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SUMMARY

VHNFL/HNF1B, a member of the divergent HNFL/VHNF1
homeoprotein family, is expressed in polarized epithelia of
several adult organs and may participate in controlling
the transcription of specific genes. In addition to this
late requirement, VHNF1 may play earlier roles during
development, as it is first expressed in the visceral
endoder m at the onset of gastrulation. In order to shed light
on its function during embryogenesis, we have inactivated
the murine gene by homologous recombination. The
homozygous mutation resultsin embryonic lethality by day
7.5 of development and VHNF17~ embryos display a
disorganized visceral endoderm and a significantly reduced
size. Studies of ES cell differentiation and aggregation with
tetraploid morulae establish that VHNF1 expression is

essential for visceral endoderm differentiation, both in
vitro and in vivo. Analysis of differentiation markers
confirms that VHNF1 is part of a genetic network that
directs the expresson of HNF4 and downstream
endodermal genes. Furthermore, the complementation of
the mutant embryos with wild-type visceral endoderm
rescues the day 7.5 lethality and reveals an additional
phenotype linked to VHNF1 later expression. The
examination of chimeric embryos suggests that VHNF1
expression might be cell-autonomously required in the gut
for the proper morphogenesis of the embryo.

Key words: Visceral endoderm, Embryonic lethality, Tetraploid
rescue, Homeoprotein, Gene knock-out.

INTRODUCTION

A surprisingly limited number of steps during mouse
development are essential for the survival of the embryo (Copp,
1995). Early embryonic lethality is frequently observed when
the interactions between the mother and the embryo are
perturbed. For example, the inactivation of genes encoding for
Mash-2 or Ets-2 resultsin embryonic failure dueto an impaired
trophoblastic function (Guillemot et a., 1994; Yamamoto et
a., 1998). Differentiation of the visceral endoderm is another
important step of embryonic development. The viscera
endoderm plays a crucial role by supporting the metabolism
and the growth of the embryo. In addition, its anterior territory
has recently been shown to function as an organizer for head
structures (Beddington and Robertson, 1998). A number of
transcription factors are known to be specifically expressed in
the viscera endoderm around gastrulation, among them
HNF38 and HNF4a (Duncan et al., 1994; Monaghan et al.,
1993; Taraviras et a., 1994). For both HNF3p and HNF4a
mutations, a defect in the visceral endoderm has been
suggested (Ang and Rossant, 1994; Chen et al., 1994;
Weinstein et a., 1994). These mutations lead to embryonic
lethality between days 8.5 and 10.5 of development. HNF33
expression in the anterior visceral endoderm is important for

the patterning of the anteroposterior axis (Dufort et al., 1998),
while HNF4a isinvolved in regulating the metabolic functions
of extraembryonic visceral endoderm (Duncan et al., 1998).
Interestingly, HNF3 and HNF4 were initially characterized
as liver-enriched transcription factors. Indeed, the liver and the
visceral endoderm perform several equivalent functions, such
as protein secretion and metabolite absorption; they also share
an important number of differentiation markers (Meehan et al.,
1984). Hence, it is plausible that, in addition to HNF3 and
HNF4, other classes of Hepatocyte Nuclear Factors could be
involved in visceral endoderm differentiation. Good candidates
included the two closely related atypical homeoproteins, HNF1
and VHNF1 (also named HNF1a and HNF13, respectively).
These factors bind to identical DNA sequences, as either
homodimers or heterodimers (Tronche and Yaniv, 1992).
VHNF1 mRNA is detectable in the visceral endoderm from
early developmental stages, while HNF1 is first expressed in
the yolk sac and in the liver bud (Blumenfeld et al., 1991,
Cereghini et a., 1992). Later on, they are expressed throughout
organogenesis of the liver, the kidney and the pancreas where
their expression is maintained up to the adult stage. Still, HNF1
and VHNF1 display some specificity: for instance, vHNF1 and
not HNF1 is expressed in the lungs (Cereghini et al., 1992; Ott
et a., 1991). This suggests the existence of specific targets for
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each gene, and indeed HNF1 inactivation has provided the first
evidence for the existence of HNF1-specific target genes in
these tissues (Pontoglio et al., 1996).

HNF1~~ mice develop normally but fail to transcribe several
hepatic genes, are defective in rena glucose reabsorption and
suffer from type Il diabetes (Pontoglio et al., 1998). Since
VHNF1 expression precedes HNF1 synthesis, it has been
suggested that VHNF1 might compensate for HNF1 function
during devel opment; alternatively, HNF1 could be dispensable
during embryogenesis. To address these issues, we have
performed the inactivation of the VHNF1 gene. VHNF17/-
embryos die around day 7.5 post-coitum (E7.5) at atime where
VHNF1 is specifically expressed in the extraembryonic visceral
endoderm. The defect in visceral endoderm differentiation can
be partialy rescued by wild-type visceral endoderm. Further
development results in VHNF1~/~ embryos of anormal size but
displaying severe abnormalities.

MATERIALS AND METHODS

Targeting of the vHNF1 locus

VHNF1 genomic clones were isolated from a 129/SvJ mouse phage
library. Genomic fragments of 3.3 kb and 2.2 kb flanking thefirst exon
were introduced into the recombination vector pPNT (Tybulewicz et
al., 1991). A NLS-lacZ cassette, described by Pontoglio et al. (1996),
was introduced at the initiation codon of VHNF1 into a Ncol site
generated using the primers. 5-GTCCAAAGGTACCCTAAAGT-
TTGG-3 and 5-CTTGGACACGGTCCAAGGACG-3'. CK35 ES
cells (Kress et al., 1998) were electroporated with the Notl-linearized
vector as described by Pontoglio et al. (1996). G418-resistant clones
were analyzed by Southern blot after Xbal digestion using a EcoRI-
Fokl 5 external probe and a BamHI-EcoRI 3' external probe. Single-
copy integration was verified using aPstl neo probe. ES cell injections
into blastocysts were accomplished as previously described
(Pontoglio et al., 1996).

Mouse and ES cell DNA analysis

DNA from either mouse tails or ES cells was directly precipitated with
isopropanol after proteinase K treatment. A threeway PCR was
performed with a sense primer hybridizing to the vHNF1 promoter (5'-
CCCAACTTGTCCAGCTCTCTCACC-3') and two reverse primersin
the VHNFL1 first exon (5'-CTGAGCATCCGGTCCACCTCG-3) andin
the lacZ gene (5'-GGGAAGGGCGATCGGTGCGG-3') generating
respectively a wild-type 900 bp band and a mutant vHNF1/lacZ 800
bp band (arrows in Fig. 1A).

X-gal staining and histological analysis

Embryos were collected at different gestation times, plugs in the
morning being counted as day 0.5 post-coitum (E0.5). Embryos were
fixed for 10 minutes in 4% paraformal dehyde and abundantly washed
in PBS. Whole-mount X-gal staining was performed overnight as
described by Pontoglio et a. (1996). Genotyping of the embryos was
made using the three-way PCR described above, on DNA isolated
from ectoplacental cones cultured for 1 week in microwells with
DMEM 10% FCS (Ang and Rossant, 1994). Historesin (Leica)-
embedded embryos were thin-sectioned with a microtome and
counterstained with Safranine.

Homozygous ES cells generation and embryoid body
culture

VHNF1/lacZ~~ ES cells were isolated from vHNF1/lacZ*~ clones by
increasing G418 selection (1.5 mg/ml) (Mortensen et a., 1992) and
genotyped using PCR. Either vHNF1**, vHNF1*~ or vHNF17/~ ES
cellsweremildly trypsinized and put in suspension culturein bacterial

plates (Rudnicki and McBurney, 1987). Embryoid bodies (EB) were
collected after 14 days culture and stained with SJA lectin (Sophora
japonica agglutinin, Sigma) as described by Soudais et al. (1995).

RT-PCR analysis on embryoid bodies and embryos

Total RNAs were prepared from EB according to Koopman (1993).
RT-PCR analysis was performed including [32P]dATP incorporation
as described by Duncan et a. (1997). Either 1 pg from EB RNA or
from one wild-type embryo was used per RT reaction; homozygous
embryos were pooled as sets of four embryos. The PCR conditions
and the primer sequences used for HNF4, HNF1, TFN, TTR, AFP,
GATA4, Apo Al and Apo AlV were described by Duncan et a. (1997).
The following oligonucleotides were used to detect the expression of
HNF3a: (5'-GTAGACAGTAGGGGCTC-3, 5-GGGGAATCCTT-
TAAACGG-3); HNF3B: (5-GCCTGAGCCGCGCTCGGGAC-3,
5'-GGTGCAGGGTCCAGAAGGAG-3); HNF3y. (5-GCTTCC-
GGGTATGTAGCCCC-3, 5-GCAAGGCCCAGTAGGAGCC-3);
GATA-6: (5-CAGCCCACGTTACGATGAACG-3, 5-AAAATGC-
AGACATAACATTCC-3'). HPRT primers were used to normalize the
RT-PCR reaction (Wiles, 1993) and RT performed without the reverse
transcriptase was used as a negative control.

Production of a vHNF1-specific antiserum and western
blot analysis

A GST-fusion protein containing VHNF1 amino acids 321 to 378 was
used to immunize rabbits. Immune serum was purified by affinity first
on a GST column then on a GST-VHNF1 column. Purified antiserum
was tested on nuclear kidney extract and in vitro vHNF1 protein, and
recognized specifically a 69 kDa band corresponding to the expected
molecular weight of the vVHNFL1 protein. Western blot analysis was
performed with this antiserum using 30 pg of total protein extracts
from 14-day-old embryoid bodies.

Tetraploid aggregation and chimeras

Tetraploid embryos were generated from F1 B6/SJL 2-cell embryos
using an electric shock to fuse the blastomers. They were cultured in
vitro up to the 4-cell stage and then aggregated by pairs of two
embryos with a clump of ES cells (Nagy et a., 1993). Resulting
blastocysts were reimplanted the following day into the uterus of day
2.5 p.c. pseudopregnant mice. Chimeric embryos were obtained by
the injection of 7-8 ES cells into wild-type blastocysts.

RESULTS

Generation of vHNF1 mutant alleles

To produce a null alele of the vHNF1 gene and prevent the
production of any truncated protein that could interact with
HNF1, we chose to delete the first exon of vVHNF1 that encodes
the dimerization domain. Genomic DNA covering the 5'
regulatory regions and the two first exons of VHNF1 was
isolated from a 129/SvJ mouse DNA library. We constructed a
recombination vector in which the first exon of vHNF1 was
replaced by an NLS-lacZ reporter gene placed at the initiation
codon (Fig. 1A). After electroporation into CK35 embryonic
stem (ES) cells (Kress et al., 1998) and double selection (neo
tk), seven recombinant clones were identified by Southern blot
analysis, which contained a VHNF1/lacZ recombinant allele
(Fig. 1B). All of them carried a single-copy integration at the
locus as revealed by Southern blot analysis with a neo probe
(data not shown).

ES cells homozygous for the VHNF1 mutation were isol ated
from two independent VHNF1*/~ clones after culture in high
G418 concentration (Mortensen et a., 1992). A large majority
of the clonesisolated had spontaneously replaced the wild-type
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Fig. 1. Targeted inactivation of the murine VHNF1 gene. (A) Strategy used for inactivating the vHNF1 gene by homol ogous recombination in
ES cells. Clone analysis was performed using the 5" and 3' probes and Xbal sites, two sites external to the construct and a third site introduced
by the recombination. The arrows indicate the positions of the primers used for the PCR analysis of embryos and mice. X, Xbal; R, EcoRl;

Pml, Pmll; H, Hindlll; B, BamHI. (B) Southern blot analysis of the ES clones isolated after positive-negative selection using the 5 and 3'
probes. Two VHNF1 heterozygous (+/-) and four wild-type (+/+) clones are presented. (C) PCR analysis of alitter from vHNF1*/~ intercross
collected at E7.5, featuring wild-type (+/+), heterozygous (+/-) and homozygous (—/-) embryos. The arrows indicate the bands characteristic of
the wild-type (wt) and the vVHNF1/lacZ (IacZ) alleles. (D) Western blot analysis of total protein extracts from differentiated VHNF1*/+,

VHNF1*~ and vHNF1~ ES cells using a vVHNF1-specific antiserum. The arrow indicates the 69 kDa vHNF1-specific band, and the star, anon-

specific band.

alele by a second vHNF1/lacZ allele, as confirmed using PCR
and Southern blot analysis (Fig. 1C; data not shown). As
VHNF1 synthesis is induced after in vitro differentiation of ES
cells (Abe et a., 1996), western blot analysis was performed
on differentiated VHNF1**, vHNF1*/~ and vHNF17~ ES cells
to confirm that the vHNF1/lacZ allele was indeed anull allele.
As shown in Fig. 1D, vHNF1 protein was absent in total
protein extracts from differentiated VHNF17/~ ES cells. In
contrast, a 69 kDa band corresponding to the VHNF1 protein
was detected in the vVHNF1** and vVHNF1*~ cell extracts.

A second construct containing three loxP sites flanking the
first exon of VHNF1 and the neo cassette was introduced by
homol ogous recombination using the same strategy as for the
VHNFLVlacZ construct. After isolation of recombinant clones,
ES cells were transiently transfected with the Cre-expressing
vector plC-Cre (Gu et a., 1993) and clones where both the
exon and the selection gene have been deleted, were isolated
(data not shown). Such adeletion is predicted to result in anull
allele as the promoter, the transcription initiation site and the
first exon of VHNF1 were al eliminated.

For both the vHNFL/lacZ and the vHNFL/del aleles, one
recombinant ES clone was injected into blastocysts; the two
alleles were successfully transmitted through germline and
gave rise to norma and fertile heterozygous animals. As
identical phenotypes were observed for both strains of mice at
the homozygous state, only results concerning the vHNFL/lacZ
strain are presented here (noted below simply as VHNF17/").

VHNF1/lacZ expression during early development
Heterozygous mice carrying the vHNF1/lacZ allele were used

to follow the expression of VHNF1 during embryonic
development by X-gal staining of whole embryos. vHNF1/lacZ
was first detected in the visceral endoderm at day 7.5 post-
coitum (E7.5) (Fig. 2A). Notably, B-galactosidase activity was
detected exclusively in the extraembryonic part of the visceral
endoderm (Figs 2A, 4A); this region is formed of columnar
cells and differs morphologicaly from the sguamous
epithelium surrounding the embryo. Later on, the
extraembryonic visceral endoderm gives rise to the yolk sac
endoderm, which also expressed vHNFL/lacZ (Fig. 2B). In
addition to this very early expression in extraembryonic
tissues, VHNF1/lacZ was detected in the embryo itself from E8.
It was visible as early as the 2-somite stage in the neural tube
and a few hours later in the invaginating gut (Fig. 2B).

The X-gal staining in the neural tube was very dynamic. It
was detected in the central part of the neural folds as early as
the 2-somite stage with only scattered nuclei marked (Fig. 2B).
Asthe neural folds merge, the number of positive cells and the
intensity of the signal increased very rapidly (Fig. 2C).
Concomitantly to the neural tube closure, B-galactosidase
expression became progressively restricted to a sharp stripe at
the level of the otic vesicle (Fig. 2D) and to abroader and more
posterior domain. Half a day later, only cells of the roof plate
and the floor plate are still expressing VHNFLY/lacZ in this part
of the neural tube as can be seen on sections (data not shown).

VHNF1/lacZ expression starts in the gut epithelium during
its invagination. A sharp anterior boundary was observed at
E9.5 at the level of the pancreas and liver primordia (Fig. 2D).
The expression extended posteriorly to the tip of the gut.

The expression pattern described above was confirmed by
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A.

E7.5

E8 [=——

E8D| | —— E9.5

Fig. 2. Expression pattern of VHNF1 at early stages of development as revealed by [3-gal actosidase activity. (A) E7.5 embryo; (B) E8 embryo;
(C) E8.5 embryo; (D) E9.5 embryo. All embryos are heterozygous. Orientation: (A) ectoplacental cone on top and embryo on bottom; (B-D)
head on top, back on the left. (A) Arrowheads: boundaries between embryonic and extraembryonic visceral endoderms; (B,C) black arrows,
remainder of the yolk sac; white arrowheads, neural folds; white arrows, gut. (D) Star indicates the position of the otic vesicle; white
arrowhead, roof plate staining; white arrow, anterior boundary of the gut staining. Scale bars: 250 pm on A and D, 500 um on B and C.

X-gal staining on chimeric embryos obtained from a second
independent vVHNFL1/lacZ clone.

VHNF1 inactivation results in early embryonic
lethality

VHNF1*~ mice are norma and fertile. They were crossed
together and the resulting litters were genotyped by PCR. No
VHNF17/~ mice were born (Table 1). Therefore, litters from
heterozygotes were collected at different gestation times to
investigate the timing of the embryonic lethality. At E6.5,
VHNF17~ embryos were normal and not distinguishable from
their littermates (data not shown). Live VHNF1~7/~ embryos
were not found after E7.5 (Table 1). In thelitters collected later
than E8.5, only resorbed tissue could be genotyped as
homozygous. At E7.5, vHNF17/~ embryos were identified by
PCR (Fig. 1C). They all presented a severe growth retardation
when compared to their vHNF1** and VHNF1*~ littermates
(Fig. 3). Morphological anaysis of VHNF17~ embryos
revealed in all cases a disorganization of the embryonic and
extraembryonic tissues, despite some variations in the severity
of the phenotype (Fig. 4). On sections of E7.5 heterozygous
embryos, two territories in the visceral endoderm are
morphologically distinct: the extraembryonic visceral

Table 1. Viability of vHNF17~ embryos
Genotype of embryos

Number of Number

Age litters ++ +- —/- N.D. of pups
Week 2 12 35 65 0 100
E10.5 4 5 15 6] 2 23
E8.5 7 11 25 (10) 11 57
E7.5 6 14 23 7 10 54

PCR analysis of the litters from VHNF1*/~ intercrosses.

DNA was isolated from embryos between E7.5 and E10.5 and from 2-
week-old mice (Week 2). It was analyzed by PCR using the three primers
featured on Fig. 1.

In pa}rentheses are indicated the number of resorbed tissues genotyped as
VHNF~.

N.D. (not determined) marks the number of embryos or resorbed tissues
that could not be genotyped.

endoderm composed of columnar epithelial cellsis stained by
X-gal, whereasthe epithelia layer surrounding the gastrulating
embryo is squamous and negative for this staining (Fig. 4A).
In contrast, the VHNF17/~ embryos present a lack of
development of the embryonic tissues (Fig. 4B,C). Most of
them were highly degenerated and disorganized. They
comprised a mass of undifferentiated cells, some of them
positive for the X-gal staining, and were surrounded by
trophoblastic tissues (Fig. 4C). Some embryos were more
developed and underwent cavitation. However, the embryonic
tissue was reduced and presented no sign of gastrulation. No
clear regionalization of the visceral endoderm was observed in
these embryos (Fig. 4B). Indeed, the visceral endoderm was
uniformly composed of cuboidal epithelid cells, some
expressing the lacZ gene even at the distal pole of the embryos
(Fig. 4B). This morphology was reminiscent of viscera
endoderm from a E6.5 embryo. The defects in distinct visceral
endoderm specialization led usto investigate therole of VHNF1

in this differentiation pathway.
‘-H- 1
&,
*

+/-

+/+

+/- ‘4‘/-

Fig. 3. A representative litter obtained from a vHNF1*/~ intercross,
stained for vHNF1/lacZ activity. vVHNF1~/~ embryos present a severe
growth retardation and disorganized tissues at E7.5. Genotypes
obtained by PCR are indicated next to the embryos. *, broken
vHNF1*~ embryo. Scale bar, 300 pm.




Fig. 4. Sections of (A) VHNF1*~ and (B,C) vVHNF17~ E7.5 embryos
after X-gal staining. Black arrows, ectoplacental cone; black
arrowheads, embryonic/extraembryonic boundary of the visceral
endoderm; white arrowsin B, cuboidal visceral endoderm; white
arrowsin C, vHNF1/lacZ-positive cells; t, trophoblastic tissue.
Longitudinal sections. Scale bars, 120 um.

vHNF1 inactivation affects in vitro differentiation of
ES cells into visceral endoderm

ES cellsdifferentiation provides agood model to study visceral
endoderm formation. Indeed, when cultured in suspension,
clumps of ES cells form complex vesicles called embryoid
bodies (EB). These vesicles contain both ectoderm and visceral
endoderm. Their development in culture can be considered as
equivalent to the early stages of embryogenesis (Keller, 1995).
As one of the genes activated during this process is VHNF1
(Abe et al., 1996), we have compared the formation of EB
generated from VHNF1**, vHNF1*/~ and vVHNF1~~ ES cells.
Cells were cultured in suspension for 14 days, atime by which
viscera endoderm differentiation should be completed (Abe et
al., 1996). The resulting EB were analyzed for both their
morphology and the expression of various differentiation
markers (Fig. 5). Experiments were repeated several timeswith
independently isolated clones. Embryoid bodies obtained from
VHNF17/~ ES cells were always smaller than the control (+/-)
EB (Fig. 5A). They never formed expanded vesicles containing
a tissue equivalent to yolk sac. However, both VHNF1*~ and
VHNF1~/~ EB contain endodermal cells as detected by SIA
lectin staining (Sophorajaponica agglutinin, see Soudais et al .,
1995) (data not shown).

VHNF1 in visceral endoderm differentiation 4789

A. B. - #l- +/+0
TFN e - - -
TTR -- -
AFP - - -

Apo Al - - -
Apo A IV - -
GATA-4

HNF4

HNF1

HNF3«

HNF3p

HNF3y

BMP-6

HPRT+ - -a -
HPRT-

Fig. 5. vHNF1 inactivation alters the ES cell differentiation into
visceral endoderm. (A) 14-day-old embryoid bodies from either
VHNF17~ or vHNF1*~ cells. Scale bar, 300 um. (B) RT-PCR
analysis of endodermal markers of total RNAs from vHNF17/-,
VHNF1*~ or vHNF1*"* embryoid bodies. Genotypes are indicated on
top. 0, PCR control —no DNA. HPRT primers were used as a
normalizing standard for the RT samples (HPRT+) and as areverse
transcription control (HPRT—, control reaction without reverse
transcriptase). TFN, Transferrin; TTR, Transthyretin; AFP, Alpha
Fetoprotein; ApoAl, Apolipoprotein Al; ApoAlV, Apolipoprotein
AlV; BMP-6, Bone Morphogenetic Protein 6.

To examine the expression of endodermal markers, tota
RNAswere prepared from EB and RT-PCR analysis performed.
Primers for the HPRT gene were used as controls (Fig. 5B).
Early endoderm markers like GATA-4 (Fig. 5B) and GATA-6
(not shown) were expressed in VHNF1~~ EB as in controls,
despite a decrease in their level. On the contrary, late
endodermal markers, such as alphafetoprotein  (AFP),
transthyretin (TTR) and apolipoproteins, were not expressed in
the VHNF1~/~ EB. Remarkably, expression of the transcription
factors HNF4a and HNF1 was strongly reduced, in contrast to
the expression levels of the HNF3 genes, which were
approximately equivalent to those of the VHNF1** and
VHNF1*~ samples. The expression of signaling molecules that
are expressed at the equivalent stage of embryonic development
was aso examined: no variations were observed for the two
secreted factors BMP-6 (Fig. 5B) and BMP-4 (not shown).

These results suggest a block of the differentiation of the
VHNF17/~ ES cells into visceral endoderm. GATA factor
expression and positive SIA staining of VHNF17/~ EB
demonstrate that the first steps of visceral endoderm
differentiation still occur in the absence of VHNF1. However,
this process is not completed as shown by the lack of
expression of the late markers.

VHNF1 is essential for in vivo differentiation of the
visceral endoderm

We next analyzed the expression of several endodermal
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of- + w4+ 0
Fig. 6. Visceral endoderm
GATA-4 ~ di fferentjati onisimpairedin
VHNF1~~ embryos. RT-PCR
QATA-S * analysis of endodermal markers
was performed on E7.5 VHNF1 7/~
TTR —“ and VHNF1*"* embryos. Material
for vHNF1/~ embryos was
HNF4 - e pooled from a set of four
embryos, vVHNF1*+ were
HPRT+ - g - analyzed individually. The
o controls and the procedure are the

sameasin Fig. 5.

markersin E7.5 VHNF1*"* and vVHNF17~ embryos. Due to the
small size of mutant embryos, genotyping was achieved on
DNA from ectoplacental cone and RT-PCR was then
performed either on a wild-type embryo or a pool of four
mutant embryos. As previously, HPRT primers were used to
normalize the samples. vVHNF1 inactivation in vivo results in
effects similar to those observed in vitro: both GATA-4 and
GATA-6 are expressed despite a slight decrease in their levels;
in contrast, the levels of the HNF4 and transthyretin genes are
strongly reduced (Fig. 6).

Both in vitro and in vivo analysis revealed a requirement for
VHNF1 expression during visceral endoderm differentiation.
This defect in one of the first extraembryonic tissues could
explain the growth retardation and abnorma morphology of
the mutant embryos. To address this issue, rescue experiments
were attempted by providing wild-type extraembryonic
annexes to mutant embryos. This should also permit the
examination of additional VHNF1 functions during embryonic
development.

Tetraploid aggregation partially rescues vHNF1
inactivation

Wild-type visceral endoderm can be provided to a mutant
embryo by aggregating tetraploid morulae with a clump of ES
cells. The resulting embryos are composed of two distinct
compartments: the extraembryonic tissue is wild type and
tetraploid, whereas the embryo itself derives from the diploid
ES cells (Rossant and Spence, 1998). This experiment permits
to investigate the effect of wild-type visceral endoderm on the
viability of vHNF17~ embryos. In addition, this should allow
us to examine the effect of vVHNF1 inactivation in other tissues.

Aggregation experiments were performed with two
independent VHNF1~/~ ES clones, as well as with VHNF1*/~
cells as a control. Embryos obtained with control cells were
perfectly normal at E9.5 (not shown). Embryos resulting from
the aggregation of wild-type tetraploid morula with vHNF17/~
cells (denoted +/+::—/-) were viable up to E10. At E8.5 these
embryos were not distinguishable from VHNF1*/~ embryos in
terms of both their size and morphology. At E9.5, the rescued
embryos still presented a normal size for this embryonic stage
(Fig. 7A,B). These results demonstrate that wild-type visceral
endoderm can efficiently rescue both the early lethality and the
growth retardation due to the vHNF1 mutation. It also showed
that VHNF1~/~ epiblast can normally develop after implantation
and undergo gastrul ation. However, morphologica examination
of the E9Q.5 +/+:—/- embryos revedled some interesting
abnormalities. The embryos did not turn, they were rather short

and their general appearance corresponded more to a E8.5
embryo (Fig. 7C). The neural tube remained open and
exhibited expanded tissue on both neural folds; often, this
overgrowth was associated with several oedemas on the neural
folds and on the forebrain vesicles. Despite being wild type,
the endodermal layer of the yolk sac was oversized and
ruffled (not shown). An enlarged alantois and a distended
pericardia were also observed in a mgority of +/+:—/-
embryos (Fig. 7C).

X-ga staining of the +/+:—/— embryos revealed an
additional abnormality. As it was reported for the
heterozygotes, B-galactosidase activity was detected in both
the gut and the neural folds. Still, vHNF1/lacZ expression in
the neural tissue was not restricted, either laterally and
ventrally, as it should be at E9.5. This expression was even
expanded (Fig. 7B,C). In addition, the staining remained
uniform at E9.5 al aong the neura tube as if no
anteroposterior regionalization of VHNF1/lacZ expression was
accomplished in the absence of VHNFL1 protein.

vHNF1~~ cells contribute differentially to chimeric
embryo tissues

The morphological abnormalities exhibited by the rescued
vHNF1~~ embryos suggested a requirement for the expression
of this gene during morphogenesis, in addition to its essential
function in visceral endoderm. To determine if the activity of
the gene was cell-autonomously required or not in embryonic
tissues, the behavior of the vHNF17~ ES cells in a wild-type
environment was examined by injecting 7 to 8 cells into wild-
type blastocysts. The resulting chimeras were collected
between E9.5 and E 11.5. They al presented a normal
morphology (Fig. 7D-F). After X-gal staining, vVHNFL/lacZ-
positive cells could be detected in both the neural tube and the
mesonephros (Fig. 7E,F). The neural tube was closed and the
mesonephros was normal.

On the contrary, vVHNF1~/~ blue cells were observed in the
gut in only one out of eight chimeric embryos. In this case, the
stained cells were clustered in spots and some were detected
at a position more anterior than expected (not shown). In
contrast, in al three chimeras obtained by the injection of
VHNF1*'~ ES cells, we observed a strong and uniform staining
in the gut, similar to that observed for F1 heterozygous
embryos. So, these results suggest that VHNF1~/~ cells present
a strongly reduced capacity to contribute to gut formation.

DISCUSSION

Transcription factorsinteract in afunctional network to specify
cell differentiation. We have been interested in analyzing the
function of the vHNF1 homeoprotein by inactivating the
corresponding gene in the mouse. From in vivo and in vitro
studies, we demonstrate that VHNF1 is required for viscera
endoderm differentiation as well as for morphogenesis and we
identify potential target genes of VHNF1 in the visceral
endoderm.

Dynamic expression of vHNF1 during early
embryogenesis

Theintroduction of an NLS-lacZ reporter gene at the initiation
codon of VHNF1 has provided us with an easy visualization of



VHNF1 expression by X-gal staining. -galactosidase activity
was first detected in the extraembryonic part of the visceral
endoderm at E7.5. At the 2-somite stage, it was also detected
in the embryo proper, first in the neura folds then in the
invaginating gut. This result corroborates previous data
obtained by in situ hybridization, where vHNF1 mRNA was
detected in the visceral endoderm at E6.5 (Cereghini et al.,
1992). An interesting feature of VHNF1 expression at E9.5 is
the sharp anterior boundary of the gut expression domain. The
regionalization of the gut is established by the spatialy
restricted expression of several genes in the mesoderm during
epithelium-mesenchyme interactions (Roberts et al., 1998).
The mechanisms of endoderm patterning are less understood,
but they certainly imply the differential expression of
regulatory genes. Considering this model, the sharp anterior
boundary observed for vHNFL/lacZ expression suggests that
VHNF1 could contribute to the determination of territories in
the gut in combination with other transcription factors. In
particular it could play arole in the specification of the liver
and pancreatic primordia. This issue will be the subject of
future studies using the conditional inactivation of the gene.

The expression pattern of VHNF1, as depicted by X-gal
staining, and the phenotype of the tetraploid-rescued mutant
embryos strongly argue for VHNF1 playing arolein neural tube
formation. This function was unexpected. Indeed, the
expression of VHNF1 in the neural tube of the mouse has not
been described previously except as a transient signal in the
neuroepithelium of the murine embryo. However, it should be
recalled that VHNF1 expression has been reported in the neural
tube of two other vertebrates, Xenopus (Demartis et al., 1994)
and zebrafish (Thisse and Thisse, 1998).

VHNF1 expression is critical for visceral endoderm
differentiation

As mentioned above, VHNF1 is specifically expressed in the
extraembryonic territory of the visceral endoderm at E7.5.
Combined studies of the mutant embryos and ES cell
differentiation have shown that visceral endoderm formation is
strongly impaired in the absence of vVHNF1. These results are
the first evidence for an essential role for vHNF1 in controlling
this process. In addition, wild-type visceral endoderm provided
by tetraploid aggregation was shown to rescue the lethality and
growth defect of the mutant embryos. This approach allowed
us to bypass the lethality up to E9.5.

The differentiation of the visceral endoderm is a crucial
event for the mammalian embryogenesis. The discovery of the
organizer properties of this tissue has recently awakened much
interest (Beddington and Robertson, 1998). But the visceral
endoderm plays also a major role during the periimplantation
development in supporting embryonic metabolism. The
knowledge concerning these functions remains fragmentary.
Still, it has been established that it is a multistep process in
which the HNF4 factor seems to play an important role. It is
known that numerous secreted proteins are produced by this
tissue such as serum proteins (AFP, TTR) or apolipoproteins
(Meehan et al., 1984) and that their production is dependent
upon HNF4 expression (Duncan et al., 1997).

Several mutations like Smad4/Dpc4 (Sirard et al., 1998),
evx1 (Spyropoulos and Capecchi, 1994), Nf2 (McClatchey et
a., 1997) or GATA-6 (Morrisey et da., 1998) were
characterized that result in the failure of development due to a
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defect of visceral endoderm functions. A strong similarity
exists between the Smad4/Dpcd4, GATA-6 and VHNF1
phenotypes. These mutations lead to embryonic lethality at E7-
7.5 and to a severe growth retardation. A disorganization of the
visceral endoderm has been described and the lethality occurs
shortly after the initiation of their expression in this tissue.
Also, the mutation of each of these three genesresultsin alack
of HNF4 expression.

Further insights into the relationship between regulators
during visceral endoderm differentiation have come from the
study of ES cells. When cultured in suspension, they develop
following aprogram anal ogous to that occurring in the embryo.
A regulatory network involved in this process has been recently
proposed by Duncan and co-workers (1998). It organizes some
of the HNF genes hierarchicaly: for instance, HNF3f3
regulates both HNF3a and HNF4a expression in the visceral
endoderm. Morrisey and co-workers (1998) have reported
similar observations concerning GATA-6 that would directly
regulate HNF4 expression. Our studies alow us to place
VHNFL1 in this pathway. Although some endoderm is formed
from the ES cellsin the absence of VHNF1 as demonstrated by
the expression of the GATA factors and the positive staining
for SJA lectin, their differentiation remains incomplete as they
lack late endodermal markers. The genes examined in the
embryos were affected both in vitro and in vivo in the absence
of VHNF1. These results are the first evidence for an important
role of vVHNF1 during visceral endoderm differentiation.

A model for visceral endoderm differentiation is shown in
Fig. 8. GATA-6 and GATA-4 are required for the onset of
visceral endoderm differentiation right after the specification
of this tissue, but the completion of this process requires the
additional expression of both HNF3 and vHNF1. As the
expressions of the HNF3 and GATA genes are not affected by
VHNF1 inactivation, we can propose, in accordance with the
results of Duncan (1998) and Morrisey (1998), that HNF33,
GATA-6 and VHNF1 are acting through separate pathways
converging on HNF4a (Fig. 8).

Furthermore, as the promoters for serum proteins like
TTR contain HNF4- and VvHNFL/HNF1-binding sites
(Xanthopoulos et al., 1991), both these transcription factors
could be essential for their expression. The combined action of
VHNF1 and HNF4 would switch on the expression of the target
genes. It is worth recalling that vHNF1 is expressed in the
absence of HNF4a (Duncan et al., 1997). As abinding site for
VHNF1 is present in the HNF4a promoter (Taraviras et al.,
1994), vHNF1 could lie just upstream of HNF4. Still, the early
lethality observed at E7.5 for the vHNF1~/~ embryos contrasts
with the phenotype of the HNF4~~ embryos that survive up to
E10.5 and display a normal morphology (Chen et a., 1994).
This confirms our conclusions that VHNF1 plays a role in
the regionalization and structural specification of the
extraembryonic visceral endoderm.

In addition, in embryoid bodies, HNF1 expression is not
affected by HNF4 inactivation (Duncan et a., 1997), but is
downregulated in the absence of VHNF1. This result suggests
a direct requirement for vHNF1 in the viscera endoderm to
activate HNF1 expression. This hierarchy of transcription
factors differsfrom the network reported for the hepatic model.
Indeed, in hepatocytes, HNF1 expression has been described
as strictly dependent upon that of HNF4, whereas both HNF1
and HNF4 seem to be independent of VHNF1 (reviewed in
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Tronche et a., 1994). Hence, cell differentiation would not
only involve the combined expression of transcription factors,
but these factors would also be hierarchically organized into
different networks depending on the differentiation program.

Multiple developmental requirements for vHNF1

The tetraploid aggregation alowed us to provide mutant
embryos with wild-type extraembryonic annexes. We were
able to show that the wild-type visceral endoderm can rescue
both the early lethality and the growth defect of the VHNF1-/~
epiblast. Furthermore, it leads to a normal development
including gastrulation, up to E9. We can conclude that the
embryonic lethality of the vHNF1~/~ embryos at E7.5 is not
caused by any epiblast defect, but is the consegquence of
impaired visceral endoderm functions. Normal development
was observed up to E9, then morphological abnormalities
appeared at the two sites of VHNF1 expression, the neural tube
and the gut. The neural tube remained compl etely open and the
gut failed to close and/or invaginate. Additionally, the embryos

SPECIFICATION |

DIFFERENTIATION

EARLY
VISCERAL ENDODERM

VISCERAL ENDODERM ¢
Target genes

Apo, TTR, AFP

L Morrisey et al, 1998; 2 Soudais et dl, 1995; 3: Duncan et d, 1998; % Duncan et al, 1997

Fig. 8. A regulatory network of transcription factorsinvolved in
visceral endoderm differentation.

Fig. 7. vHNF1 might play multiple roles during the
embryonic morphogenesis. (A-C) Wild-type viscera
endoderm is able to rescue partially the vHNF1 mutation.
(A) E9.5 vHNF1*~ embryo. (B,C) E9.5 embryos resulting
from aggregations of VHNF1*/* tetraploid embryos with
VHNF1-/~ ES cells. All three embryos were stained for [3-
galactosidase activity. Note the expanded neural tube
staining for vHNF1/lacZ in the rescued embryos
(arrowheads, compare A to B and C). The wild-type yolk
sacs (white arrows) are negative for -galactosidase
activity. Black star in C, gut. Orientation: (A,B) dorsal
view, anterior on top; (C) lateral view, anterior |eft. Scale
bar: 600 um. (D-F) VHNF1~/~ cells can contribute to
normal neural tube and mesonephros. Chimeras were
obtained after injection of VHNF1~/~ cellsinto wild-type
blastocysts; they were stained for 3-galactosidase activity.
(D) E9.5 chimera; (E) E10.5 chimera; (F) E11.5 chimera
after abdominal wall removal. No blue cells were detected
in the gut of these embryos. Black arrowheads,
mesonephros; white and black arrows, neural tube; black
square, hindbrain staining. Scale bars: (D) 200 pm;

(E) 400 pm; (F) 100 pm.

failed to turn and the short appearance of their bodies suggested
a possible truncation of the posterior part. These embryos
looked more like E8.5 than E9.5/10 stages. This phenotype
suggested a block occurring during morphogenesis.

The VHNF1+/+::—/— embryos present striking similaritiesin
their phenotypes with four knock-outs: Fgf receptor 1 (Deng et
a., 1994; Yamaguchi et a., 1994), a5 integrin (Yang et al.,
1993), N-cadherin (Radice et a., 1997) and fibronectin
(George et a., 1993). These mutations result, to different
extents, in the association of the following defects: kinking of
the neural tube, ruffling of the visceral endoderm, swelling
of the pericardium and overgrowth of the allantois. These
similarities suggest that signaling pathways involving
secreted factors or cell adhesion might be impaired in the
VHNF1+/+::—/— embryos.

To study the effect of the vHNF1 mutation in a wild-type
environment, we produced chimeric embryos by injecting ES
cells into wild-type blastocysts. Monitoring the presence of
VHNF17~ cells by X-gal staining of the tissues normally
expressing VHNF1 should allow us to determine if the effect
of the mutation is cell-autonomous or not. The resulting
chimeras displayed a normal morphology at E9.5-11.5. Hence,
VHNF1~/~ cells could contribute to both the neural tube and the
mesonephros in a wild-type context. In contrast, a majority of
the chimeras lacked blue cells in the gut, indicating a possible
exclusion of the vVHNF1~/~ cells from the gut or alower ability
to colonizethistissue. Thisanalysis suggeststhat vVHNF1 could
act through different pathways depending on the tissues where
it is expressed. The absence of VHNF1 could be deleterious for
cells in the gut; but not in the neural tube where the vHNF1
mutation would be complemented by the surrounding wild-
type cells.

In conclusion, the null mutation of the murine vHNF1 gene
has all owed usto characterize three early and specific functions
of VHNF1 during embryogenesis. We have shown that VHNF1
expression is necessary for visceral endoderm differentiation
and we present evidence for the involvement of vHNF1 during
morphogenesis, both in the neural tube and in the gut.

The embryonic lethality has hampered the study of the later



functions of the gene in the polarized epithelia where vHNF1
is specifically expressed. To analyze these possible functions
during late embryogenesis or in adult tissues, we will pursue
the conditional inactivation of the gene using the Cre/lox
system. This study will be of a particular interest in the
pancreas as two human vHNF1 mutations have been recently
characterized that are associated with a type Il diabetes
(Horikawa et al., 1997; Nishigori et al., 1998).
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