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organized in the Cdx2*~/Cdx4~"° compound mutants than in the wild
type, suggesting an incipient defect expressed later as failure to
extend and branch into the chorion between E9.5 and E10.5.

Thus, the data altogether reveal that an essential component of the
labyrinthine defect observed in E9.5 and E10.5 Cdx mutants resides
in the intrinsic property of the allantois to organize and extend its
vasculature into the chorion.

Fig. 5. Altered branching of allantoic vessels, and similar
endothelial and trophoblast marker expression in Cdx mutant
and control embryos. (A,B) Morphometric analysis of embryonic
placental vessels reveals more vessels with smaller average diameter in
wild-type placentas than in mutant placentas.

(C,D) Immunohistochemical staining for Pecam marks endothelial cells
(in brown) in the developing labyrinth. At E9.5, wild-type embryonic
vessels have penetrated the chorionic ectoderm and branched
extensively (arrowheads in C) while Cax2*/Cdx47° mutant endothelial
cells can only be detected on one side of the chorionic plate
(arrowhead in D). (E,F) A well-established labyrinth is present at E10.5
in wild types (la in E), whereas in Cdx2*/Cdx4™° mutant placentas,
embryonic vessels are present only in the allantoic mesoderm (F).

(G-N) Expression of trophoblast markers at E9.5 in Cdx2*~/Cdx4~"°
compound mutant placentas and controls. (G,H) In situ hybridization of
Cdx2 shows expression in the ectoplacental cone and
spongiotrophoblast. Expression is absent in the labyrinthine
trophoblasts in both mutants and controls. (1,J) In situ hybridization of
Mash2 shows expression in the ectoplacental cone,
spongiotrophoblasts and labyrinthine trophoblasts. The morphology of
the labyrinthine trophoblast differs between mutant and control, owing
to the absence of an extensively intermingled labyrinth in the
compound mutant. (K,L) In situ hybridization of Hand1 (eHAND) shows
expression in the spongiotrophoblast and labyrinthine trophoblasts in
wild-type and compound mutant placentas. (M,N) The ectoplacental
cone and spongiotrophoblast marker Tpbp is expressed in wild-type
and Cax2*~/Cdx4™° compound mutant placentas. epc, ectoplacental
cone; sp, spongiotrophoblasts; tr, labyrinthine trophoblasts; cp,
chorionic plate; la, placental labyrinth; mbs, maternal blood sinus; fov,
fetal blood vessel; Cdx mutant, Cdx2*-/Cax4~°. Scale bars: 100 um C-
F; 500 wm in G-N.

DISCUSSION

A main requirement for Cdx proteins during
placental labyrinth development

The data presented here on the phenotype of Cdx2/Cdx4 double
mutant embryos indicate that the Cdx genes are essential for the
ontogenesis of a functional placental labyrinth. Their inactivation
compromises chorio-allantoic fusion in a subset of the compound
mutants. In the majority of these mutants, which successfully unite
their allantois with the chorion, loss of Cdx function disables the
allantoic vessel extension and branching within the chorionic
ectoderm between E8.5 and E10.5. Neither Cdx4 deficiency alone,
nor, in most cases, Cdx2 heterozygosity, compromises placental
development crucially. However, Cdx2 heterozygosity together with
heterozygous or homozygous loss of Cdx4 often result in placental
failure. In the Cdx2 heterozygote background, the penetrance of the
labyrinth deficiency is dependent on the dose of Cdx4 (Table 1),
which is only expressed in the allantoic component of the labyrinth.
The combined function of Cdx2 and Cdx4 in the placental labyrinth
may appear to be specific. Nevertheless, considering the redundancy
between Cdx functions in the embryo, we must await the analysis of
more complex genotypes to determine whether Cdx! is, to some
extent, assisting Cdx2 and Cdx4 in this function.

It will be interesting to find out whether Cdx genes exert their
effect on the placenta by regulating target Hox genes. This is
suggested by the reported biological activity of certain Hox genes to
promote migratory behavior of adult endothelial cells in culture
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(Boudreau et al., 1997) and to induce morphogenesis of new
vascular sprouts in chick chorio-allantoic membranes in culture
(Myers et al., 2000). Our data suggest that the regulatory function of
Cdx genes in placentogenesis is an early one, acting at the level of
the progenitors of endothelial cells in the early allantois, as Cdx
genes, like Hox genes, are downregulated in the allantois at E8.5.
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Fig. 6. Cdx expression and early vascular development in the
allantois. (A-C) In situ hybridization on E7.5 embryo sections reveals
strong expression of Cdx7 in the primitive streak and weak expression
at the base of the allantois (arrowhead in A). Expression is absent in the
chorion (asterisk in A). (B) Cdx2 is strongly expressed in the primitive
streak and in the outgrowing allantois (arrowhead) and in the chorion
(triangle). (C) Cdx4 expression is restricted to the primitive streak and
allantois (arrowhead), and is absent in the chorion (asterisk). (D,E) Flk1
staining marks endothelial precursors that are present throughout the
E7.5 wild-type (D) and Cdx2*/Cdx4~° mutant allantois (E). The
allantois of the wild type was slightly smaller than that of the
compound mutant, explaining the lower Flk1 staining in D. (F-1) Pecam
staining of allantoises isolated at E8.25 just after chorio-allantoic fusion.
Primary endothelial networks in wild-type (F and H) and Cdx2*~/Cdx4™"°
mutant (G and 1) allantoises are visible. The wild-type E8.25 allantois in
F shows organization of endothelial cells into vessels with numerous
branching and connecting vessels (arrowheads). Endothelial cells are
less well organized in Cdx2*/Cdx4~"° compound mutant littermate
shown in G, with clumps of Pecam-positive cells (arrows). The
Cdx2*~/Cdx47° allantois in | is, in this case, smaller than the wild-type
control (H). Scale bars: 200 wm in A-C; 40 wm in D,E; 20 um in F.G; 80
wm in H,l. D, distal; P, proximal.

Function of Cdx4 in mouse and fish

A possibly related function of Cdx4 has been described in zebrafish
(Davidson et al., 2003). Cdx4-null zebrafish embryos manifest a
transient deficiency in generating erythroid progenitors (Davidson
et al., 2003). The authors suggest an early function of Cdx4 in
making the posterior lateral plate mesoderm, containing early
hematopoietic progenitors, competent to respond to genes that
specify hematopoietic fate. The defect in zebrafish Cdx4 mutants
was a selective loss of blood progenitors but not of angioblast
specification, thus affecting only one of the hemangioblast
derivatives (Huber et al., 2004; Ema et al., 2003). Such a defect in
blood development was not evident in the Cdx compound mutant
mice examined so far, but a possible slight and/or transient delay in
generating erythroid cells at any one of the stages when blood
progenitors are born (successively yolk sac blood islands, placenta,
AGM and fetal liver) (Gekas et al., 2005; Ottersbach and Dzierzak,
2005) might not have been noticed in our experiments. Alternatively,
such a function for Cdx4 might be redundant in mice, thus differing
from the situation in zebrafish. An insufficiency may remain hidden
until the Cdx dose has been lowered below a certain threshold. The
fact that Cdx4 rescues the hematopoietic colony-forming potential
in mixed lineage leukemia (MI/) mutant ES cell-derived embryoid
bodies and enhances the frequency of hematopoietic colonies in
control embryoid bodies (Ernst et al., 2004) provides support for this
hypothesis.

Vascular lineages were not affected by the Cdx4 mutation in
zebrafish but the absence of an allantois in fish leaves the possibility
that, after the acquisition of the chorio-allantoic placenta in
mammals, the gene became specifically involved in the ontogeny of
a functional allantoic vasculature. An implication of these findings
is that mutations in Cdx genes might lead to pregnancy failure in
humans.

Specificity versus redundancy in function among
Cdx members

Among the three Cdx family members, Cdx2 is the only one that is
expressed in the early extra-embryonic ectoderm, where it ensures
establishment and maintenance of the trophectoderm lineage
(Strumpf et al., 2005), mediating implantation of the conceptus
(Chawengsaksophak et al., 1997). This specific expression and
function only concerns Cdx2 and may result from a trophectoderm-
specific regulatory influence selectively relating to Cdx2, without
counterpart on the other, unlinked, Cdx genes. This early Cdx2
function requires one active allele, and is not relevant in the context
of the compound mutants analyzed in the present work.

The common Cdx functions studied here concern epiblast-derived
embryonic and extra-embryonic tissues. All three Cdx genes
collaborate to pattern the axial skeletal structures [see van den Akker
et al. (van den AkKer et al., 2002) for Cdx1/Cdx2; see this work for
Cdx1/Cdx4 and Cdx2/Cdx4, where the contribution of Cdx4 is modest
but observable in the presence of the Cdx/ and Cdx2 mutations]. The
distinct AP level of the vertebral changes in the double mutants may
relate to the differences in rostral span of the expression domains of
CdxI and Cdx2. The three Cdx genes contribute to allow completion
of posterior axial elongation (van den Akker et al., 2002) (this work).
Again, their contributions are unequal, as the effect of inactivating
Cdx1 or Cdx4 was visible only in combination with a mutation in
Cdx2, whereas Cdx2 heterozygocity alone affects axial elongation
(van den Akker et al., 2002) (this work). In this case, we cannot tell
whether these differences in contribution result from sequence
differences in the proteins or from differences in the spatiotemporal
regulation of their expression.
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Two of the three Cdx genes (Cdx2 and Cdx4) have been shown in
this work to control the ontogenesis of the allantoic part of the
placenta, and we cannot rule out that a contribution of Cdx! in this
function might be revealed upon further lowering Cdx dose. All
three Cdx genes are expressed in the posterior epiblast, including the
most proximal area containing the presumptive extra-embryonic
mesoderm. Although loss of function of Cdx/ or Cdx4 does not
affect the extra-embryonic derivatives by themselves, Cdx2-null
mutations have previously been shown to impair the generation of
embryonic and extra-embryonic mesoderm. The Cdx2-null allantois
remains extremely short, and does not touch the chorion
(Chawengsakhophak et al., 2004). This reveals the earliest Cdx
dependence of placental ontogeny, reflected by the fact that one
active Cdx2 allele is required for outgrowth of the early allantoic
bud. The allantoises in Cdx2*"~, Cdx2*"/Cdx4*"~ and Cdx2""/
Cdx47"° mutants reach a normal size. But these three genotypes
exhibit specific subsequent defects that compromise the ontogenesis
of a proficient chorio-allantoic placenta, with a penetrance that
increases with the decrease in Cdx dose. A first defect is manifest by
the fact that some of the fully grown allantoises reach the chorion
but fail to unite with it. Several mutants in the Wnt and Fgf signaling
pathways are impaired in chorio-allantoic fusion [Wnt7b (Parr et al.,
2001); Tcf1/Lefl (Galceran et al., 1999); Fgfr2 (Xu et al., 1998)].
This could indicate a functional link between these signaling
pathways and Cdx genes in the chorio-allantois fusion process, in
addition to the links previously documented in the processes of
embryonic axial extension and patterning (reviewed by Lohnes,
2003; Deschamps and van Nes, 2005). The majority of mutant
allantoises undergo chorio-allantoic fusion but exhibit a later defect,
being impaired in the establishment of a functional endothelial
network in the labyrinth. The penetrance is again dependent on the
dose of Cdx: 10% for Cdx2*"~, 20% for Cdx2*~/Cdx4*"~ and ~100%
for Cdx2*~/Cdx47"° embryos. In each of these genotypic classes, the
most frequently occurring labyrinth abnormalities are qualitatively
indistinguishable and equally severe, suggesting that Cdx2 and Cdx4
function in an identical way, and that the Cdx-dependence operates
at the level of reaching a threshold rather than touching different
aspects of the events. A small subset of the numerous
Cdx2*~/Cdx4™"° embryos examined were found to be more mildly
affected than the majority of them, revealing a certain variability in
the severity of this phenotype (these exceptions probably correspond
to the occasional survivors among the embryos with this genotype).
This variability, which we expect to be proportionally present in each
genotypic class (Cdx2"~, Cdx2*/Cdx4*"~ and Cdx2*/Cdx47")
would possibly result either from stochastic events among
parameters involved in the onset of the phenotype, or from the fact
that the genetic background of embryos carrying the new Cdx4
mutation is not homogenous.

In conclusion, our results reveal that the collaborative role of Cdx
genes in posterior embryonic development extends to the stepwise
establishment of a functional placental labyrinth, from allantois
growth and chorio-allantoic fusion to the extension of the allantoic
vascular network within the chorionic ectoderm. The data highlight
a novel role for these posterior embryonic patterning genes in
controlling a vital function that allows the fetus to survive through
exchanges with its mother, a function presumably acquired during
vertebrate evolution towards placental mammals.

The three Cdx genes exert redundant functions in mediating the
generation and AP patterning of posterior embryonic structures.
They might also operate redundantly in placentogenesis. In both
cases, their functional contribution is quantitatively unequal, owing
to either protein or regulatory differences. This suggests that the

extra-embryonic mesoderm arising from the posterior part of the
primitive streak is controlled by the same genetic system as the
posterior axial and paraxial embryonic structures.
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