynT-Il cells impacts on SynT-I cell fusion.
Rosa*P™ Tg*/™1C" embryos were produced to generate placenta without
SynT-Il. (A-D) H&E staining of placenta sections from E10.5 wt (A,B) and
Rosa*P™ Tg*/em1C (G D) embryos, showing that the labyrinth of the

Rosa specimens was more compact with an absence of
intermingling maternal sinuses and fetal blood vessels. Arrows (B,D) indicate
maternal sinuses. (E-H) MCT1 and MCT4 IF was used to monitor SynT-l and -II
cells, respectively, on placenta sections from E10.5 Rosa™®™ Tg""* and
Rosa*P™ Tg*/®cm1°" ambryos. In control specimens, MCT1 and MCT4
staining was detected at the apical and basal membranes of SynT-l and -Il,
respectively (E,F). In Rosa*P™ Tg*'Cem1C placentas, only a few MCT4-
positive cells were detected, revealing efficient ablation of the SynT-ll cells,
whereas the MCT1 signal was associated with mononucleated cells indicating
the absence of syncytium formation (G,H). The boxed regions in A,C,E,G are
magnified in B,D,F,H. Scale bars: 20 um in B,D; 25 ym in F,H; 50 um in E,G;
100 um in A,C.

+/DTA Tg+/Gcm1 Cre

Kaestner, 2010). Microarray and IHC analyses showed that
expression and localization of the SynT polarized proteins
GLUTI, MCT1 and PKCC were affected in mutants (Figs 3, 4)
(Nagai et al., 2010; Shalom-Barak et al., 2004). Moreover, Mucl, a
transcriptional PPARy target that encodes a mucin present at the
apical membrane of SynT-I, was downregulated in Map2kiflo¥~
Map2k2*'~ Tg*/Sox2¢ mytants (Fig. 7C). Lastly, genes involved in
epithelial cell polarity, such as Prkcz, which encodes the PKCC
protein, and members of the Hippo signaling pathway, such as
Frmd6, Rassf1/4/5 and Yapl, were dysregulated in mutants
(Fig. 7C) (Genevet and Tapon, 2011). Expression of the
transcription factor YAP1 was increased in MTG nuclei.
Moreover, an accumulation of the phosphorylated, inactivated

form of YAPI1, was detected in MTG cytoplasm, reinforcing the
notion that cell polarity is defective in Map2kl Map2k2 mutants
(Fig. 7E). Thus, the combined mutations of Map2kl and Map2k2 in
placenta affect the expression of numerous genes involved in cell
fate specification, cell fusion and cell polarity, and this is likely to
explain the underdeveloped placenta and the MTG phenotype seen
in Map2kl Map2k2 mutants.

DISCUSSION

Our previous studies revealed that the loss of Map2kI function leads
to placental defects characterized by a reduced labyrinth region and
maternal and embryonic hypovascularization (Giroux et al., 1999).
Proliferation and survival of the labyrinth trophoblasts are reduced
in Map2kl~~ placenta. SynT-II cells are determined but they are
blocked at the chorio-allantoic interface, being unable to invade the
labyrinth region to initiate placental vascularization (Bissonauth
et al., 2006). These data indicated that Map2kI is important for the
proliferation and survival of labyrinth trophoblasts and that it may
be required for SynT-II migration and terminal differentiation as
processes crucial for the full expansion of the fetal-maternal
exchange area. Here, we showed that the specific mutation of
Map2kl in SynT-II in Map2k1 1%~ Tg*/0mICre gpecimens did not
affect placenta development or embryo survival. Thus, Map2kl
function is not essential in SynT-II for the differentiation and
migration of these cells. The incapacity of SynT-II cells to invade
the labyrinth in Map2kl =~ placenta might be a consequence of the
underdevelopment of the labyrinth.

The phenotype of Map2kl™'~ Map2k2*'~ embryos established
that a critical dosage of Map2kl and Map2k2 genes is required in the
placenta to allow embryo development to proceed to term (Nadeau
et al., 2009). Here, we showed that targeting the Map2kl deletion to
specific cell types does not have the same consequences for placenta
development. For instance, deletion of one Map2kl allele in
SynT-1I cells from Map2kl /1% Map2k2*'— Tg"OmICr embryos
caused placenta defects at higher penetrance and expressivity than
the inactivation of one Map2kl allele in allantoic-derived tissues in
Map k1™ Map2k2™'~ Tg/5°x2Cr embryos (Table 1). Thus, the
requirement for the ERK/MAPK pathway is not equivalent in all
cell types of the placenta.

The placenta phenotype of Map2k1 1% Map2k2*/~ Tg*/GemiCre
embryos was less severe than that of Map2kl™~ Map2k2*'~
specimens, demonstrating that reduced expression levels of Map2kl
and Map2k2 in SynT-II cells are not sufficient to reproduce the
Map2kI™~ Map2k2™'~ placenta defects. An altered ERK/MAPK
pathway in other placenta tissues is also required for the full
expressivity of the phenotype. The deletion of both Map2kI alleles
in allantois-derived tissues in Map2kl 1%~ Map2k2*'— Tg*/Sox2Cre
specimens amplified the MTG phenotype, demonstrating an
essential role for MAP2K1 in the allantois for the proper
differentiation and fusion of SynT cells. The MTG phenotype was
also worsened in Map2k]T1o¥/~ Tgt/GemliCre pot/Sox2Cre mytants
when compared with Map2k1 0¥~ Tg*/GemICre gpecimens but was
not as severe as the phenotype seen in Map2kl™~ Map2k2*'~
mutants. Thus, reduced levels of both MAP2K1 and MAP2K2
proteins in SynT-II and in allantois-derived tissues are required for
the full expressivity of the placenta phenotype.

The specific deletion of Map2kl function in pericytes of
Map2kI ™= Map2k2*'~ Dermol™“™ specimens also affected
placenta development. The phenotype was intermediate between
those of Map2kl™~ Map2k2™~ and Map2kif°¥~ Map2k2*~
Tg*/8ox2Cre - This indicates that Map2kl function in pericytes
contributes to placenta formation but that the ERK/MAPK pathway
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in other allantois-derived cell types, most likely endothelial cells, also
participates in placenta development. Pericytes are necessary for the
maintenance of endothelial cell integrity (Armulik et al., 2005,
Hellstrom et al., 2001). Therefore, the ERK/MAPK pathway might be
required in pericytes to preserve endothelial cell functions, allowing
adequate differentiation of SynT-II. In agreement with this, the Map 2kl
deletion in pericytes in a Map2k2 null background (Map2k710¥/ox
Map2k2™'~ Dermol*'°) affected the vascularization of the labyrinth
by endothelial cells, but not the migration of pericytes as observed by
PECAM and oSMA immunostaining (not shown). Altogether, our
results demonstrate that a functional ERK/MAPK pathway is necessary
in SynT-IT and allantois-derived tissues, including pericytes, to support
the correct development of the placenta.

The non-cell-autonomous dependence on allantois derivatives for
MTG formation has also been observed in other mutant mice, such as
the Lbp-1a mutants (Parekh et al., 2004). LBP-1a is a target of the
ERK/MAPK pathway. Phosphorylation of LBP-1 proteins by ERK
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Fig. 6. Downregulation of PPARy and GCM1
expression in Map2k1*'~ Map2k2*'~ placenta.

(A-D) PPARYy expression was evaluated by IHC. In
placenta from E12.5 wt embryos, PPARy was detected in
the nuclei of trophoblasts throughout the labyrinthine
region (boxed area). In Map2k1*'~ Map2k2*'~
specimens, PPARy expression was reduced in the
labyrinth trophoblasts located near MTGs (arrows). No
PPARYy signal was detected in MTG nuclei. (E-H) GCM1
expression at E12.5 was detected in SynT-II nuclei
(arrows), although it was reduced in Map2k1*'~ Map2k2*'~
compared with wt. No signal was observed in MTG nuclei.
The boxed regions in A,B,E,F are magnified in C,D,G,H.
Scale bars: 50 ym in A,B,E,F; 100 ym in C,D,G,H.

potentiates their DNA binding capacity and their transcriptional
activity (Pagon et al., 2003; Volker et al., 1997). It is conceivable that
the reduced ERK signaling in the allantois can contribute to the MTG
phenotype by affecting LBP-la phosphorylation levels and its
transcriptional activity. Thus, LBP-1 proteins might contribute to
the production of signals by the allantois that are transduced by the
ERK/MAPK pathway in SynT-II. Consequently, aberrant signaling
between SynT and allantoic mesoderm perturbs placenta
development. The ERK/MAPK pathway might therefore play a role
in different cell types of the placenta to regulate the production of
signals and their integration.

During mouse placenta development, each SynT layer is generated
by cell-cell fusion to form the contiguous layers I and II. These layers
remain distinct due to differentially expressed fusogenic proteins, such
as syncytins A and B and their respective receptors, which are still
unknown in mice (Dupressoiret al., 2009, 201 1; Simmons et al., 2008).
Interactions between both layers appear essential for the formation of

DEVELOPMENT



RESEARCH ARTICLE Development (2014) 141, 2825-2837 doi:10.1242/dev.107409

A o B Biological processes
vs wr
Map2k1'>-Map2k2*" Upregulated Downregulated
Tgo.'smm. Map2k1‘" Map2k2”

4

Map2k1*- Map2k2*-
vs

I
metabolism (20)
— —

19637: Organophos-
— —
Fatty

T

(60:0006082: Organic.
1

Map2k1'-Map2k2'-Tg"'soacre

GO:0051178: Localization (74)

T T T T

|GO:0006810: Transpart (67). |

[BP0G015: Lipid, fatty acid and steroid

E+00 105411 1.0E-02

200.0
180.0
160.0
1400 1 = -
1200 | ..
100.0 -
80.0
60.0
40.0
20.0

1.0E-03 1.0E-04 1.0E-05 1.

p value

E-06 1.

|BP00285: Cal structurs and motiiy (33) |
T I 1

wm:m»mwwdmml
T I I

|50:0001890: Placenta development (8) ]

E+00  1.0E-01 1.0E-02 1.0E-03 1.0E-04 1.0E-05

*

. Map2k1**Map2k2+*

|:| Map2zk1*-Map2k2*

I:] Map2k1"*-Map2k2*-
Tgﬂsoxzc re

0.0 -
Map2k1

Sipi

h

Cdx2 Tcfap2c Muc1 Frmd6 Rassf5

Fig. 7. Differential gene expression in placenta from E12.5 Map2k1*'~ Map2k2*'~ and Map2k17°/~ Map2k2+’_ Tg+’s°"2cre embryos. (A) Venn diagrams
illustrating the overlap of genes that are statistically differentially expressed (Benjamini Hochberg adjusted P<0.05) between genotypes. (B) Gene ontology
enrichment analysis of over-represented biological processes for genes up- and downregulated in placenta from E12.5 Map2k1*'~ Map2k2*'~ and Map2k 1"/~
Map2k2*'~ Tg*'S°*2C"® embryos relative to wt specimens. Biological process enrichment was calculated from the microarray data using the DAVID web portal,
which calculates a P-value based on the probability that a process appears in the dataset relative to that expected by random chance. All the enriched terms have
P<0.01. (C) gqRT-PCR analyses for Map2k1, Sipi, Cdx2, Tcfap2c, Muc1, Frmd6 and Rassf5 confirmed the microarray data. Values are meants.e.m. (n=4-8 per
group) of expression relative to wt (100%); P<0.05, **P<0.01. (D) CDX2 immunostaining revealed a population of CDX2-positive cells at the chorio-allantoic
interface as early as E8.5 (arrows). Reduced CDX2 expression was detected in E12.5 Map2k1"/~ Map2k2*'~ Tg*'S®*2C" specimens. (E) Immunostainings
revealed the presence of phospho-YAP1 in MTG cytoplasm, whereas YAP1 was highly expressed in MTG nuclei. (D,E) Boxed regions are magnified beneath.
Scale bars: 25 ym in D, lower panels; 50 um in D, upper panels; 100 um in E.
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Fig. 8. Model for the role of the ERK/MAPK pathway
in blood-placental barrier formation. In the SynT-I
surrounding the maternal blood sinuses, the ERK/
MAPK pathway controls the expression and activity of
PPARYy, a direct regulator of Muc1, and the cellular
distribution of GLUT1, MCT1 and PKCC. In the SynT-II
encircling the fetal blood vessels, the ERK/MAPK
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the placenta, since the specific ablation of SynT-II cells in embryos
disrupted SynT-I cell fusion and subsequent placenta formation. These
results confirmed electron microscopy observations showing that the
fusion of SynT-I cells occurs solely after contacts with SynT-II
(Hernandez-Verdun, 1974). The ablation of SynT-II cells also affected
maternal vascularization, which supports the concept that the formation
of the SynT-II syncytium is required for interactions with neighboring
trophoblasts (Dupressoir et al., 2011). Interestingly, the determination
of SynT-I does not require the presence of SynT-II, since MCT1-
positive cells were observed in the absence of SynT-II in Rosa/P™
Tg*/GemICr pyytants. Therefore, SynT-II is essential for SynT-T cell
fusion but not for SynT-I cell fate determination.

The origin of MTGs is intriguing. In Map2kl Map2k2 mutants,
MTGs expressed markers of both SynT layers, suggesting that
they could originate from cell fusion between SynT layers. MTGs
expressed MCT 1, Syna, PAXS8 and PKCC, which are specific markers
of SynT-I, and also MCT4, a SynT-II marker. Surprisingly, even
though MTGs have been shown to derive from SynT-II cells,
the expression of transcription factors involved in SynT-II cell
determination and differentiation, such as GCMI1 and its
transcriptional targets Cebpa and Synb, was not detected in MTGs
(Nadeau et al., 2009; Simmons et al., 2008). This result is in
agreement with previous reports showing that the ERK/MAPK
pathway and its target PPARy are involved in Geml expression
(Fernandez-Serra et al., 2004; Burgermeister et al., 2007; Camp and
Tafuri, 1997, Parast et al., 2009; Prusty et al., 2002). The decreased
ERK/MAPK activation seen in Map2kl Map2k2 mutants thus leads
to reduced PPARYy and consequently to the loss of GCM1 expression.
This might explain the decrease in Cebpa and Synb expression
resulting in the absence of SynT-II-specific markers (Fig. 8).
Altogether, our results suggest that MTGs derive from aberrant
fusion between SynT-I and SynT-II cells. Unfortunately, we cannot
assess the contribution of SynT-I cells to the formation of MTGs, as
has been done previously for SynT-II cells, as it would require cell
lineage experiments with a SynT-I-specific Cre deleter mouse line,
which is not available (Nadeau et al., 2009). Therefore, we cannot rule
out the possibility that reduced ERK/MAPK signaling leads to the
transdifferentiation of SynT-II into SynT-I cells.

SynT differentiation implies the specific localization of polarized
proteins that allow the SynT-I and -II cells to accomplish their

2834

PPARy —> MUC1

MAP2K1/2—>» GCM1—> SYNB

MAP2K1/2 =——>» | BP-1a

cascade acts on several players, including GCM1,
CEBPa and PPARY, a direct regulator of Gem1. The
GCM1 transcription factor regulates the expression of
Synb and Cebpa. In pericytes and endothelial cells,
which both derive from the allantois, we propose that
the ERK/MAPK pathway might be involved in the
regulation of the activity of LBP-1a (UBP1), which is
known to contribute to SynT cell differentiation. The

A SynT-ll layer is essential for SynT-I cell fusion.
PPARy Improper ERK/MAPK signaling perturbs SynT-I
differentiation and SynT-I-SynT-Il interactions, which
leads to MTG development. M, maternal blood sinus;
F, fetal blood vessel.
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function in an exchange epithelium. The apical and basolateral
membrane domains of epithelial cells are usually defined by the
antagonistic action of protein complexes located in the apical-
basolateral membrane junction (Muller and Bossinger, 2003; Tepass
et al., 2001). Overexpression of mouse atypical PKC{ was shown to
cause expansion of the apical cell membrane in frog blastomeres,
which become rounded with protrusions, demonstrating that PKCC is
necessary for apical membrane identity (Chalmers et al., 2005). Here,
we showed that PKCC is specifically expressed at the apical
membrane of SynT-I in wt specimens. In Map2kl Map2k2
mutants, PKCC expression was increased and accumulated in MTG
cytoplasm. Apical proteins, such as MCT1 and GLUT1, were also
mislocalized. Our results thus establish that there are critical cell
polarity defects in these mutants.

The Hippo signaling pathway is involved in the regulation of cell
polarity. In the absence of Hippo signaling, YAP1 is not
phosphorylated and is translocated to the nucleus, where it
participates in the expansion of the apical domain (Genevet et al.,
2009; Hamaratoglu et al., 2009). In Drosophila, misexpression of
regulators of cell polarity, such as LGL, atypical PKC and Crumbs,
was shown to control the Hippo pathway by affecting the
localization of Hippo, Rassf and Expanded (Grzeschik et al.,
2010). In Map2kl Map2k2 mouse mutants, Yap! upregulation
correlated with the accumulation of nuclear YAP1 and cytoplasmic
phospho-YAP1 in MTGs. Furthermore, regulators of the Hippo
pathway were overexpressed (Rassf5, Frmd6) or downregulated
(Rassf1/4), suggesting that the Hippo pathway is dysregulated in
Map2kl Map2k2 placenta. The perturbed Hippo pathway thus
offers a mechanistic explanation for the abnormal cell polarity
in MTGs.

Microarray data revealed the upregulation of several membrane
transporters in Map2kl Map2k2 mutant placentas, which might
reflect compensatory mechanisms for the reduced placenta
vascularization in order to maintain maternal-fetal exchanges.
However, these mechanisms appeared to be insufficient for embryo
survival. In human, the sodium-dependent neutral amino acid
transporter type 2 (ASCT2; also known as SLC1AS5) and the major
facilitator superfamily transporter MFSD2A are the genuine receptors
of syncytin 1 and 2 (ERVW-1 and ERVFRD-1), respectively
(Cheynet et al., 2006; Esnault et al., 2008). In mice, the syncytin A
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and B receptors are undefined, but we can hypothesize that, as in
human, they would correspond to transporters upregulated in Map2k1
Map2k2 mutant specimens. Their ectopic expression in inappropriate
cell types could lead to cell fusion between SynT-I and -II and cause
the dual identity of MTGs.

It has been proposed that the postmitotic SynT-I and SynT-II
cells originate from distinct precursor populations expressing
layer-specific gene markers as early as E8.5 (Cross et al., 2006;
Simmons et al., 2008). SynT-II progenitors are suspected to be
small, compact, cuboidal cells located at the interface between the
chorionic ectoderm and the allantoic mesoderm. They represent a
pool of fusion-competent cells that are still proliferating and persist
until mid-gestation. We showed that a single layer of cuboidal cells
located at the interface of the chorionic ectoderm and allantoic
mesoderm expressed CDX2 at ES8.5, suggesting that these cells
correspond to SynT-II progenitors. CDX2 is a transcription factor
essential for the specification of trophoblast stem (TS) cells
(Rossant and Cross, 2001; Takao et al., 2012). TS cell
maintenance in the early embryo depends on FGF4 signaling that
controls Cdx2 expression (Murohashi et al., 2010; Takao et al.,
2012). In Map2kl Map2k2 mutants, Cdx2 expression was reduced,
which might contribute to the labyrinth growth defect. Thus, the
ERK/MAPK pathway might be involved in the control of Cdx2
expression via FGF signaling and in the proliferation of the
progenitors that sustain the growth of the labyrinth and the
production of SynT-II. Data from our microarray analysis further
support the importance of the ERK/MAPK pathway in labyrinth
trophoblasts. Decreased expression of Mash2 (Ascl2), which
co-localizes with Cdx2 in mouse labyrinth, was observed in
Map2kl Map2k2 mutants (not shown; Takao et al., 2012). MASH2
is expressed in trophoblast progenitors. Its knockdown in TS cells
represses Gem 1 expression while increasing expression of placental
lactogen 1 (PI1I; also known as Pri3dl), a trophoblast giant cell
marker, suggesting that it can participate in SynT-II specification
(Takao et al., 2012). The expression of Tcfap2c¢ and Esrrb, which
are also involved in TS cell maintenance, was diminished in
Map2kl Map2k2 mutant placenta (Kuckenberg et al., 2010; Luo
etal., 1997). Finally, PPARY, which was downregulated in Map2kl
Map2k2 mutants, was shown to be necessary for TS cell
maintenance and for subsequent SynT differentiation, reinforcing
the idea that ERK/MAPK activation is crucial for labyrinth
trophoblast differentiation (Parast et al., 2009).

In summary, normal levels of ERK/MAPK signaling in cell types
of different embryonic and extraembryonic origins are required for
the formation of the SynT-I and -II layers. This unique maternal-
fetal exchange epithelia that form the blood-placental barrier are
crucial for embryo development. The ERK/MAPK pathway also
contributes to cell polarity, cell growth and differentiation of SynT
and to syncytium formation. Our studies also significantly advance
our understanding of labyrinth formation through the identification
of new markers for SynT-I (PAX8 and PKC{), as well as
demonstrating for the first time the requirement of SynT-II for the
formation of the SynT-I syncytium.

MATERIALS AND METHODS

Mice, genotyping and tissue collection

The Map2k17°¥1°* Map2k2~~ and GemICre mouse lines were described
previously (Bélanger et al., 2003; Bissonauth et al., 2006; Nadeau et al.,
2009). Four GemliCre transgenic lines were obtained with a 185 kb
GemiCre BAC transgene, which was imprinted in all four lines. Only the
paternal allele was expressed and it was active in germ cells. To circumvent
this limitation, we used Map2kl™~ Tg"9°™C™ males to generate

experimental specimens. The GemlCre 185kb-2 line, named hereafter
GcemiCre, was utilized (supplementary material Fig. S1). The Gt(ROSA)
26S0rtml$0r (ROSLI lacZ)’ Gt(ROSA)Z6S0rtm4(ACTB-thomato-EGFP)Luo
(Rosa ™™ EGFPy and - Gt(ROSA)26Sor™ PTAPMD (2664 PTA)  mouse
lines were purchased at the Jackson Laboratory (Ivanova et al., 2005;
Muzumdar et al., 2007; Soriano, 1999). The Sox2Cre and DermolCre
mouse lines were obtained from Dr A. McMahon and Dr D. Ornitz,
respectively (Hayashi et al., 2002; Yu et al., 2003). The specificity of Cre-
mediated recombination was validated (supplementary material Fig. S1).
Experimental specimens were genotyped by Southern blot and PCR
analyses. Placentas from control and mutant embryos were collected at
E10.5 and E12.5. For RNA extraction, placentas were snap-frozen in liquid
nitrogen. Experiments were performed according to the guidelines of the
Canadian Council on Animal Care and were approved by the institutional
animal care committee.

Histological, immunohistochemical (IHC) and
immunofluorescence (IF) analyses

Specimens were collected and processed for paraffin (4 um) or frozen (6 pm)
sections as described (Bissonauth et al., 2006). Sagittal placenta sections
were stained with Hematoxylin and Eosin (H&E) and Oil Red O according to
standard histological procedures. The placenta was oriented with the
maternal side at the top and the fetal (flat) side at the bottom. The plane of
sectioning was through the center of the placenta and perpendicular to its flat
surface. The number and the area of MTGs in the section were calculated
every 25 sections (~100 um apart) on four sections for each specimen.
Primary and secondary antibodies for IHC and IF experiments are listed in
supplementary material Table S1. IHC experiments were performed as
previously described (Nadeau et al., 2009). Horseradish peroxidase activity
was detected with the diaminobenzidine reagent kit (Zymed Laboratories) or
the tyramide signal amplification (TSA) system (PerkinElmer). For co-IF
analyses, primary antibodies were added simultaneously and nuclei were
visualized by DAPI staining. At least three specimens per genotype were
tested and representative fields are presented.

In situ hybridization (ISH) and g-galactosidase staining
Radioactive ISH was performed on tissue sections with Geml, Syna and
Synb riboprobes. -galactosidase staining was performed on cryosections as
described (Nadeau et al., 2009).

RNA isolation, microarray analysis and quantitative RT-PCR
(qRT-PCR)
Placentas from EI2.5 wt, Map2kl™~ Map2k2™~ and Map2ki™®~
Map2k2"'= Tg"5%2C embryos (n=4 per genotype) were collected.
Placenta was dissected and half of the tissue was processed for histology
to confirm the absence of maternal tissues. Total RNA was isolated from the
second half using TRIzol reagent according to the manufacturer’s procedure
(Invitrogen). RNA quality and quantity assessment, cDNA probe
preparation, hybridization to the Illumina Mouse WG-6 v2.0 Expression
Beadchip, and image scans were performed at the Genome Quebec
Innovation Centre at McGill University (Montreal, Canada). Data were
normalized using log, transformation followed by quantile normalization
with the R/lumi package in BioConductor (Du et al., 2008). Raw and
normalized data are available at the NCBI Gene Expression Omnibus
database (http:/www.ncbi.nlm.nih.gov/projects/geo) under accession
number GSE51644 according to MIAME standards (Edgar et al., 2002).
Significantly modulated probes were identified using the empirical Bayes
statistics available in limma (Wettenhall and Smyth, 2004). Probes were
considered significantly modulated when the Benjamini Hochberg adjusted
P-value was less than 0.05.

qRT-PCR experiments were performed as described (Boucherat et al.,
2012). Four specimens were used for each genotype tested. Primer
sequences are listed in supplementary material Table S2.

Statistical analyses
Student’s #-test was performed for comparative studies. P<0.05 was
considered statistically significant.
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