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ABSTRACT DIx3 is a homeodomain transcription factor
and a member of the vertebrate Distal-less family. Targeted
deletion of the mouse DIx3 gene results in embryonic death
between day 9.5 and day 10 because of placental defects that
alter the development of the labyrinthine layer. In situ hy-
bridization reveals that the DIx3 gene is initially expressed in
ectoplacental cone cells and chorionic plate, and later in the
labyrinthine trophoblast of the chorioallantoic placenta,
where major defects are observed in the Dix3 —/— embryos.
The expression of structural genes, such as 4311 and PL-1,
which were used as markers to follow the fate of different
derivatives of the placenta, was not affected in the Dix3-null
embryos. However, by day 10.5 of development, expression of
the paired-like homeodomain gene EsxI was strongly down-
regulated in affected placenta tissue, suggesting that DIx3 is
required for the maintenance of EsxI expression, normal
placental morphogenesis, and embryonic survival.

The development of the placenta begins with the formation of
the specialized epithelial trophoblasts that will give rise to the
ectoplacental cone and chorionic ectoderm. The remainder of
the cells in the embryo segregate and constitute the inner cell
mass that will form the embryo proper. During implantation
in mice, trophoblasts begin to attach to the receptive uterine
epithelium, after which the trophectoderm proliferates to form
the ectoplacental cone, and later the spongiotrophoblast layer.
The outermost trophoblasts of the ectoplacental cone differ-
entiate into secondary trophoblast giant cells, which lie in the
periphery of the placenta, forming the interface with maternal
cells in the decidua (1, 2). The expression of placental lactogen
(PL) is regulated during trophoblast giant cell differentiation
(3). The 4311 gene is specific for a group of cells of the
ectoplacental cone, suggesting there may be a compartmen-
talization within the trophoblast cells, with 4377 marking the
cells that will form the densely packed spongiotrophoblast
layer, but not the trophoblast giant cells or the labyrinthine
layer of the placenta (4).

Several transcription factors have been reported to be
expressed in the chorioallantoic placenta, suggesting a possible
role in the differentiation of this tissue; some examples are the
zinc finger factor Rex-1 (5), a member of the GATA family,
GATA-3 (6), and members of the helix-loop—helix family of
transcription factors Mash-2 (7) and Hxt (8). Mash-2 is an
important regulator of trophoblast proliferation; its expression
diminishes as mouse trophoblasts differentiate into giant cells,
and the targeted deletion of the Mash-2 gene results in an
increase in the number of giant cells at the expense of the
proliferative population, resulting in a diminished spongiotro-
phoblast layer (7). Transcription factors of the Ets winged
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helix-turn—helix family have been detected in trophoblastic
tissues by day 6.5. In Ets2 mutant embryos, both migration and
differentiation of trophoblast cells are defective, resulting in
embryonic death before day 8.5 of gestation (9). For both
Mash-2 and Ets2 mutants, the defects were rescued by tet-
raploid cell aggregation experiments, reinforcing the conclu-
sion that there is an essential role for these genes during
extraembryonic tissue development (7, 9).

Members of the homeodomain-containing transcription fac-
tors have also been reported in the developing placenta: Pem
(10, 11), and more recently MOX2, MSX2, DLX4 (12, 13), and
HB24 (12, 14), which were isolated from a third-trimester
human placental library. The paired-like homeobox gene Esx!
has been shown to be expressed in the labyrinthine layer (15).
The specific role for these homeodomain proteins in placental
development and function is under current investigation, but it
has been suggested that DLLX4 may be important for tropho-
blast invasion (13) and HB24 may play a role in trophoblast
differentiation (14).

DIx3 is part of the Distal-less (16) family of non-Antennapedia
homeobox genes, which comprises six members in mice and
humans (13, 17-20) that are organized as three convergently
transcribed pairs, each closely linked to three of the four mam-
malian Hox clusters. In the human genome, DLX3 is paired with
DLX4 (also reported as DLX7 and DLXS8) on chromosome 17
(location 17q21.3; refs. 13, 19, and 20), telomeric to the HOXB
cluster (19). DIx3 is expressed throughout development in a series
of structures derived from epithelial mesenchymal interaction
such as the teeth, hair follicles, and limb buds (21). DIx3 is also
expressed in the differentiated strata of vertebrate epidermis, and
transgenic ectopic expression of this gene in mouse epidermal
basal cells leads to severe disruption of this tissue as well as
cessation of proliferation and precocious activation of late dif-
ferentiation markers, such as loricrin and profilaggrin in the basal
layer (22). Recently, the genetic abnormality in the hereditary
disease tricho-dento-osseous (TDO) syndrome was identified as
a four-nucleotide deletion in the human DLX3 gene, immediately
downstream from the homeodomain coding region (23). This
syndrome is inherited as an autosomal dominant trait, and it
includes abnormalities in the teeth, hair, and facial bones. To
study the function of DIx3 during development we generated
Dix3-null mutant mice by gene targeting.

Here we report additional sites of expression of the DIx3
gene: during placentation in the mouse, DIx3 is expressed in
the ectoplacental cone cells and chorionic plate, and later in
placental development in the labyrinthine layer. We also show
that targeted deletion of DIx3 results in embryonic develop-
mental arrest around day 9.5-10, associated with a gross failure
of the placenta to undergo proper morphogenesis.

Abbreviations: PL, placental lactogen; ES cells, embryonic stem cells;

En, embryonic day n; mGCNF, mouse germ cell nuclear factor.
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MATERIALS AND METHODS

Construction of Targeting Vector. The targeting vector
KO/DIx3 (Fig. 1) contains 5.2 kb of DIx3 genomic sequence
from a 129/Sv strain in the pPNT vector (24). This vector was
modified by converting the NotI site into an Sfil site, which was
used to linearize the vector before electroporation. The 1.2-kb
5" genomic flank was subcloned into the X#ol site in the same
vector. The 4-kb 3’ homologous flank was subcloned as an
Xbal fragment into the Xbal site in pPNT.

Gene Targeting and Generation of Mouse Mutants. Tissue
culture of embryonic stem (ES) cells and conditions for
electroporation of the targeting construct have been described
(25). Successful integration events in the R1 line of ES cells (a
gift from A. Nagy, Mount Sinai Hospital, Toronto) were
isolated by simultaneous selection with G418 (350 wg/ml) and
ganciclovir (2 uM). Homologous recombination events were
identified by Southern blotting and PCR of DNA purified by
proteinase K digestion followed by extraction with phenol/
chloroform. The hybridization probes and the predicted sizes
of fragments generated by the endogenous and targeted alleles
in Southern blotting are shown in Fig. 1B. Recombination was
detected at the 5’ end by digesting the DNA with Asp718 and
hybridizing the blot with the 5’ probe (280-bp Smal-BamHI
fragment). The normal allele generated a 2.8-kb band and the
disrupted allele a 6.5-kb band. Correct recombination at the 3’
end was demonstrated by double digesting DNA with EcoRI
and Smal and hybridizing with the 3’ probe (1.6-kb Xbal-
EcoRI fragment). The fragment for the normal allele was 7.8
kb and that for the disrupted allele was 10 kb. Gene-specific
integration of the targeting construct resulted in the elimina-
tion of all protein coding sequences C-terminal to the ninth
amino acid of the centrally located homeodomain, a region
postulated to bind the DNA and necessary to exert the
transcriptional activity (26), and the complete C terminus of
the protein. The presence of a single integration event was
confirmed by probing the blot of EcoRI-Smal-digested
genomic DNA with a 0.6-kb neomycin phosphotransferase
gene probe (Neo). For PCR, two oligonucleotides were used
to determine heterozygosity, InF (CAGGCTGAGACTAAA-
CTGGTGTTTTTCCCCTA) and Neo5'R (CGGCCGGAG-
AACCTGCGTGCAATCCATCTTG) in 50-ul reaction mix-
tures containing 2.25 mM MgCl,, 200 uM each deoxynucle-
otide triphosphate, and 1 unit of Taq/Pwo DNA polymerase
mix (Boehringer Mannheim). The cycling conditions were:
94°C for 5 min followed by 36 cycles of 94°C for 1 min, 58°C
for 1 min, and 72°C for 2 min. The InF oligonucleotide is
specific for intronic sequence of DIx3 and Neo5'R is specific
for the Neo gene; amplification with these two oligonucleotides
generated a 635-bp fragment. Blastocyst injections with two
independent targeted ES cell lines were as described in ref. 27.
Mice heterozygous for the DIx3 gene deletion (D3 +/—)
were generated by mating chimeras with CF1 mice. DIx3 —/—
mutant embryos were generated by heterozygous intermat-
ings.

RNA Blotting. Total RNA was isolated from E16.5 placenta,
neonatal epidermis, and adult brain by a guanidinium thiocy-
anate/phenol method (28). The RNA samples (10 pg) were
separated in a 1.2% agarose/methymercury hydroxide gel,
transferred to a nylon membrane, and hybridized according to
ref. 29. The blot was hybridized with a 1.1-kb mouse DIx3
cDNA probe (21) labeled with 32P by random priming (Strat-
agene) and washed at high stringency (0.1X SSC/0.1% SDS at
65°C).

In Situ Hybridization. Entire conceptus and placentas were
isolated from staged pregnancies and were fixed in 4% para-
formaldehyde, dehydrated, and embedded in paraffin. Sec-
tions of 9 um were stained with hematoxylin and eosin for
histology or prepared for in situ hybridization. Antisense RNA
probes were generated for PL-1 (3), 4311 (4), Mash-2 (7), Esx1
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(15), DIx3 (21), and mouse germ cell nuclear factor (mGCNF)
gene (30). Hybridization was performed according to ref. 31.

RESULTS

Targeted Mutagenesis of DIx3. DIx3-deficient mice were
derived from ES cells in which one DIx3 allele was disrupted
(Fig. 1A4) as described in Materials and Methods. Two inde-
pendently isolated ES cell lines carrying the mutation (Fig. 1B)
were used to generate chimeric mice that transmitted the
mutated allele to their offspring. Founder chimeras were
mated, and the progeny were analyzed to determine heterozy-
gosity. Matings of heterozygous pairs did not generate any live
births of DIx3 —/— mice, nor were any null embryos found at
a stage later than E12.5. However, at E9.5 the distribution of
+/+, +/—, and —/— genotypes (Fig. 1C) showed approxi-
mately Mendelian ratios (data not shown). Morphological
defects were already evident in E9.5 —/— embryos, such as
swelling of the pericardium indicating a disturbance of fluid
balance across the yolk sac and an accumulation of blood in the
embryo (Fig. 1D). At this stage in normal embryogenesis, the
DIx3 gene has been reported to be expressed only in the first
and second branchial arches (21). No gross abnormality was
observed in this tissue by visual inspection of the E9.5 mutant
embryos, which is reasonable because the expression of DIx3
has only initiated at this stage. By E12.5, only two DIx3 —/—
embryos could be genotyped, and these were severely delayed
in development compared with wild type (Fig. 1E). At this
stage, mostly empty residual decidual swellings were found,
and the genotype for these could not be determined. Thus,
homozygous DIx3 mutation leads to developmental arrest
shortly after day 9.5. Identical results were obtained with
derivatives of the two targeted ES cell lines.

Expression of DIx3 in Early Development. Analysis of DIx3
expression showed that this gene is transcribed in the ecto-
placental cone and chorionic plate at day 8.5 (Fig. 24), in a
region that overlaps with the domain of Esx/ (15) and Mash-2
(7) expression. This region gives rise to both the labyrinthine
and spongiotrophoblast trophectoderm layers of the placenta.
The expression of DI3 is maintained through early placental
development, with abundant transcripts in the labyrinthine
layer at day 10.5 (Fig. 2 B and C). No DIx3 RNA was detected
in placental sections of the DIx3-null embryos. Northern blot
analysis of RNA from E16.5 placenta (Fig. 2D) revealed a
single mRNA of 2.5 kb, which was expressed at a higher level
than that previously reported in neonatal epidermis, a major
site of DIx3 gene activity (21, 22). No DIx3 RNA was detected
in adult brain as reported previously (21).

Defects in Extraembryonic Tissues Associated with the
Dix3-Null Genotype. Histological analysis of sagittal sections
of placentas from DIx3 +/+ and —/— embryos at E9.5, E10.5,
and E12.5 showed that by day 12.5 the spongiotrophoblast and
labyrinthine layers are greatly reduced in size and very com-
pact in the mutant compared with the wild type (Fig. 34). In
addition, the parietal and visceral yolk sacs were not as tightly
associated with the placenta in the DIx3-null embryos (data not
shown). During formation of the chorioallantoic placenta, the
chorion collapses onto the ectoplacental plate as the allantois
fuses with the chorion. Invasion of the chorionic plate by the
allantoic vessels results in the formation of the loose network
of vascular cells that comprises the labyrinthine layer. In the
DIx3 —/— embryos, the characteristic labyrinths are absent
from this layer. The decidual tissue was more dense than in the
wild type, but this is probably secondary to the placental
defects, since no DIx3 expression in the decidua was detected.

By E12.5 there are significant defects evident in the placen-
tal vascular system. In the DIx3 —/— labyrinthine layer, there
are very few fetal red blood cells (RBCs), which can be
distinguished from the maternal RBCs by the presence of a
nucleus (Fig. 3B). Most of these fetal RBCs were found in the
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Fic. 1. Targeted disruption of DIx3. (4) Restriction map of the
DIx3 gene, the targeting vector, and the predicted restriction map after
the homologous recombination event. The probes used and the
predicted length of restriction fragments in the Southern blot analysis
are shown. B, BamHI; K, Kpnl; E, EcoRI; S, Smal; X, Xbal; NEO,
neomycin phosphotransferase gene; TK, thymidine kinase gene. (B)
Genomic analysis of wild-type-derived ES cell DNA (lanes I) and two
independently targeted ES cell clones (lanes II and III). Recombina-
tion was detected at the 5’ end by digesting ES cell DNA with
Kpnl/Asp718 and hybridizing the Southern blot with 5’ probe, and at
the 3" end by digesting DNA with EcoRI and Smal and hybridizing
with 3’ probe. A single integration event was confirmed by hybridizing
Kpnl/Asp718-digested DNA with probe Neo (Center). Numbers at
sides of the figure indicate fragment size in kb. (C) Genotyping of
tail-derived DNA revealing the expected pattern for wild-type (wt),
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F1G.2. Expression of DIx3. In situ hybridization with antisense DIx3
of sagittal sections of wild-type conceptus within the uterus at E8.5 (4;
scale bar = 400 um) and placentas from wild-type embryos at 9.5 (B;
scale bar = 300 wm) and 10.5 (C; scale bar = 500 wm) days of
development. (D) Northern blot of 10 ug each of RNA from E16.5
placenta (P), neonatal epidermis (E), and adult brain (B) hybridized
with a DIx3 ¢cDNA probe. (Upper) Hybridization with DIx3 probe;
number at the right indicates RNA size. (Lower) Ethidium bromide
staining of 18S ribosomal RNA.

periphery, and those located more internally within the laby-
rinthine layer tended to have fragmented nuclear morphology.
Vascularization was also less extensive in the D3 —/—
labyrinthine layer, resulting in the compact morphology shown
in Fig. 3. This decreased vascularization could be due to a lack
of proper invasion by the mesodermal vasculature of the
allantois or a failure of the allantoic cells to survive once they
have entered the extraembryonic ectoderm.

Expression of Trophoblast Markers in Dix3 —/— Embryos.
In situ hybridization analysis (Fig. 4) of sections throughout the
entire conceptus at stage E9.5 showed no dramatic difference
in the expression of the spongiotrophoblast-specific marker
4311 (4) or the giant trophoblast cell marker PL-1 (3) in the
DIx3-null compared with wild-type embryos. Thus, although
the placental morphology was highly abnormal in DIx3 —/—
embryos, cytodifferentiation of giant cell and spongiotropho-
blast placental cell types and expression of their specific
markers was not prevented. The orphan receptor mGCNF (30)
was detected in a subset of cells in the labyrinthine layer of
wild-type placentas at E10.5, with the highest number of
mGCNF-expressing cells proximal to the allantois. mGCNF
was not expressed in the spongiotrophoblast cells of the DIx3
+/+ placenta. In placentas of DIx3-null mice, mGCNF ex-
pression appeared up-regulated in the labyrinthine layer, and
expressing cells were also detected in the spongiotrophoblast
layer. The transcription factor Mash-2 is highly expressed in
the ectoplacental cone, the chorion, and its derivatives in the
placenta (7) in regions coincident with the domain of expres-
sion of DIx3. At E10.5, the expression of Mash-2 in the
labyrinthine layer of DIx3-null placentas persisted compared
with wild type, and it was stronger at this stage in the
spongiotrophoblast layer. A dramatic change was observed for
the homeobox-containing gene Esx/, normally expressed in
the chorion and labyrinthine trophoblast of the chorioallantoic
placenta (15). At E9.5, Esx!I expression was reduced in the Dix3

heterozygous (+/—), and homozygous DIx3-null (—/—) embryonic
day 9.5 (E9.5) embryos. (D) Phenotype of wild-type (left) and
Dix3-null (right) E9.5 embryos genotyped by Southern blotting. (E)
Phenotype of wild-type (left) and regressed DIx3 —/— (right) E12.5
embryos genotyped by Southern blotting.
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FIG. 3. (A) Trophoblast tissues from DIx3 +/+ (Left) and —/— (Right) littermates. Histology of sagittal sections of +/+ and —/— placentas
at E9.5, E10.5, and E12.5 stained with hematoxylin and eosin. al, allantois; la, labyrinthine layer; sp, spongiotrophoblast layer, gi, giant trophoblast
layer; d, decidua. (Scale bar = 250 um.) (B) Higher magnification of boxed areas in 4 for panels +/+ and —/— at E12.5. Arrowhead indicates
maternal enucleated blood cell and arrow indicates fetal blood cell. A few blood vessels are apparent in the compacted labyrinthine and
spongiotrophoblast layers in the —/— E12.5 placenta. (Scale bar = 40 um.)

—/— placentas compared with wild type, and by E10.5 it was
strongly down-regulated in the labyrinthine layer (Fig. 4).
These results indicate that DIx3 is essential for the proper
regulation of genes expressed during chorioallantoic placenta
development.

DISCUSSION

The mammalian embryo is critically dependent on the estab-
lishment of a chorioallantoic placenta, which functions as the
primary means of nutrient and gas exchange (2). We have
generated DIx3 —/— embryos, which die from placental failure
around E9.5-10. The null embryos first show slight morpho-
logical defects by day 9.5, when an enlarged pericardium and
accumulation of blood in the embryo are visible. By day 10.5,

the defects are detectable in both the embryo proper, which is
being resorbed, and in the placenta, where the labyrinthine
layer shows a compacted morphology, and the highly vascu-
larized organization characteristic of this layer is absent. The
spatial and temporal distribution of DIx3 in the placenta
correlates with the observed phenotype. Most DIx3 —/—
embryos die later than mice that are homozygous nulls for
other regulatory genes expressed in the chorion, such as
Mash-2 and ERR-f3 (7, 32). These two mutants show increased
numbers of giant cells, suggesting an early misallocation or
differential proliferation of trophoblast cells, neither of which
occurs in the DIx3 — /— placentas. The DIx3 —/— embryos also
survive longer than mice null for DNA methyltransferase (27),
in which the allantois does not fuse at all with the chorion. In
the DIx3 —/— embryos, the fusion of the allantois with the
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F1G. 4. Expression of cell-type-specific markers analyzed by in situ hybridization of sagittal sections of conceptus at E9.5, and placentas from
DIx3 +/+ and —/— embryos at E10.5. Hybridizations were performed with antisense probes for 4371 (spongiotrophoblast cells and their precursors
in the ectoplacental cone); PL-1 (trophoblast giant cell); mGCNF (labyrinthine layer); Mash-2 (spongiotrophoblast and labyrinthine layers and
chorion); and Esx! (endoderm layer of the visceral yolk sac and labyrinthine trophoblast of the chorioallantoic placenta). (X10.) At the bottom
of the figure there is a schematic representation of E10.5 placenta indicating the different cell types.

chorion occurs, suggesting that some fetomaternal exchange
takes place, but the highly vascularized phenotype character-
istic of the labyrinthine layer does not develop, indicating
deficient invasion or survival of the allantoic cells in the
chorionic environment.

Cell type-specific markers expressed during placenta mat-
uration, such as PL-1 in giant cells and 4311 in ectoplacental
cone cells destined to form the densely packed spongiotro-
phoblast layer, were not affected in the Dix3 —/— embryos.
The apparent up-regulation of mGCNF expression in the
labyrinthine layer of the DIx3 —/— placenta compared with
wild type could be because of (i) compaction of the labyrin-
thine layer, (i) increased expression of mGCNF, or (iii)
deletion of mGCNF-nonexpressing cells in the D3 —/—
labyrinthine layer. In the context of the spongiotrophoblast
layer, the same possibilities could also explain the increased
expression of Mash-2. On the other hand, the homeobox-
containing gene Esx/, normally expressed in the visceral yolk
sac, the ectoderm of the chorion, and the labyrinthine layer,

was strongly down-regulated. This down-regulation could be
because of a secondary effect of the disrupted placental
patterning or to the requirement of DIx3 for the maintenance
of Esx1 expression, as part of a mechanism essential for proper
labyrinthine morphogenesis.

DIx3 clearly is a distinct member of the Dlx family; it differs
from other members in that it is not detected in the central
nervous system (21), and although all the DIx genes are
expressed in the first and second branchial arches, DIx3 is the
latest and most distally expressed member (21, 33). From the
six reported murine DIx genes, three have been analyzed by
targeted disruption. DIx] —/— died within one month of birth,
probably because of a dysfunction of the enteric nervous
system, and DIx2 —/— neonates died within a few hours after
birth. Mice with combined elimination of both genes presented
a phenotype much like DIx2 —/— mice, characterized by the
failure to differentiate a specific subset of neurons in the
forebrain and craniofacial abnormalities, including the ab-
sence of maxillary molars (33, 34). Disruption of the DIx5 gene
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results in abnormal olfactory bulb development and perinatal
lethality (35). It has been postulated that there is a redundancy
in function for the Dix loci (DIx1/2, 5/6) on the basis of the
overlapping patterns of expression and the results from abla-
tion experiments for DIxI//2 genes (34). The human DLX4
gene (13, 19, 20), which is closely linked to DLX3, is also
expressed in the placenta (12, 13). The extent of overlap in
expression and function of the DLX3/4 genes remains to be
determined. However, in view of the results presented here, it
is clear that the mouse DIx3 plays a unique and important role
in placenta morphogenesis and has a function that cannot be
provided by other DIx genes.

Mice heterozygous for the DIx3 disruption presented in this
paper do not show any of the abnormalities characteristic of
the tricho-dento-osseous syndrome, suggesting that the dom-
inant pattern of inheritance of the syndrome is due to forma-
tion of nonfunctional complexes involving the frame-shifted/
truncated DLX3 protein, as opposed to haploinsufficiency.

In conclusion, DIx3 is required at postimplantation stages for
the generation of a functional chorioallantoic placenta. The
death of DIx3 —/— embryos is due to placenta malfunction,
specifically in failure to establish proper circulation. It will be
of clinical importance to determine how the human DLX3 is
expressed during pregnancy and what are the correlations of
pathological conditions with mutations in this gene.
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