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SUMMARY

Genetic and molecular evidence indicates that visceral
endoderm, an extraembryonic cell lineage, is required for
gastrulation, early anterior neural patterning, cell death
and specification of posterior mesodermal cell fates. We
show that variant Hepatocyte Nuclear Factor 1 (VHNF1),
a homeodomain-containing transcription factor first
expressed in the primitive endoderm, is required for the
specification of visceral endoderm. vHnf1-deficient mouse
embryos develop normally to the blastocyst stage, start
implantation, but die soon afterwards, with abnormal or
absent extraembryonic region, poorly organised ectoderm
and no discerniblevisceral or parietal endoderm. However,
immunostaining analysis of E5.5 nullizygous mutant
embryos revealed the presence of parietal endoderm-like
cells lying on an abnormal basal membrane. Homozygous
mutant blastocyst outgrowths or differentiated embryonic

stem cells do not express early or late visceral endoderm
markers. In addition, in vHnf1 null embryoid bodies there
is no activation of the transcription factors HNF-4a1l,
HNFla and HNF-3y. Aggregation of vHnfl-deficient
embryonic stem cells with wild-type tetraploid embryos,
which contribute exclusively to extraembryonic tissues,
rescues periimplantation lethality and allows development
to progress to early organogenesis. Our results place
VHNF1 in a preeminent position in the regulatory network
that specifies the visceral endoderm and highlight the
importance of this cell lineage for proper growth and
differentiation of primitive ectoderm in pregastrulating
embryos.
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INTRODUCTION

During mammalian development, the blastocyst prepares for
implantation within the receptive uterine epithelium by the
generation of thefirst two cell lineages, the primitive endoderm
and the trophectoderm, which will contribute to the formation
of the yolk sac and placenta, respectively (Rossant, 1995). The
primitive endoderm appears between 4 and 4.5 days of
gestation in the mouse, as a layer of cells on the blastocoelic
surface of the inner cell mass (ICM), and contributes to the
endoderm of the extraembryonic, but not embryonic tissues of
the conceptus (Gardner and Beddington, 1988). At
implantation, it rapidly gives rise to two distinct cell lineages;
the visceral and then the parietal endoderm. Parietal endoderm
cells migrate along the inner surface of the trophoblast layer
and secrete a basement membrane (Reichert’s membrane)
between themselves and the trophoblast. While parietal
endoderm cells remain loosely associated, visceral endoderm
(VE) cells form alayer of closely associated polarised cells at
the periphery of the egg cylinder. Recent studies indicate that
VE, dthough exclusively an extraembryonic tissue, also
participates in other embryonic developmental processes

preceding and during gastrul ation, such as ectoderm cavitation
(Coucouvanis and Martin, 1999), early anterior neura
patterning (Beddington and Robertson, 1998) and specification
of posterior mesodermal cell fates (Belaoussoff et a., 1998).
Organised as an absorptive/secretory epithelium, the VE is the
first structure to provide nutritional and hematopoietic
function, before the hemochoria placenta is formed, and at
early postimplantation stage, it secretes a wide spectrum of
serum proteins (Rossant, 1995). While some of these VE
functions persist during gestation in the yolk sac, most of them
are subsequently replaced by primitive gut derivatives, in
particular the foetal liver and intestine. Although the VE and
liver have different embryonic origins, the similarity of their
function hasled to the suggestion that both tissues share similar
gene regulation pathways (Rossant, 1995).

Variant Hepatocyte Nuclear Factor 1 (VHNF1) is a
homeodomain-containing transcription factor structurally
related to HNF1a. Both proteins share extensive identity in
their DNA-binding domains, bind DNA as a bimolecular
molecule and heterodimerise with each other (Cereghini,
1996). Initially identified by its interaction with a sequence
essential for liver-specific transcription of several genes
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(Cereghini et a., 1988), VHNFL1 is a member of a complex
regulatory network composed of a heterogeneous class of
transcription factors including HNF-4, HNF-3a, B and y
(Cereghini, 1996). The temporal and spatial expression pattern
of vHnfl is consistent with the hypothesis that it plays a role
in early development. In early postimplantation mouse
embryos, vHnf1 is detected from 5.5 days (E5.5) of gestation
in the VE, preceding and/or coinciding with the induction of
several putative target genes in this cell lineage (Cereghini et
al., 1992). vHnfl is aso highly induced upon in vitro
differentiation of the embryonal carcinoma cell line F9 into
either visceral or parietal endoderm (Cereghini et al., 1992), a
system that mimics the features of extraembryonic endoderm
differentiation upon implantation of the mouse embryo (Hogan
et al., 1981). During early organogenesis, vHnf1 is expressed
in the polarised epithelia of the gut and in the developing
kidney, pancreas, liver and lung, as well as transiently in the
neural tube (Cereghini, 1996; Ott et a., 1991). These
observations have led to the suggestion that VHNF1
participates in early developmental decisions in different cell
lineages.

To examine the specific requirement for vVHNF1 in
embryonic development, we inactivated the murine gene by
targeted mutation. In this study, we provide new insights into
the mechanism of VE formation. We show that vHnf1-deficient
(vHnf1~-) embryos die soon after implantation, displaying no
extraembryonic region and severely disorganised ectoderm.
In vitro analysis shows that vHnf1~~ ICM outgrowths and
differentiated embryonic stem (ES) cells lack both the
surrounding layer of VE and the expression of itsearly and late
markers. In chimeric embryos, VE derived from wild-type (wt)
tetraploid embryos rescues the periimplantation lethality and
allows development to proceed to early organogenesis. These
results indicate that the periimplantation defect of vHnf1~/~
embryos is non-cell autonomous and suggest an essential role
for the VE in the normal development of both primitive
ectoderm and extraembryonic tissues in pregastrulation
embryos.

MATERIALS AND METHODS

Construction of a vHNF1 targeting vector and transfection
of ES cells

A lambda Dash Il mouse 129/SV J genomic library was screened with
the full-length mouse vHnf1 cDNA; one out of 14 clones isolated
contained exon 1, 5 kb of 5' flanking sequences, exon 2 and part of
theintron 2 (Power and Cereghini, 1996). The original pGN targeting
vector was modified by the introduction of the SV40 Nuclear
Localisation Signal just upstream from the first methionine of B-gal.
A 1153 bp (981 to +172) and a 4600 bp genomic fragment
encompassing the entire first intron were used asthe 5" and 3' arms
respectively, and cloned in the same orientation as the NLSlacZ and
neomycin reporter genes. The entire coding sequence of the first exon
was therefore deleted (Fig. 1A). 20 pg of linearised targeting vector
were electroporated into 2x10” HM1 ES cells in 800 ul of DMEM
medium without serum at 180 V, 1050 pF. Transfected cells were
grown for 7-8 days in medium containing 350 pg/ml of G418. PCR
screening for homologous recombination involved a sense primer
located upstream of the 5' targeting sequence (-1164 to —1145 from
the transcriptional initiation site of vHnfl) and an antisense primer
located in the lacZ sequences (positions 133 to 153 relative to the
ATG); amplification of a 1300 bp fragment indicated a homologous

recombination event. Single integration and correctly targeted events
were verified by Southern blot hybridisation with probes internal or
external to the targeting construct (Fig. 1A). Five correctly targeted
clones were identified from 319 examined, one of which contained an
additional insertion. ES clones were microinjected into the blastocoel
cavity of 3.5 day C57BL/6J blastocysts and implanted into 2.5 day
pseudopregnant females.

Genotyping and PCR assays

DNA from ES cells and 2-week-old mouse tails, was isolated by
overnight digestion at 37°C in tail buffer (50 mM Tris-HCI pH 7.6,
250 mM NaCl, 25 mM EDTA, 0.25% SDS, and 1 mg/ml proteinase
K). One volume of DNA Now (Biogentek) was added and the DNA
was isolated according to the manufacturer’s protocol. Blastocysts,
yolk sacs from E8.5-10.5 embryos and embryos aged E5.5-8.0, were
incubated overnight at 55°C in 20-50 ul of water containing 1 mg/ml
of proteinase K. The proteinase K was inactivated by incubation at
75°C for 10 minutes. Genotyping was performed using the following
PCR conditions: one cycle of 3 minutesat 94°C, followed of 30 cycles
of 30 seconds at 94°C, 60 seconds at 58°C, and 60 seconds at 72°C.
Primers P1 (5-TGCATCTTGCCGAAAGCTGAG-3) and P2 (5-
AGGAGTGTCATAGTCGTCGC-3') and P1 and P3 (5-CTCTTCG-
CTATTACGCCAGCTG-3') generated PCR products of 518 bp and
410 bp for the wt and mutant vHnf1 alleles, respectively (Fig. 1D).

B-galactosidase staining and histological analysis

Embryos up to E10.5 and embryoid bodies were fixed for 5-30
minutes a 0°C in PBS containing 0.2% glutaradehyde, 2%
formaldehyde, 2 mM MgCl2 and 5 mM EGTA, washed in PBS and
stained for 15-48 hours as described by Hogan et al. (1994). Stained
specimens were embedded in 7.5% gelatine, 15% sucrose in PBS and
cryostat sectioned (6-10 um). Embryos older than E11.5 were fixed
30-90 minutesin 4% paraformaldehyde in PBS, and cryostat sections
(7-14 um) were stained for B-gal activity for 24-48 hours. Uteri from
females plugged during a 2 hour mating period were fixed for 2 hours
in Bouin's fixative at room temperature, extensively washed in 70%
alcohol, and paraffin embedded and sectioned. EB thin sections were
prepared by fixation in 2.5% glutaraldehyde, postfixed in 1% osmium
tetroxide, dehydrated, embedded in EPON, sectioned and stained with
toluidine blue.

Blastocyst culture and immunohistochemical staining

3.5-day blastocysts were collected as described by Hogan et al.
(1994) and cultured individually in gelatine-coated 24-well platesin
1 ml of ES medium without LIF for 7 days. Blastocyst outgrowths
and E5.5 embryos were fixed for 5 minutes a 4°C in 3%
formaldehyde in PBS, permeabilised 15 minutes in methanol at 4°C
and washed in PBS. Blocking consisted of 30 minutes incubation in
10% heat-inactivated foetal calf serum, 1% bovine serum abumin in
PBS at room temperature. Primary antibody was incubated overnight
in 1% bovine serum albumin, 1% heat-inactivated foetal calf serum
in PBS. After three washings in PBS, specimens were incubated for
1 hour at room temperature with secondary FITC- or Texas red-
labelled antibody, washed and photographed under fluorescent
microscopy. The primary antibody dilutions were as follows: 1/400
rabbit anti-AFP (ICN), 1/400 goat anti-GATA4 (SantaCruz), 1/100
mouse anti-laminin-yl (Hybridoma Bank), 1/100 mouse anti-f3-
galactosidase (Sigma), 1/5 rat-Troma-3 (kindly provided by R.
Kemler), 0.5 mg/ml FITC-SJA (Sigma). The secondary antibodies
were used at a 1/100 dilution.

RNA and protein analysis

Total RNA extraction from EBs and first strand cDNA synthesis were
performed as described by Cereghini et al. (1992). 3 pl aiquots were
amplified in a 30 pl PCR reaction for 18 cycles. PCR products were
electrophoresed on 1.8% agarose gel, transferred to nylon membrane
(NX, Amersham) and hybridised with the corresponding internal



probes. Sequences of the specific primers used for RT-PCR analysis
shown in Fig. 6 are available upon request. Nuclear extracts from EBs
and western blots were performed as reported by Cereghini et a.
(1992).

Generation of chimeric embryos by ES cell aggregation
Two 4-cell stage CD1 tetraploid embryos were aggregated with a
single loose clump of 15-20 ES cells, and tetraploid chimeric embryos
were generated as reported by Nagy and Rossant (1993). To generate
diploid aggregation chimeras, loose clumps of ES cells were
aggregated with wt CD1 morulae and the resulting blastocysts were
transferred into pseudopregnant females.

RESULTS

Targeted disruption of the murine vHnf1 gene

The murine vHnfl gene was disrupted by homologous
recombination in ES cells. The strategy, outlined in Fig. 1,
consisted of replacing the first exon encoding the N-terminal
dimerisation domain and part of the distantly related to the
POU-A subdomain or B-domain of vHNFL1 (Cereghini, 1996),
with the lacZ and neomycin genes (Fig. 1A). This deletion
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impairs DNA binding and prevents a potential dominant
negative effect through heterodimerisation with HNF1a. In the
disrupted alele, vHnf14Exon1-C the |acZ gene is under the
control of the vHnfl regulatory sequences and functions as a
marker for cell lineage analysis. The linearised targeting vector
was electroporated into the HM 1 ES cells (Magin et a., 1992)
which were then subjected to G418 selection. ES clones that
had undergone homologous recombination were identified by
genomic Southern blot analysis (Fig. 1B). Following injection
of targeted ES clones into C57BL/6J blastocysts, one clone
transmitted the mutant allele through the germ line (Fig. 1C).

To determine whether the homozygous deletion of
vHNf14Bxon1-SC cayses loss of gene function, we generated
vHNf1~~ ES cell lines by culturing independent heterozygous
ES clones in high concentrations of G418 (Mortensen et al.,
1992) (Fig. 1B). Two homozygous, a heterozygous and the wt
HM1 ES cell lines were chosen for subsequent analysis. After
spontaneous in vitro differentiation, these clones were
examined for the presence of VHNF1 by western blot assay.
Neither normal nor aberrantly sized vVHNF1 was detected in
differentiated vHnf1~~ ES cells (Fig. 1E). VHNF1 was not
detected in non-differentiated ES cells, as previously reported
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Fig. 1. Targeted disruption of vHnf1.
(A) Targeting strategy. Targeting vector
(top), wild-type gene locus (middle),
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5" and 3' recombination events were
verified by Southern blot analysis using
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mutant and wt alleles, respectively.

(C) Southern blot analysis of DNA from
F1 intercross litters. (D) PCR analysis of
blastocyst progeny from a heterozygous
intercross. Primers P1 and P2 were used
for detection of the wt allele and P1 and
P3 were used for the mutated allele.

(E) Western blot analysis of nuclear
extracts from wt (HM 1), heterozygous
(clone 143) and vHnf1~~ (clones 7 and
9) 14 day EBs, using a polyclonal a-
VHNF1 antibody raised against amino
acids 293-375 of the murine vVHNF1. A
specific band of approximately 60 kDa
was only detected in kidney (control)
and heterozygous or wt EBs.
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Fig. 2. Analysis of the [3-gal actosidase expression pattern in vHnf1 heterozygous embryos. (A) B-gal expression in the primitive endoderm of
E4.5 blastocyst. (B) E6.25: expression in the VE. (C-D) -gal expression in parietal and visceral endoderm surrounding the primitive ectoderm,
(C) intoto and (D) in sagittal section. On these embryos, as well as on the embryo shown in B, the Reichert’s membrane was | eft intact to
detect the B-gal activity in the parietal endoderm cells. (E) E7.5: labelled VE in sagittal section. (F) E7.75: expression in definitive endoderm
seen in frontal section. (G) Early E8.0: afew positive cells flank the node. (H) Stained neura tube at the 7 somite stage. (1) E8.5: expressionin
the gut epithelium. (J) E9.5: expression in mesonephros and pancreatic primordium. (K) E9.5 neural tube cross section. (L) E10.5 -gal staining
in toto. (M) Cross section at the level indicated by theline. (N) E13.5: developing kidney in sagittal section. (O-P) E16.5: sagittal section of
kidney and pancress, respectively. (D,F,K,M) -ga staining appears pink under dark-field optics. de, definitive endoderm; dt, distal tubule; g,
gut; gl, glomerulus; m, mesonephric duct; n, node; nt, neural tube; ov, otic vesicle; pb, pancreatic bud; pe, parietal endoderm; pre, primitive
endoderm; pt, proximal tubule; rp, roof plate; sh, s-shape body; sg, spinal ganglia; ub, ureteric bud; ve, visceral endoderm. Scale barsin A-F,

100 pm; in G-P, 200 pm.

(Cereghini et a., 1992; see below). Thus, the homozygous state
of vHnf14Exon1-SC regited in a null mutation.

VHnfl-lacZ expression pattern during early mouse
development

A preliminary screening of heterozygous embryos at different
stages indicated that the pattern of lacZ expression was
identical to that previously described for vHnf1l (Cereghini,
1996; Ott et a., 1991). Hence, the use of lacZ alowed a more
precise analysis of vHnf1 expression from pre-implantation to
post-gastrulation stages (Fig. 2).

lacZ expression was first detected at E4.5 in the primitive
endoderm (Fig. 2A). At E5.5, B-gal staining was observed in
the parietal endoderm and, with increasing intensity, in both
the proximal (embryonic) and distal (extraembryonic) VE
cells (Fig. 2C,D). Subsequently, this expression became

restricted to the columnar VE surrounding the proximal part
of the egg cylinder (Fig. 2E). Up to the early stages of
gastrulation, expression was confined to the extraembryonic
lineage. From early headfold stage at E7.75, few strongly
positive cells flanking the node were detected, which
appeared to correspond to emerging definitive endoderm (Fig.
2F,G) (Lawson et al., 1991). The node itself and the primitive
streak were negative. A high level of expression was
subsequently observed in the forming neural tube and the
entire gut (Fig. 2H-I). Expression in the neural tube was
initially strong (E8.0-9.0) but gradually decreased, until, after
E11.5-12.5, it was undetectable. At E8.5, staining of the
neural tube was homogenous, but subsequently became
predominant in the ventral part and in the roof plate (Fig. 2K).
At E9.5, the domain of vHnfl expression in the neura tube
extended from the posterior border of the otic vesicle to



forelimb bud level (Fig. 2J); neural crest cellsand early spinal
ganglia were also positive.

By E9.5, expression was detected in the epithelia cells of
the hind- and mid-gut as well as in the dorsal foregut, and in
the hepatic and pancreatic primordia (Fig. 2JL-M and see

Laminin B-gal

Troma-3
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Fig. 3. Histological analysis of normal and vHnf1 mutant embryos.
wt (A-C) and presumptive vHnf1 nullizygous (D-F) embryos at E5.5
(A,D), E6.0 (B,E) and E6.25 (C,F). 7 um sections were stained with
hematoxylin and eosin. Arrowhead marks demarcation line between
embryonic and extraembryonic regions. epc, ectoplacental cone; gc,
giant trophoblastic cells; icm, inner cell mass; th, trophectoderm.
Magnification, 20x.

below). During kidney development, from E9.0, the
mesonephric tubules and the Wolffian duct were labelled as
well as, from E10.5, the ureteric bud emerging from the most
caudal portion of the Wolffian duct. At E13.5, 3-gal expression
was strongly evident in the comma-shaped, and then in the S
shaped bodies (Fig. 2N). At E16.5, the expression pattern was
similar to the adult (Cereghini, 1996) with both the proximal
and distal tubules staining positive while the glomeruli were
negative (Fig. 20).

Thus, VHNF1 is one of the earliest transcription factors
expressed in the mouse embryo in the primitive endoderm and
its derivatives. After gastrulation vHnf1 expression isrestricted
to the forming neural tube and the primitive gut, and later to
the developing meso- and metanephros.

Homozygosity for the vHNF1 mutation leads to
embryonic lethality before gastrulation

Mice heterozygous for vHnf148x0n1-SC \were phenotypically
norma (size, hedth, fertility and longevity) and were
indistinguishable from their wt littermates in either the outbred
(129/SvxC57BL/6] or 129/SvxB6D2F1) or inbred (129/Sv)
genetic background. However, no homozygous mutant was
born among 304 live-born offspring from heterozygous

Fig. 4. Characterisation of
E5.5 mutant phenotype.
(A,B) Sagittal sections of -
gal stained heterozygous
(A) and vHNnf1~~ (B)
embryos, showing impaired
development.

(C-J) Immunchistochemical
staining of heterozygous
(C,E,G,l) and homozygous
mutant (D,FH,J) whole
embryos. (C,D) Laminin-yl
antibody revealsthe
Reichert’s membrane in the
heterozygous embryo (C)
and a heterogeneous
staining in anullizygous
embryo (D). (E,F) B-ga
immunohi stochemistry
using Texas red labelled
secondary antibody.

(G,H) Troma-3-FITC
labelling revealsthe
presence of parietal
endoderm in both
heterozygous (G) and
homozygous mutant (H)
VHNF1 embryos.

B-gal + Troma-3

(1,J) Double staining with anti-—gal (Texas red) and Troma-3 (FITC) antibodies showing that not all B-gal-positive cells in vHnf1~~ embryos
(J) are parietal endoderm-like cells. Abbreviations: cve, columnar visceral endoderm; rm, Reichert’s membrane; sve, squamous visceral

endoderm. Scale bar, 50 um.
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Table 1. Morphologies and genotypes of embryos obtained
from vHNF1 heterozygous inter cr osses

Genotype

+/+ +/- -I- Resorbed

(Norma (Normal  (Abnorma (Abnormal
Litters Stage phenotype) phenotype) phenotype) phenotype) Total
49 3weeks 104 (34%) 200 (66%) - (0%) 304
7 E85  14(40%) 21(60%) - (0%) 22 35
2 E8.0 9 (53%) 8 (47%) - (0%) 4 17
6 E75  18(39%) 27 (59%)  1* (2%) 11 46
4 E7.25 6 (24%) 19 (76%) - (0%) 9 25
10 E65  21(33%) 43(67%) - (0%) 18 64
6 E6.25 7 (20%) 19 (56%) 8% (24%) 2 34
19 E35  35(28%) 59 (46%) 33 (26%) 127

*The embryo was resorbed.

12 of 8 embryos were resorbed.

In parentheses appear the percentages corresponding to the different
genotypic classes.

Resorbed embryos that could not be typed were not included in the total
count.

matings (Table 1), irrespective of the genetic background. The
results presented below were obtained from heterozygous
crosses in a mixed genetic background.

To define the stage of lethality of vHnf1~~ embryos, litters
from heterozygous matings were isolated at sequential stages.
From E6.5 to E8.5, harvested embryos were either wt or
heterozygous for vHNf14Ex0n1-SC showing no significant
deviation from a 2:1 heterozygote/wt ratio. Analysis of 127
E3.5 blastocysts established that vHnfl=”~ embryos were
present (Fig. 1D) at the expected Mendelian proportion (26%),
demonstrating that they were viable prior to implantation
(Table 1). Thus, vHnf1™~ concepti were viable until the
blastocyst stage but died upon implantation and before
gastrulation.

To investigate the fate of the vHnf1™~ embryos, we
performed histological analysis of serially sectioned E5.5-6.5
embryos. At EbL.5, presumptive homozygous mutant
embryos aready showed significantly impaired growth and
differentiation as compared to normal littermates (Fig. 3A,D).
E5.5 mutant embryos (27%: 7/26) had induced a uterine
reaction, but still resembled implanting blastocysts which had
started to collapse (Fig. 3D). At E6.0 presumptive mutant
embryos (27%: 8/29) lacked distinct extraembryonic tissue or
avisible VE and parieta endoderm cell layer, and ectoderm
cells were severely disordered (Fig. 3E). Proamniotic and
ectoplacental cavities were absent and resorption of mutant
embryos was complete by E6.5 (29%: 5/17).

Further characterisation of the mutant phenotype at E5.5
showed that genotyped vHnfl~~ embryos were invariably
reduced in size and displayed the characteristic rounded shape
observed in the histological sections (Figs 3E and 4B). A
striking feature of the vHNnf1~~ embryos is that the B-gal-
positive cells appeared rounded and loosely associated (Fig.
4B), instead of forming a layer in close contact with
neighbouring ectodermal cells. Hence, we examined the
expression of the parietal endoderm markers laminin-yl, a
Reichert’s membrane protein secreted by the parietal endoderm
(Hogan et a., 1980), and Troma3 (Kemler et al., 1981).
Immunostaining with an antibody against laminin-y1 resulted
in a heterogeneous sparse staining in vHNnf1~~ embryos (Fig.

4C,D) indicating the presence of an extracellular matrix, but
consistent with an abnormal basal membrane structure. The
staining pattern obtained using the monoclona antibody
Troma-3 confirmed the presence of parietal endoderm-like
cells in vHnf1~”~ embryos (Fig. 4E,F). Co-immunostaining
using Troma-3 and an antibody against [3-gal actosidase showed
that only a fraction of [-ga-positive cells did indeed
correspond to parietal endoderm-like cells (Fig. 4J).

These results show that vHnfl activity is required for
appropriate differentiation of extraembryonic endoderm cell
lineages and postimplantation morphogenesis of the epiblast.
Lethality occurs approximately 24 hours after vHnf1 induction
in the primitive endoderm, concomitant with a sharp increase
initsexpression in the VE. The presence of parietal endoderm-
like cells in vHNnf1~~ embryos suggests that the primary defect
lies in the inability of the primitive endoderm to differentiate
into VE.

Impaired differentiation of visceral endoderm in
vHnf1 null blastocyst outgrowths

vHNf1~~ embryos die at a time which coincides with the
dramatic increase in epiblast cell proliferation between E5.5
and E6.5 in norma mouse embryos (Snow, 1973). It was
therefore possible that the defects observed in mutant ectoderm
cells, where vHnfl is not expressed, could be due to a
generalised growth failure or an inadequate nutrition caused by
alack of or impaired VE differentiation.

To determine the extent to which mutant preimplantation
embryos can proliferate, E3.5 blastocysts derived from
heterozygous intercrosses were isolated and individually
cultured in  vitro. VvHnfl7~ blastocysts appeared
morphologically identical to both the wt and heterozygous
blastocysts. After 7 days in culture, vHnf1~”~ blastocysts
showed a clear outgrowth of both trophoblast and 1CM.
Although vHNnf17~ ICM outgrowths were sometimes smaller
than that of wt or heterozygotes (Fig. 5C), they did not appear
to exhibit impaired growth (Fig. 5G,K). In agreement with
these results, vHNnf1~~ ES cells showed a growth rate similar
to that of wt ES cells (data not shown). Thus, vHnf1 deficiency
does not critically affect the proliferation and/or survival of the
ICM.

After 4 days of blastocyst in vitro culture, the ICM
differentiates into a core of ectoderm cells surrounded by a
discernible VE layer (Gonda and Hsu, 1980). In our
experiments, none of the mutant ICM outgrowths ever
showed distinct overlying endodermal layer as was typically
observed in heterozygotes and wt blastocysts. This suggests
that VE differentiation is defective in vHnf1~~ blastocyst
outgrowths. To further investigate this possibility, we
analysed the expression of several known markers of this cell
lineage using immunohistochemistry. As shown in Fig. 5,
neither the VE early marker GATA4 (Soudais et al., 1995) nor
the late marker AFP were expressed in 10/10 vHnf1™~
blastocyst outgrowths. The absence of VE in mutant ICM
outgrowths was confirmed by the lack of staining with FITC-
labelled Sophora japonica agglutinin (SJA) (6/6 vHnf1~/~
blastocysts) which specifically reacts with the mature VE
(Sato and Muramatsu, 1985).

Thus, while vHnf1~~ blastocyst are capable of forming the
ICM and the trophoblast cell layer outgrowths, further
differentiation of the ICM is blocked and VE differentiation



fails. These results are consistent with the in vivo observations
of vHnf1~~ embryos.

vHnf1l-deficient embryoid bodies exhibit a specific
visceral endoderm differentiation defect

The role of vVHNF1 in VE differentiation was characterised
through the morphological and biochemical analysis of mutant
and wt in vitro differentiated ES cells. When ES célls are
cultured in suspension they develop into multicellular
structures called embryoid bodies (EB) composed of an outer
endoderm layer similar to the VE, surrounding an inner
ectodermal layer, resembling primitive ectoderm at the egg
cylinder stage (Doetschman et a., 1985; Robertson, 1987).
Thus, EBs provide an useful model system to investigate VE
differentiation.

Heterozygous vHnfl EBs exhibited a clearly discernible
outer layer of endoderm cells after 5-7 days of differentiation,
and later most of the EBs formed large cystic structures
surrounded by visceral yolk sac endoderm (Fig. 6A). In
contrast, vHnf1~~ EBsfailed to form an external VE cell layer,
remained smaller and formed abortive cavitated bodies instead
of cysts (Fig. 6B,F). Sections of 7-day [3-gal-stained EBs
showed that the vHnfl expression was restricted to the
columnar VE layer in heterozygous EBs (Fig. 6C).
Importantly, in vHnf1~~ EBs most of the B-gal positive cells
formed a flat disorganised layer at the surface (Fig. 6D),
lacking features of fully differentiated VE, such as apical
phagocytic vacuoles and abundant microvilli (Fig. 6G-H).
These abnormal features on the surface of vHnfl”~ EBs
persisted at later stages suggesting a specific block in VE
differentiation. However, the presence of rhythmicaly
contracting areas indicated that other differentiation pathways,
i.e. cardiac myocytes, were not affected.

RNA analysis of EBs was performed by semiquantitative
RT-PCR (Fig. 6l) to place vHNF1 in the proposed
transcriptional  regulatory cascade involved in VE
differentiation (Duncan et al., 1997; Morrisey et a., 1998). In
contrast to mutant blastocyst outgrowths (Fig. 5D), GATA4
expression was not affected in mutant EBs (Fig. 61). Itislikely
that this expression comes from primitive endoderm-like cells
and/or from early cardiac myocytes. The expression of other
genes known to be required for proper differentiation of either
VE, such as GATAG (Koutsourakis et a., 1999; Morrisey et al.,
1998) and Smad-4 (Sirard et al., 1998) or both VE and parietal
endoderm, like evx-1 (Spyropoulos and Capecchi, 1994), was
not affected in mutant EBs at any stage of differentiation. Since
Smad-4 and evx-1 are both expressed at high levelsin ES cells
before and after differentiation (Fig. 6l), it was difficult to
assess whether a specific activation of these two genes was
linked to VE differentiation.

Hnf-4 has been shown to be required for complete VE
differentiation in vivo and in vitro (Duncan et a., 1997). In
addition, an aternative splice variant of Hnf-4, Hnf-4a7, has
been recently identified as being expressed in ES cells (Nakhei
et al., 1998). Remarkably, even though Hnf-4 gene targeting
disrupts both Hnf-4al and Hnf-4a7 isoforms, EBs derived
from vHNf1~~ ES cells lacked the expression of Hnf-4al, but
not that of Hnf-4a7. As expected, null mutant EBs lacked the
expression of the genes encoding several serum proteins
reported to be controlled either by VHNF1 (AFP, aAt-1 and
albumin, Fig. 6l), or by HNF-4 (ApoB, aAt-1 and transferrin,
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Fig. 61 and datanot shown) (Duncan et a., 1997). Interestingly,
the induction of both Hnfla and Hnf-3y expression upon ES
differentiation was not observed in vHnf1~”~ EBs (Fig. 6l),
suggesting an additional role for vHNF1 in the transcriptional
activation of these genes.

Taken together, our results indicate that, in the absence of
VHNF1, primitive endoderm cells do not differentiate into the
VE. Moreover, VHNFL1 is required, directly or indirectly, for
the activation of the Hnf-4a1, Hnfla and Hnf-3y transcription
factors and their target genes.

Wild-type extraembryonic endoderm rescues the
periimplantation defect of vHnf1 mutant embryos

To demonstrate that periimplantation lethality in vHnf1~~
embryos is due to the absence of the VE, we generated
tetrapl oid aggregation chimeras using vHnf1 7~ EScells. In this
procedure tetraploid embryonic cells, which contribute only to
extraembryonic tissues, were aggregated with ES cells (Nagy
and Rossant, 1993); the resulting foetuses are derived entirely
from the ES cells. Since the defects due to vHnf1 inactivation
were observed at the periimplantation stage, we focused our
analysis on the chimeric embryos from gastrulation to early
organogenesis stages.

Rescued chimeric embryos were obtained by combining
two independently derived vHnf1~~ ES cell clones (7 and 9)
with wt tetraploid embryos. The chimeric embryos obtained
displayed a stronger lacZ expression than heterozygous
embryos (compare Figs 2J and 7B), indicating that vHNF1 is
not involved in an autoregulatory process. These embryos did
not show any gross external morphological defects up to E9.5
although they showed signs of necrosis at the level of the
anterior and posterior neural pore closure (Fig. 7B). Tetraploid
rescued embryos aso had kinks in the neural tube in the trunk
region and histological anaysis revealed that the ventral
neuroepithelial cells were disorganised (Fig. 7C-D). A similar
neural tube defect was observed in chimeric embryos generated
by morula aggregation with heterozygous ES cells (see below
Fig. 7E-H), suggesting that this disorganisation was not due to
the absence of vHnNf1.

We also generated chimeric embryos by aggregation of
heterozygous or homozygous mutant ES cells and wt diploid
morulae (Nagy and Rossant, 1993). Using this approach, the
ES cells are excluded from the extraembryonic lineages,
while the resulting embryos are formed from a mix of mutant
and wt cells. Therefore, this provides a means of investigating
the ability of the vHnf1~~ cells, when they are in competition
with wt cells, to contribute to the tissues that normally
express VHnfl. The extent of chimerism in these tissues was
estimated by the presence of (-gal-positive cells. Chimeric
embryos presenting more than 95% mutant cellsin the tissues
expressing vHnf1l were morphologically very similar to the
rescued embryos generated by tetraploid aggregation (Fig.
7B,J). The E9.5 chimeras generated with either null or
heterozygous ES cell clones presented similar neural tube
disorganisation (Fig. 7C-D,G-H,K), strongly suggesting that
this defect was inherent to the parental ES cell line. Finally,
[B-gal-stained cells were clearly detected in the neural tube,
in the pancreatic and liver primordia, and in the dorsal region
of the foregut (Fig. 7K-M), demonstrating that the mutant
cells were not specifically excluded from any of these cell

lineages.
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In conclusion, these results definitely confirm that the
defect observed at E5.5 in the primitive ectoderm of mutant
embryos is exclusively due to impaired function of
extraembryonic tissues, and further demonstrate the
importance of the VE for growth and organisation of
both primitive ectoderm and extraembryonic tissues in
pregastrulating embryos.

3 e
.

Fig. 5. Expression of viscera
endoderm-specific markersin
in vitro blastocyst culture.
Control (A,B,E,FI,J) and
vHnf17~(C,D,G,H,K,L) 7-
day cultured blastocysts.
Immunohi stochemistry
analysis (B,D,FH,J.L) of
blastocysts and the
corresponding bright-field
images (A,C,E,G,| ,K).
Visceral endoderm markers,
GATA4 (B), SA (F), and
AFP (J) are detected in
control blastocyst cultures. In
vHNf1~~ blastocyst
outgrowths there is no
expression of GATA4 (D),
SJA (H), and AFP (L). Scale
bar 100 pm.

‘Jl GATA4
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®
H
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DISCUSSION

We have examined the role of VHNF1 during early mouse
development by generating genetically deficient mice and
homozygous mutant ES cells. Using three different
experimental approaches, our study demonstrates that VHNF1
isrequired for early embryogenesis and plays an essential role

vHNF1
HNF1-o. Fig. 6. Morphology and
¢ structure of wild-type and
hRiEe vHNf1 mutant embryoid bodies.
HNF4-0.7 (A-D) B-gal staining of
heterozygous (A,C) and mutant

HNF3- (B,D) EBs. (A) 14-day

. heterozygous EBs formed a

| HNF3-B cystic cavity. (B) vHnf1~~EBs

give no sign of cystsand are
smaller insize. (C) 7-day

heterozygous EBs have a

defined 3-gal stained VE layer.

(D) In vHnf1~~ EBsthe B-gal-
positive cell layer is

disorganised. (E-H) Toluidine
blue-stained 1 um sections of

heterozygous (E,G) and

vHNf17~ (FH) EBs after 8 days
differentiation. (I) RT-PCR

analysis of the indicated
markersin wt (HM1),

heterozygous (143 clone) and
homozygous mutant (7 and 9

clones) in ES cell clonesand in
19 day EBs. Scaebarsin A,B

and E,F, 200 um; in C,D and
G,H, 100 pm.
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Fig. 7. Wild-type tetraploid
extraembryonic tissues rescue the
lethal periimplantation phenotype of
the vHnf1 mutation. 3-gal
expression and histological analysis
of tetraploid rescued embryos (A-D)
and morula aggregation chimeras
(E-M). (A) Ventral views of an E8.0
embryo derived from vHnf1 7~ ES
clone 7, showing abnormal
proliferation of B-gal-positive cells
on both sides of neural tube.

(B) Side and back views of 3-gal-
stained embryos derived from
vHNnf17~ESclone 9 at E9.5.

(C,D) Neura tube cross section at
thelevel indicated in B (arrowhead)
under bright (C) and dark (D) field
optics. (E-H) Chimeric embryos
derived from ES heterozygous clone
143 at E8.25 (E) and E9.5 (F).
(G-H) Cross section of the chimeric
embryo in F at the samelevel as
indicated in B under bright (G) and
dark (H) field optics. (1,J) Chimeras
derived from homozygous ES clone
9at E8.5(I) and at E9.5 (J).

(K,M) Histological sections of the
neural tube (K), the foregut (L) and
the liver primordium (M) of the
embryo in J(cross sections). dfg,
dorsal foregut; fp, floor plate; hf,

headfold; Ip, liver primordium; nc, neural crest; vfg, ventral foregut. Embryosin A,B and |,J were 3-gal stained for 15 hours, while embryosin
E,F were stained for 48 hours. Scale barsin A,B, E,F, 1,J, 200 um; in C,D, G,H, K,M, 50 um.

in VE specification. Nullizygous vHNnfl blastocysts appear
normal, invade the uterine epithelium and start implantation.
Shortly after implantation, at E5.5, mutant embryos are
severely growth retarded, exhibiting an abnormal or absent
extraembryonic region, poorly organised ectoderm and no
discernible VE. By E6.5 the vHnf1~~ concepti are resorbed.
In normal embryos, the earliest expression of vHnf1 is seen
in the primitive endoderm (Fig. 2A), the precursor of both
visceral and parietal endoderm. The onset of phenotypic
defects coincides with the increased levels of vHNf1 expression
in the VE. In the absence of vHNF1, the primitive endoderm
lacks the ability to generate a VE epithelium, while the ability
to differentiate into parietal endoderm isretained. However our
results do not exclude the possibility that parietal endoderm
differentiation may also be defective as a consequence of
abnormal cell-cell interactions (Gardner, 1982; Hogan et al.,
1981). Our observations using tetraploid chimeric embryos
further demonstrates that the early lethal phenotype of the
vHNnfl null mutation is essentially due to defective
extraembryonic tissue formation. Consistent with in vivo
observations, both vHnf1~~ blastocyst outgrowths and mutant
EBs do not form the characteristic external VE layer. Similar
results were obtained at early and late stages of ES cell
differentiation indicating that there was not a lag in the
differentiation process. More importantly, vHnf1~~ EBs do not
express early or late markers of the VE cell lineage, including
the transcription factors HNF-4a1, HNFla and HNF-3y and
downstream genes. Thus, this mutant phenotype indicates that

VHNF1 is a critical regulator in the differentiation of the VE
from the primitive endoderm.

The complex pleiotropic pattern of defects displayed by
vHNf1~/~ postimpl antation embryos are consistent with the lack
of a functional VE. The absence of the VE and a poorly
organised ectoderm are features distinctive to vHNf17~
embryos. Mutation of the transcription factor Hnf-4, expressed
in the primitive endoderm and VE, leads to impaired
gastrulation (Chen et al., 1994). Death is caused by disruption
of VE function. This is brought about through reduced
production of several serum proteins resulting in increased cell
death within the embryonic ectoderm and a dramatic reduction
in epiblast size (Duncan et a., 1997). Recently, the targeted
mutation of the GATAG transcription factor has been described
(Koutsourakis et a., 1999; Morrisey et al., 1998). GATA6
homozygous mutant embryos correctly specify the VE but
display a similar phenotype to Hnf-4-deficient embryos,
consistent with the observation of the absence of Hnf-4
expression (Morrisey et al., 1998). Unlike Hnf-4 and GATAG,
vHnNf1 isrequired for the differentiation of primitive endoderm
into an organised VE cdll layer. Thus, the vHnf1 null phenotype
is not entirely explained by the inability of the VE to provide
histotrophic nutrition to the embryonic ectoderm. Since the VE
is not formed in vHNnf1~~ embryos, not only is its specialised
nutritional role impaired, but aso its other early
postimplantation embryonic functions. Thus, signals such as
those involved in programmed cell death in the embryonic
ectoderm and subsequent proamniotic cavity formation
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(Coucouvanis and Martin, 1999), and in early anterior neural
patterning (Beddington and Robertson, 1998) are also
abrogated in vHnf1~~ embryos.

The severity and timing of the defects observed in vHNnf1~~
embryos are strikingly similar to those described in evx-1
mutants (Spyropoulos and Capecchi, 1994), a transcription
factor expressed at E5.0 in the VE. Both vHnfl- and evx-1-
deficient embryos fail to differentiate into distinct embryonic
and extraembryonic tissues soon after implantation, raising the
possibility that these two transcription factors control similar
differentiation processes. The expression profile of evx-1 in
vHnf1l7~ EBs was found to be unaffected (Fig. 6l).
Furthermore, evx-1 is expressed at high levels in non
differentiated ES cells (Fig. 61), where vHnf1 is not expressed.
Thus, evx-1 and vHnf1 could be linked in aregulatory cascade,
with evx-1 acting upstream of VHNF1, or alternatively these
two factors may cooperate in the differentiation of
extraembryonic endoderm cell lineages. Taken together, these
results further demonstrate that VE interactions are required
for both normal embryonic and extraembryonic development.

The specification and differentiation of the VE has been
proposed to be a multistep process (Gardner, 1982) involving a
transcriptional regulatory cascade (Duncan et a., 1997,
Morrisey et al., 1998). In this context, previous studies
suggested that vHnf1 could act upstream of Hnf-4. The proximal
promoter of Hnf-4 contains a HNF1 binding site, that interacts
with both vVHNF1 and HNFla (Taraviras et a., 1994; Zhong et
al., 1994; and unpublished data). Moreover, vHnfl and Hnf-4
genes display a strikingly similar spatiad and temporal
expression pattern, more notably in the primitive and visceral
endoderm, kidney and gut derivatives (Duncan et al., 1997; and
this study). We have demonstrated that only HNF-4a1 and not
HNF-4a7, which is very likely generated by an alternative
upstream promoter (Nakhei et al., 1998), is affected by lack of
VHNFL. These results strongly suggest that VHNF1 acts as a
direct transactivator of the Hnf-4 proximal promoter.
Remarkably, lack of VHNFL results in a strong decrease in the
induction of Hnfla and Hnf-3y transcripts, and in the absence
of HNF1a protein (Fig. 61 and datanot shown). Hnfla has been
proposed as a target gene of Hnf-4 (Kuo et al., 1992). However,
Hnf-4 inactivation has essentially no effect on Hnfla expression
(Duncan et a., 1997), indicating that the lack of HNFla in
vHNf1~~ EBs is not a secondary effect due to the absence of
HNF-4. The possible involvement of vHNF1 in Hnf-3y
regulation has already been proposed (Hiemisch et al., 1997).
Thus, at least in the VE cdll lineage, vHNf1 acts upstream of
Hnf-4, Hnfla and Hnf-3yin atranscriptional hierarchy.

In summary, the present study has defined a crucial role for
the transcription factor vHNF1 in the differentiation of the
primitive endoderm into the VE. Death of vHnf1~~ embryos
prior to gastrulation isdueto impaired V E formation. Although
the mechanisms of VE specification remain largely unknown,
our results, together with the observations of other mutations
affecting VE function (Duncan et al., 1997; Koutsourakiset al.,
1999; Morrisey et al., 1998; Spyropoul os and Capecchi, 1994),
strongly suggest that the specification of the VE cell lineage
involves a complex regulatory network between the different
signals and regulators rather than a linear transcriptional
cascade. Placement of VHNFL in a preeminent position in this
regulatory network is consistent with its early expressionin the
primitive endoderm.

Our experiments with chimeric embryos produced by
aggregation of mutant cells with either tetraploid or diploid
embryos, further show that vHnf1 null ES cellsare a so capable
of contributing to the neural tube, the primitive gut and its
derivatives, indicating that absence of VHNF1 does not affect
their specification. Future studies, involving more detailed
chimera analysis and conditional tissue-specific gene
inactivation, will determine whether cellsthat normally express
vHNf1 in these tissues carry out their normal functions upon
further differentiation and morphogenesis.
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