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The CCAAT/enhancer binding proteins C/EBPa and C/EBP are related transcription factors that are
important for the function of various organs in the postnatal mouse. Gene replacement and tissue culture
experiments have suggested partial redundancy of both transcription factors. Here we show that mouse
embryos deficient of both C/EBP« and C/EBP@ (C/EBPaf /") die between embryonic day 10 (E10) and E11
and display defective placentas. In situ hybridization revealed that C/EBPa and C/EBPf are coexpressed in the
chorionic plate at E9.5 and later in the trophoblasts of the labyrinthine layer. In C/EBPap ™'~ placentas,
allantoic blood vessels invaded the chorion; however, vessel expansion and development of the labyrinthine
layer was impaired. Furthermore, a single copy of either C/EBP« in the absence of C/EBP@ or C/EBPf3 in the
absence of C/EBPa« is sufficient to complete development, suggesting complementation of these C/EBPs during
embryogenesis. A single copy of C/EBP« in the absence of C/EBP3, however, fails to rescue survival after birth,
suggesting haploinsufficiency of C/EBPa in newborns. Our data thus reveal novel essential, redundant, and

dosage dependent functions of C/EBPs.

The family of CCAAT/enhancer binding proteins (C/EBPs)
entails gene regulatory proteins that control proliferation, dif-
ferentiation, and apoptosis in various cell types. Gene targeting
studies in mice demonstrated the importance of C/EBP pro-
teins in the development and function of hematopoietic cells,
keratinocytes, hepatocytes, and intestinal and mammary epi-
thelial cells, as well as in the development of the ovary and the
lung (31).

The four most related members of the C/EBP family («, B,
3, and €) display extensive homology in their carboxyl-terminal
basic and leucine zipper domains, which mediate DNA binding
and dimerization, respectively. Toward the N terminus,
C/EBPs are more divergent and homology is restricted to dis-
tinct peptide motifs that are involved in transactivation or
regulation of the activity of C/EBPs (17, 19, 46). Although data
obtained from mouse molecular genetics and expression pro-
filing studies suggest that the functions of C/EBPa and
C/EBPB are rather distinct, it has also been shown that
C/EBPB can partially replace C/EBPa functions when ex-
pressed from the C/EBPa locus (8, 16). It is not clear, however,
to what extent regulation of C/EBPa and C/EBPB gene ex-
pression or structural differences of the transcription factors
account for redundant or divergent functions. Tissue specificity
also appears to result from combinatorial interactions with
unrelated transcription factors, such as c-Myb, to specify he-
matopoietic gene regulation (25, 27), or peroxisome prolifera-
tor activated receptor vy (PPARYy) to specify adipogenic gene
regulation (13, 34). Accordingly, an important issue in under-
standing C/EBP biology and physiology is to determine the
degree of functional redundancy or specificity of individual
C/EBPs.
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Here we report novel sites of expression of C/EBPa and
C/EBPB during mouse embryogenesis. We show that at em-
bryonic day 9.5 (E9.5) C/EBPB is expressed in the ectoplacen-
tal cone and in the chorionic plate, whereas C/EBPa expres-
sion is restricted to the chorionic plate. At E10.5 C/EBPa is
coexpressed with C/EBP in the labyrinthine layer of the cho-
rioallantoic placenta. C/EBPR is found in all of the trophoblast
cell lineage of the placenta. Deletion of all C/EBP« and -B
alleles (C/EBPaf /") results in embryonic developmental ar-
rest at around E10 to E11 that is associated with a gross failure
of the placenta to undergo proper morphogenesis. We also
show that a single copy of either C/EBPa in the absence of
C/EBP, or C/EBPg in the absence of C/EBPa could rescue
embryogenesis. Our data suggest essential and redundant func-
tions of both transcription factors during early embryonic de-
velopment. Furthermore, C/EBPa is haploinsufficient for sur-
vival of the newborns after birth in the absence of C/EBPR.

MATERIALS AND METHODS

Generation of C/EBPaf ™'~ embryos. The C/EBPa and C/EBPB knockout
strains were obtained from Gretchen Darlington (Baylor College of Medicine,
Houston, Tex.) and Esta Sterneck (NCI, Frederick, Md.), respectively, and have
been described elsewhere (42, 43). Since the C/EBPB /™ females are sterile and
the C/EBPa ™/~ newborns die of hypoglycemia 8 h after birth (18, 42, 43), double
C/EBP heterozygous mice (C/EBPaB*/™) were generated and intercrossed to
obtain double knockout C/EBPap ™/~ embryos. Genotyping was routinely per-
formed by PCR analysis with two upper primers located either in the pGK
promoter of the neomycin cassette (5'-ACGAGACTAGTGAGACGTGCTAC-
3’) or in the 3'-untranslated region for C/EBPa (5'-GGAGGAAGATACAGG
AAGTGAGAT-3') or in the coding region for C/EBPB (5'-GCTTCGAACCC
GCGGACTGCAA-3') and a common lower primer located in the 3'-
untranslated region of the gene of interest (C/EBPa, 5'-TGGTTTAGCATAG
ACGTGCACACT-3'; C/EBPB, 5'-CATCTTTAAGGTGATTACTCAGGGC-
3"). DNA was obtained from tail biopsies or, in the case of embryos, from yolk
sacs. PCR was performed in 50-pl reaction mixtures. The cycling conditions
consisted of an initial 5-min denaturating step at 95°C, followed by 40 cycles of
1 min at 95°C, 1 min at 55°C, and 1 min at 72°C. For C/EBPq, reaction products
of 542 and 305 bp represent wild-type and mutant alleles, respectively. For
C/EBPB, reaction products of 771 and 530 bp represent wild-type and mutant
alleles, respectively.
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TABLE 1. Embryonic lethality of C/EBP «f /= mice®
Litter Mendelian ratio (%) obtained with genotype (expected ratio)*:
= - - -
. No. of No. of it ot e ol a -I- a ol L
E .

mbryonic stage animals  embryos (625) (125 (12.5) 25) (625 (625 (%.25) (%2.5) {25)
E9.5 to E10.25 20 154 8.44 11.69 11.69 26.62 5.84 6.49 6.49 10.39 12.34
E10.25 to E11 16 132 9.09 15.91 16.67 16.67 6.06 6.82 4.55 (2)* 9.85 14.39
E11.5 13 71 8.45 11.27 22.54 29.58 7.04 7.04 03)* 5.63 8.45

E12.5 18 136 8.82 11.76 12.5 26.47 5.15 5.88 221 (1)* 14.71 12.5
E13.5 10 69 2.9 21.74 15.94 28.99 29 5.8 0(1)* 10.14 11.59
E14.5° 2 13 0 15.38 15.38 38.46 0 7.69 0 7.69 15.38
At birth 49 247 8.91 15.4 21.9 453 0 7.29 0 0 1.21¢

“The different genotypes obtained from intercrosses of C/EBPaB™/~ mice are indicated in the column headings. The expected Mendelian ratios are given in

parentheses in the column heading. Only live embryos were included in the statistics; the numbers in parentheses (*) indicate the numbers of dead C/EBPaB ™~
embryos. The stage from E9.5 to E10.25 includes embryos with 20 to 30 somites, and the stage from E10.25 to E11 includes embryos with 30 to 38 somites. The number
of resorbed embryos increased from E11.5 onward, but DNA was not recovered for genotyping.

 The given values at E14.5 are not statistically significant.

¢ Three newborns died a few days after birth, and the remains were not available for analysis.

Histology, isolectin B4 staining, and in situ hybridization. Entire conceptuses
and placentas were isolated from E9.5 to E14.5 from staged pregnancies. The
plug day was designated day 0.5, although the embryos were staged according to
standard morphological landmarks.

For histological analyses, placentas were fixed overnight at 4°C in 4% para-
formaldehyde, dehydrated, and embedded in paraffin. Sections of 8 um were
stained with eosin and hematoxylin (H&E) according to the standard procedure.
Placenta sections were stained with isolectin B4 as described elsewhere (28).

Whole-mount in situ hybridization on Vibratome slices of the placenta (70
pm) was performed as described previously (37) with antisense RNA probes for
C/EBPa (corresponding to the fragment from nucleotides 1451 to 2099 of mouse
genomic DNA), C/EBPB (40), C/EBP3 (41), distal-less 3 gene (DIx3) (24),
fms-like tyrosine kinase receptor 1 (Flt-1) (23), glial cell missing 1 transcription
factor (Geml1) (3), placental lactogen-1 (PL-1) (9), PPARY (5), and the vascular
endothelial growth factor (VEGF) (44).

RESULTS

Embryonic lethality of mice lacking both C/EBPa and
C/EBP. Genotype analysis (from E9.5 to birth) of 822 prog-
eny from intercrosses of C/EBPaB ™~ yielded the expected
Mendelian ratios of all genotypes at E10 (Table 1). As ex-
pected, loss of both copies of C/EBPa resulted in death shortly
after birth (22, 43). Interestingly, loss of one copy of C/EBPa
in a C/EBPB™/~ background also resulted in death of the
newborns few hours after birth, whereas C/EBPR~/~ animals
that retain both copies of C/EBPa were born alive and survived
as long as the wild-type mice. This result shows that, in the
absence of C/EBPB, C/EBPa is haploinsufficient for survival of
the newborns after birth.

At E9.5 to E10.25, C/EBPaf ™/~ embryos were recovered at
the expected Mendelian ratio of ca. 6%. The embryos were
viable and externally indistinguishable from their littermates in
both size and gross morphology. At E10.25 to El1,
C/EBPaf ™/~ embryos were recovered at a lower frequency
(4,55%). Few C/EBPa '~ embryos (3 of 136 [2%]) survived
until E12.5. No live C/EBPafp ™/~ embryos, however, were
found at E13.5 or beyond (Table 1). These data show that a
single copy of either C/EBPa in the absence of C/EBPB or
C/EBPg in the absence of C/EBPa rescues early lethality that
occurs around E10 to E11 in the absence of both factors,
suggesting redundant functions of C/EBPa and C/EBPB in
early embryo survival.

Expression of C/EBPa and C/EBPp in early placental de-
velopment. The possibility that C/EBPa and C/EBP@ are im-
portant in early placental development (E10 to E11) was un-
anticipated, since previous reports failed to detect expression
of these genes in embryonic tissues earlier than E13.5 (6, 7, 20,
47). However, placental abnormalities were clearly evident in
C/EBPaf ™/~ progeny at E10. Accordingly, we reinvestigated
placental C/EBP expression by in situ hybridization. At E9.5,
C/EBPa mRNA is expressed in the chorionic plate (Fig. 1A),
whereas C/EBPB mRNA is present not only in the chorionic
plate but also in the ectoplacental cone (Fig. 1B). At E10.5,
C/EBPa and C/EBPB mRNA are coexpressed in the tropho-
blasts of the labyrinthine layer (Fig. 1D and E). In addition,
C/EBPB mRNA is found in the trophoblast cells of the three
layers of the placenta (Fig. 1E). No C/EBP3 mRNA expression
has been found in placental cells from E9.5 to E11.5 (Fig. 1C,
F, and I), whereas C/EBPa and C/EBPB mRNA are present in
mouse placenta at least until E11.5 (Fig. 1G and H). Notably,
neither C/EBPa nor C/EBPB mRNA are expressed in the fetal
endothelium permeating the presumptive labyrinth (Fig. 1A,
B, D, E, G, and H) and in the yolk sac (data not shown).

Abnormal formation of the labyrinthine layer in
C/EBPaf '~ placenta. At E10, the placentas of wild-type,
C/EBPa ', and C/EBPB "/~ embryos exhibit the characteris-
tic three-layered appearance with the labyrinthine layer as the
inner layer, the spongiotrophoblast in the middle, and the
trophoblast giant cells forming the outer layer that interfaces
with the maternal decidua (see Fig. 3A and data not shown)
(35). In C/EBPap '~ placentas, the spongiotrophoblast layer
and the giant cells appeared normal. The labyrinthine layer,
however, was drastically reduced in thickness (compare Fig.
2D with 2A to C). The chorionic trophoblasts in C/EBPaf ™'~
were found densely packed at the base of the placentas (Fig.
2D and 3B), whereas chorionic trophoblasts in age-matched
wild-type and single-knockout placentas had already started to
spread inward and participate in the formation of the labyrin-
thine layer, together with the angiogenic allantoic mesenchyme
(Fig. 2A to C and 3A). In the C/EBPaf /", fetal blood vessels,
identified by luminal nucleated embryonic blood cells, were
detected either outside of the placenta or (when in the pla-
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FIG. 1. Expression of C/EBPa, C/EBP, and C/EBP3 in wild-type placenta at E9.5 (A to C), E10.5 (D to F) and E11.5 (G to I). (A to C)
C/EBPa expression is restricted to the chorionic plate (arrowheads) (A), whereas C/EBPR is strongly expressed in the ectoplacental cone (EC)
and the chorionic plate (arrowheads) (B). In panels D to I, C/EBPa and C/EBP are coexpressed in the labyrinthine layer (L). C/EBPB mRNA
is also found in spongiotrophoblasts (Sp). Note the absence of C/EBP3 expression in the placenta at all stages (C, F, and I). Al, allantoic cavity;

d, maternal decidua. Scale bar, 10 pm.

centa) had formed exclusively at the base where the surround-
ing trophoblast tissue was very compact (Fig. 2D and 3B). In
contrast, in wild-type and single-knockout placentas an intri-
cate network of fetal blood vessels had developed in juxtapo-
sition to maternal blood sinuses (compare Fig. 2A to C and
compare 3A to 2D and 3B). The elongated differentiated tro-
phoblasts that form the hemotrichorial barrier around the fetal
blood vessels were undetectable in the C/EBPaf ™/~ placentas
(compare Fig. 2A to C and D). The tight apposition of fetal
blood vessels and maternal blood sinuses seen in the normal
placenta is, however, a key prerequisite for the function of the
labyrinth in the exchange of gas and nutrients between fetal
and maternal blood.

Vascular abnormalities in C/EBPaf ™'~ concepti. All
C/EBPaf ™/~ placentas that were analyzed at E10 were asso-
ciated with live embryos, as indicated by beating hearts. Their
yolk sac appeared histologically normal and well vascularized.
No obvious vascularization defects were observed in these em-
bryos. The formation of their vitellin vessels and their major
arteries was similar to those of wild-type animals (data not
shown). However, in the labyrinthine layer of C/EBPaf ™/~

placentas, loss of isolectin B4 activity, a marker for the matrix
surrounding the fetal vessels, was observed (Fig. 3D), whereas
wild-type placentas showed strong staining in their labyrinthine
layer (Fig. 3C). The chorionic plate and the yolk sac were
similarly stained by isolectin B4 in both genotypes (Fig. 3C and
D). Taken together, these data suggest that the vascularization
of the labyrinthine layer of the placenta was impaired in
C/EBPaB ™/~ conceptuses.

Analysis of marker gene expression in C/EBPaf pla-
centa. For a more detailed characterization of the placental
defect, the expression of several trophoblast markers in
C/EBPaf ™/~ and control placentas was compared. Since the
expression patterns of trophoblast marker mRNAs in wild-
type, C/EBPa'~/3*/~, and C/EBPa™'~/3~/~ placentas were
similar (data not shown), results obtained with C/EBPaf ™/~
placentas are compared only to wild-type placentas in Fig. 4. In
situ hybridization of placental sections of C/EBPap '~ at E10
showed no difference in the expression of the spongiotropho-
blast marker Flt-1 (a receptor tyrosine kinase for VEGF and
placental growth factor [PIGF]) (12, 23) and of the trophoblast
giant cell marker PL-1 (9) compared to the wild-type placenta.

—)—
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FIG. 2. Histological analysis of controls and C/EBPaB '~ placentas at E10. H&E-stained sagittal sections of the labyrinthine layer of +/+ (A),
C/EBPa '~ (B), C/EBPB /" (C), and C/EBPaf /" (D) placentas. In panel D, note the abnormal thickening of the C/EBPaB /~ chorionic plate
(CP) and poor impregnation of the C/EBPaB /~ presumptive labyrinth (L) by fetal vessels (arrowhead, containing blue-stained nucleated fetal
erythrocytes). Al, allantoic cavity; arrow, maternal erythrocyte sinus; Sp, spongiotrophoblast; L, labyrinthine layer. Scale bar, 10 pum.

Alkaline phosphatase activity in secondary giant cells and in
the chorionic plate was identical in wild-type and C/EBPaf ™/~
placentas (data not shown). Thus, although the morphology
was highly abnormal in C/EBPaf ™/~ placentas, cytodif-
ferentiation of giant cell and spongiotrophoblast placental cell
types and expression of their specific markers still occurred.
Gceml, a marker for the branching initiation of the chorioallan-
toic placenta (3, 37), was slightly less expressed in
C/EBPaf /" placentas, probably because of the dramatic re-
duction in size of the labyrinthine layer. However, the presence
of Geml indicates that the branching initiation of the morpho-
genesis could still occur.

C/EBP proteins collaborate with or regulate the expression
of transcription factors which have been shown to be essential
for mouse placental development such as PPAR+y and DIx3 (5,
24). In addition, C/EBP proteins are implicated in the regula-
tion of angiogenic factors such as VEGF (29). We therefore
examined the expression of DIx3, PPARYy, and VEGF as po-
tential downstream C/EBP target genes in placental develop-
ment. As shown in Fig. 4, at E10 PPARy mRNA expression is
similar in all layers of C/EBPaB /" and wild-type placentas,
except in the labyrinthine layer of C/EBPaB /" placentas due
to its reduction or absence (compare the labyrinthine layer of
C/EBPaf ™/~ placentas to the wild-type placentas). DIx3 and
VEGF expression is restricted to the chorionic plate in
C/EBPap ™/~ placentas, whereas both are expressed in the
labyrinthine layer of wild-type placentas (Fig. 4). VEGF pro-
duction by trophoblast giant cells is not affected in
C/EBPaf /" placentas compared to wild-type placentas (data
not shown). These data indicate that the structural abnormal-
ities observed in C/EBPap ™’/ placentas are associated with
altered expression of specific markers of the labyrinthine layer.
These results also show that C/EBPa and C/EBP are involved
in placental development either independently of or down-
stream of PPARYy.

DISCUSSION

Analyses of C/EBPaB /" conceptuses reveal a novel func-
tion of C/EBPa and C/EBP transcription factors in mouse
placental development. C/EBPaf '~ embryos die at ca. E10 to
E11 when the placenta starts functioning as the site of gas and
nutrient exchange between fetal and maternal blood. In situ
hybridization data showed that the spatial and temporal dis-
tribution of C/EBPa and C/EBPB mRNA supports a func-
tional role of both transcription factors in placenta. They are
coexpressed at E9.5 in the chorionic plate and at E10.5 in the
labyrinthine trophoblast cells. The placenta-restricted expres-
sion of C/EBPa and C/EBP and the early lethal effect result-
ing from the absence of both factors in C/EBPaf ™/~ embryos
strongly suggests an essential role of C/EBPs in placentogen-
esis.

Lethality during the postimplantation period can be the re-
sult of either defects in yolk sac or chorioallantoic placentas
(10). Because C/EBPa and C/EBPR are not expressed in the
yolk sac (data not shown) and C/EBPaf /" yolk sacs are
histologically normal and because mouse mutants displaying
similar phenotypes die at ca. E10.5 from placental deficit (15),
our data suggest that the lethality of C/EBPaB /" embryos is
probably due to placental defects.

Evidence for redundant functions of C/EBPa and C/EBPB
in the liver and in hematopoiesis was previously reported in
studies using a gene replacement strategy (8, 16). Our data
confirm and extend these observations by showing that, in the
absence of C/EBPB, C/EBPa is haplosufficient for placento-
genesis but haploinsufficient for survival of the newborns after
birth. Furthermore, in the absence of C/EBPa, C/EBP is
haplosufficient for placentogenesis.

The epithelial compartment of the placenta is derived from
the trophoblast cell lineage, whereas the stromal and vascular
compartments are derived from extraembryonic mesoderm,
specifically the allantoic mesoderm in the mouse. We show that
C/EBPB mRNA is found in the three trophoblast cell types—
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FIG. 3. Placental abnormalities in C/EBPaB '~ conceptus at E10. (A and B) H&E-stained sagittal sections of +/+ (A) and C/EBPap /'~
(B) placentas. Giant cells (Gi) are indistinguishable between C/EBPaB /" and wild-type placentas. Fetal blood vessels (arrowhead) were rarely
found in the labyrinthine layer (L) of the C/EBPa /" placenta compared to the wild-type placenta. Maternal blood sinuses (arrow) were present
in normal numbers but were never close to embryonal vessels as observed for the wild type. (C and D) Isolectin B4-stained sagittal sections of +/+
(C) and C/EBPap /'~ (D) placentas at E10. Isolectin B4 labeled the matrix surrounding the fetal blood vessels. Note the poor labeling of the
labyrinthine layer (L) in C/EBPa /" placentas compared to the wild-type placentas. The staining of the yolk sac (YS) and of the chorionic plate
(CP) were indistinguishable between C/EBPaf /" and wild-type placentas. Al, allantoic cavity; d, maternal decidua; Sp, spongiotrophoblast; arrow,

maternal erythrocyte sinus. Scale bar, 10 wm.

giant cells, spongiotrophoblasts, and trophoblasts of the laby-
rinthine layer—and that C/EBP« is found in trophoblasts of
the labyrinthine layer. In addition, their mRNAs were also
expressed in the trophoblast stem cells of the chorionic plate
and in the trophoblast stem cell line (TS) kept under undiffer-
entiated conditions (data not shown). In humans, C/EBP« and
C/EBPg are also localized in the trophoblast cells during preg-
nancy (4). Thus, these data strongly suggest a role of C/EBPa
and C/EBPp in trophoblast cell lineage. The absence of both
C/EBPa and C/EBPB in early embryogenesis results in a de-
fective placental development. Histological analyses of
C/EBPaf ™/~ placentas show the absence of extensive villous
branching that creates the labyrinth. This abnormal phenotype
was completely penetrant, since all of the E10 C/EBPaB '~
placentas examined, but none of the wild-type and other ge-

notype controls, exhibited the same cellular anomalies. In
C/EBPaf /™ placentas, a defect in trophoblast cell growth and
maturation could account for the defective labyrinthine layer
formation. C/EBPa and C/EBP have already been implicated
in branching morphogenesis of mammary epithelial cells (32,
39). It is tempting to propose a similar role for C/EBPa and
C/EBPB in the branching morphogenesis of the placenta.
Geml, the marker for branching morphogenesis initiation (3,
37), is still detectable in C/EBPaf /" placentas, indicating that
C/EBPa and C/EBPB are not required for the initiation of
branching morphogenesis but probably for its progression.
Branching morphogenesis and progression (also called cho-
rioallantoic morphogenesis) are prerequisites for proper vas-
cularization of the placenta (1, 11). Thus, the absence of vas-
cularization of the labyrinth of the C/EBPaB /" placentas,
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FIG. 4. Expression of cell-type-specific markers analyzed by in situ
hybridization of wild-type (+/+) and C/EBPaf '~ placentas at E10.
Sagittal sections (70 wm) of paraformaldehyde-fixed placentas were
hybridized with antisense probes for Flt-1 (spongiotrophoblast cells);
PL-1 (trophoblast giant cells); PPARy (diploid trophoblasts); and
Geml, DIx3, and VEGF (labyrinthine layer). Note that the expression
of Geml1, DIx3, and VEGF is lower in C/EBPaf ™/~ placentas than in
+/+ placentas. Scale bar, 15 pm.

visualized by the lack of isolectin B4 activity, is most likely a
consequence of the block in the progression of chorioallantoic
morphogenesis. This hypothesis is supported by the observa-
tion that all other vascular processes in the C/EBPaf '~ em-
bryos appear to be normal, including the establishment of yolk
sac circulation, the formation of vitellin vessels and major
arteries, and chorioallantoic fusion. Therefore, placental vas-
cularization appears to be dependent on both C/EBPa- and
C/EBPB-mediated trophoblast functions.
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Since mice deficient in C/EBPa, C/EBPB, C/EBPS, C/EBPs,
and the compound C/EBPR3 survive at least until birth (see
reference 31 and references therein) and since C/EBP3 was
absent in the placental tissue at the studied stages, our data
also suggest that C/EBPa and C/EBP are the major C/EBPs
in placental morphogenesis, in particular in the formation of
the labyrinthine layer. Moreover, placental morphogenesis oc-
curred normally in mice that retained one allele of either
C/EBPa in the absence of C/EBPB, or C/EBPS in the absence
of C/EBPa, but not after removal of both transcription factors.
These results clearly show that C/EBPs are indispensable dur-
ing embryogenesis and that C/EBPa and C/EBP are redun-
dant during placental development. How C/EBPa and
C/EBPp repress or activate gene expression in placentogenesis
still remains to be determined. Our data imply that C/EBP« or
C/EBP homo- or heterodimers are required or, alternatively,
that C/EBPa or C/EBPB are equivalent components of other
gene regulatory protein complexes during placentogenesis.
AP-1 family members JunB or FRAL1 are potential candidates
since they may heterodimerize with C/EBP proteins (26) and
they are required for proper placental morphogenesis (36, 38).

Several other transcription factors have been found to be
critical for the development of the placental labyrinthine layer
after initiation of morphogenesis (11, 35). Among these tran-
scription factors, the nuclear hormone receptor PPARy was an
interesting potential C/EBP target because it is activated by
C/EBPa and/or C/EBPB at the onset of adipogenic differenti-
ation (33, 34). In addition, PPAR<y, C/EBPq«, and C/EBP are
coexpressed in the placenta. The expression level of PPARYy,
however, was found to be similar in both C/EBPaf~/~ and
control placentas, indicating that activation of PPARy does
not rely on C/EBP functions during early placentogenesis. This
possibility is supported by the fact that PPARvyI1 is the only
isoform expressed in the placenta, whereas PPARY2, initiated
from an alternative promoter, is the effector of C/EBPs in
adipogenesis (5).

Recent studies suggested that C/EBPa and C/EBP regulate
basal DIx3 promoter activity in placental cells (14). Moreover,
DIx3-deficient embryos die around E10 due to a defect in
labyrinthine layer development (24). The data presented here,
however, show that DIx3 is still expressed in C/EBPap ™/~
placentas but only in the chorionic plate. Consistently, all of
the markers used to label the labyrinthine layer (Geml, DIx3,
and VEGF) showed reduced expression that is most likely a
secondary effect of defective formation of the labyrinthine
layer.

The molecular mechanism underlying the prevention of pla-
cental labyrinth formation in C/EBPaf ™/~ mice await further
studies. In this context, it is important to note that C/EBP has
been identified as an important target of cyclin D1 in many
human tumors (21), suggesting a proliferation-inducing func-
tion in addition to the differentiation-inducing activity of
C/EBPs. Moreover, it has been shown that C/EBPa and
C/EBPp regulate the production of growth factors and cyto-
kines that sustain proliferation (2, 30, 45). The placenta is a
major source of growth factors, cytokines, and hormones that
affect both the mother and the fetus. We therefore speculate
that the absence of both C/EBPa and C/EBPB might have
several additional effects on embryogenesis once the placental
dysfunction could be rescued. However, the low frequency of
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double-knockout generation (ca. 6%) currently precludes the
efficient analysis of chimeric embryos that would be obtained
by aggregating C/EBPaB ™/~ embryonic stem cells derived
from C/EBPaB ™~ intercrosses with wild-type tetraploid em-
bryos (35). Thus, the question of molecular mechanisms and
additional embryonic C/EBP functions will therefore have to
await the generation of conditional knockout mice.

In conclusion, we report here the earliest developmental
role of C/EBPs in the mouse. A concerted function of C/EBPa
and C/EBP occurs at postimplantation stages during the gen-
eration of a functional chorioallantoic placenta. The death of
C/EBPaf ™/~ embryos is most likely due to the failure to es-
tablish a proper placental circulation. Recently, it has been
reported that C/EBP«, C/EBP, and C/EBP3 are expressed in
human placenta during pregnancy (4). Therefore, it would be
important to determine whether dysregulation of C/EBP gene
expression correlates with a pathological phenotype in human
placentogenesis.
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