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GATA6 belongs to a family of zinc finger transcription factors that play important roles in transducing
nuclear events that regulate cellular differentiation and embryonic morphogenesis in vertebrate species. To
examine the function of GATA6 during embryonic development, gene targeting was used to generate
GATA6-deficient (GATA6−/−) ES cells and mice harboring a null mutation in GATA6. Differentiated
embryoid bodies derived from GATA6−/− ES cells lack a covering layer of visceral endoderm and severely
attenuate, or fail to express, genes encoding early and late endodermal markers, including HNF4, GATA4,
a-fetoprotein (AFP), and HNF3b. Homozygous GATA6−/− mice died between embryonic day (E) 6.5 and E7.5
and exhibited a specific defect in endoderm differentiation including severely down-regulated expression of
GATA4 and absence of HNF4 gene expression. Moreover, widespread programmed cell death was observed
within the embryonic ectoderm of GATA6-deficient embryos, a finding also observed in HNF4-deficient
embryos. Consistent with these data, forced expression of GATA6 activated the HNF4 promoter in
nonendodermal cells. Finally, to examine the function of GATA6 during later embryonic development,
GATA6−/−-C57BL/6 chimeric mice were generated. lacZ-tagged GATA6−/− ES cells contributed to all
embryonic tissues with the exception of the endodermally derived bronchial epithelium. Taken together, these
data suggest a model in which GATA6 lies upstream of HNF4 in a transcriptional cascade that regulates
differentiation of the visceral endoderm. In addition, these data demonstrate that GATA6 is required for
establishment of the endodermally derived bronchial epithelium.
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Endodermally derived cell lineages have evolved to fa-
cilitate filtration and exchange of nutrients across tis-
sues during embryonic and postnatal development. Each
endodermally derived cell lineage subserves a unique
function in developing vertebrates and these cell lin-
eages can be distinguished morphologically and bio-
chemically. Differentiation of endodermally derived cell
lineages from the primitive endoderm occurs in a precise
temporal and spatial pattern in vertebrate species. In the
mouse, cells within the inner cell mass (ICM) proliferate
and segregate to form an outer layer of extraembryonic
primitive endoderm that can be recognized as early as
embryonic day (E) 4.0 shortly before implantation (for
review, see Gardner 1983; Hogan et al. 1983). Production
of injection chimeras strongly suggests that primitive
endoderm cells colonize the extraembryonic visceral and
parietal endoderm and do not contribute to the endoder-
mal tissues of the fetus (Gardner 1982,1983). At the late

egg cylinder stage (E6.5), a population of cells within the
epiblast migrates through the primitive streak and dif-
ferentiates into the definitive embryonic endoderm. In
addition, a small proportion of the definitive endoderm
may be recruited directly from the overlying ectoderm
(Tam and Beddington 1992). Immediately post-gastrula-
tion (at E8.0), cells of the embryonic endoderm migrate
through the embryo to line the primitive foregut, mid-
gut, and hindgut cavities. The hepatic diverticulum
arises from the junction of the primitive foregut and
midgut at E8.5 and grows into the septum transversum.
Finally, at E10.0, the tracheal diverticulum buds off the
foregut and gives rise to the tracheal and bronchial epi-
thelium, which can be recognized at E12.5.

A great deal has been learned about the developmental
programs that control specification and differentiation of
endoderm through the study of invertebrate species. Ac-
cumulating evidence suggests that a primordial function
of transcription factors in the GATA family may be to
specify endoderm and to activate the expression of en-
doderm-specific gene products (MacMorris et al. 1992;

3Corresponding author.
E-MAIL parmacek@mail.med.upenn.edu; FAX (215) 349-8017.

GENES & DEVELOPMENT 12:3579–3590 © 1998 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/98 $5.00; www.genesdev.org 3579



Reuter 1994; Stroeher et al. 1994; Rehorn et al. 1996;
Zhu et al. 1997). In the Caenorhabditis elegans genome,
an endoderm-determining genomic region (EDR) has
been identified and is required zygotically to specify the
E cell fate (the endoderm in nematodes arises solely from
the E blastomere). In C. elegans embryos lacking the
EDR, the E cell gives rise to ectoderm and mesoderm
instead of endoderm. The EDR mutant phenotype is res-
cued by forced expression of end-1, which encodes a
single zinc finger GATA factor (Zhu et al. 1997). Simi-
larly, in Drosophila, SERPENT/ABF, a single zinc finger
GATA factor, is expressed in a lineage-restricted fashion
within the endoderm (Lin et al. 1994; Reuter 1994; Re-
horn et al. 1996). In serpent mutants, the endodermally
derived midgut is not made and a transformation from
endoderm to ectoderm is observed in the midgut region
(Rehorn et al. 1996).

In vertebrate species, members of the GATA family of
type IV zinc finger transcription factors play key roles in
transducing nuclear events that modulate cell lineage
differentiation during vertebrate development (for re-
view, see Orkin 1992; Simon 1995; Weiss and Orkin
1995). Six GATA factors have been identified in verte-
brate species (Evans et al. 1988; Tsai et al. 1989; Wilson
et al. 1990; Ho et al. 1991; Dorfman et al. 1992; Arceci et
al. 1993; Kelley et al. 1993; Laverriere et al. 1994; Mor-
risey et al. 1996, 1997). However, only members of the
GATA4/GATA5/GATA6 subfamily are expressed in the
extraembryonic and embryonic endoderm during early
development (Arceci et al. 1993; Laverriere et al. 1994;
Morrisey et al. 1996, 1997). In the primitive streak
mouse embryo, GATA4 and GATA6 are coexpressed in
the visceral and parietal endoderm (Morrisey et al. 1996).
Subsequently, GATA4, GATA5, and GATA6 are coex-
pressed in the embryonic heart and gut epithelium.
However, coincident with formation of the embryonic
lung bud, only GATA6 is expressed in the endodermally
derived bronchial epithelium (Morrisey et al. 1997). Re-
cently, we reported that GATA4-deficient embryos dis-
play profound defects in ventral morphogenesis and
heart tube formation. However, embryos harboring a
null mutation in the gene encoding GATA4 contain in-
tact yolk sacs that express high levels of the endodermal
markers GATA6, HNF4, and HNF3b (Kuo et al. 1997;
Molkentin et al. 1997). Thus, it remains unclear what
role, if any, GATA factors play in development of the
endoderm in vertebrate species.

In the studies described in this report, gene targeting
was used to examine the function of GATA6 in differ-
entiating ES cells and in the developing mouse. Differ-
entiated embryoid bodies derived from GATA6−/− ES
cells lack a covering layer of visceral endoderm and the
expression of both early and late markers of visceral en-
doderm is severely down-regulated or abolished.
GATA6−/− embryos die at the early primitive streak
stage (between E6.5 and E7.5) and exhibit a specific block
in endoderm differentiation including severely attenu-
ated expression of GATA4 and absence of HNF4 gene
expression. In addition, cell death is observed within the
embryonic ectoderm in GATA6−/− embryos beginning at

E6.5. Consistent with these data, forced expression of
GATA6 transactivated the HNF4 promoter. Finally, we
observed that GATA6−/− ES cells fail to contribute to the
embryonic bronchial epithelium. Taken together, these
data demonstrate that GATA6 plays a critical role in
differentiation of the visceral endoderm required for sur-
vival of the embryo past the early primitive streak stage.
In addition, GATA6 plays an important role in establish-
ment of the endodermally derived bronchial epithelium.

Results

Targeted disruption of GATA6 gene in ES cells

To produce a null mutation of the GATA6 gene, a tar-
geting vector was constructed in which exons 4 and 5,
encoding the amino- and carboxy-terminal zinc finger
DNA-binding domain of the GATA6 protein, were re-
placed with a phosphoglycerokinase (PGK)–neomycin re-
sistance (neo) cassette (Fig. 1A). The linearized targeting
vector was electroporated into RW ES cells. Four of the
203 G418- and gancyclovir-resistant ES cell colonies
screened were shown to be homologous recombinants by
Southern blot analysis. Each of these GATA6+/− clones
contained a single site of integration of the vector in the
host genome as determined by Southern blot analyses
performed with a neo probe (data not shown). To gener-
ate GATA6-deficient ES cells (GATA6−/−), indepen-
dently derived GATA6+/− ES cell lines were subjected to
growth selection in high concentrations of G418
(Mortenson et al. 1992). Southern blot analyses per-
formed on high concentration G418-resistant colonies
served to identify 24 independent GATA6−/− clones.

To confirm that we had generated a null mutation
with this targeting strategy, Northern blot analyses were
performed on RNA isolated from wild-type RW ES cells
(GATA6+/+), heterozygous ES cells (GATA6+/−) and ho-
mozygous mutant ES cells (GATA6−/−) following their
differentiation into embryoid bodies. High levels of
GATA6 mRNA were detected in embryoid bodies de-
rived from the wild-type (wt) and heterozygous
(GATA6+/−) ES cells after 12 days of differentiation (Fig.
1C). In contrast, GATA6 mRNA was not observed in
differentiated embryoid bodies derived from GATA6−/−

ES cells (Fig. 1C). To confirm that GATA6 protein was
not expressed in GATA6−/− ES cells, Western blot analy-
ses were performed on whole cell extracts prepared from
embryoid bodies derived from GATA6+/+ and GATA6−/−

ES cells with GATA6-specific polyclonal antiserum. As
expected, the polyclonal antiserum recognized a 48-kD
protein (Fig. 1D, arrow) in the wild-type ES cells follow-
ing 12 days of differentiation. In contrast, GATA6 was
not detected in whole cell extracts prepared from differ-
entiated GATA6−/− ES cells (Fig. 1D). Moreover, in situ
hybridization performed with a GATA6-specific ribo-
probe revealed that GATA6 mRNA was not expressed in
GATA6-deficient embryos (see Fig. 5D below). Taken
together, these data confirmed that the targeted ES cells
contain a null mutation in the GATA6 gene.

Morrisey et al.

3580 GENES & DEVELOPMENT



GATA6-deficient embryoid bodies exhibit a block
in visceral endoderm differentiation

ES cells can be induced to aggregate and differentiate
into cystic embryoid bodies (CEBs) that are covered by a
layer of visceral endoderm (Doetschman et al. 1985; Sou-
dais et al. 1995). Obvious differences were observed in

the morphology of embryoid bodies derived from control
wild-type (GATA6+/+) ES cells and homozygous mutant
(GATA6−/−) ES cells after 12 days of differentiation (Fig.
2A,B). Of note, CEBs from wild-type and heterozygous
(GATA6+/−) ES cells were indistinguishable over the
12-day course of differentiation (data not shown). Con-
sistent with previous reports (Soudais et al. 1995),
CEBs derived from wild-type (wt) and heterozygous
(GATA6+/−) ES cells were cystic structures covered with
a smooth layer of visceral endoderm (Fig. 2A,C). Cross-
sections through embedded CEBs revealed that the vis-
ceral endoderm readily absorbed toluidine blue (Fig. 2C).
Electron microscopic analysis confirmed that the cover-
ing layer of visceral endoderm contained a characteristic
brush border with microvilli and numerous phagocytic
vacuoles (Fig. 2E). In contrast, embryoid bodies derived
from GATA6−/− ES cells were smaller and exhibited an
irregular cobble-stoned surface (Fig. 2B). Cross-sections
through embedded GATA6−/− mutant embryoid bodies
revealed that they were relatively solid with well-orga-

Figure 1. Targeted disruption of the GATA6 gene. (A) Sche-
matic representation of the GATA6 targeting strategy. (Top)
Partial restriction endonuclease map of the murine GATA6 ge-
nomic locus. (d) Exon 3; (s) exons 4 and 5. Restriction enzymes:
(Not) NotI; (Nco) NcoI; (B) BamHI. (Middle) GATA6 targeting
vector containing the neomycin-resistance (neo) and herpes
simplex virus thymidine kinase (tk) genes under the control of
the PGK promoter. (Bottom) Structure of the targeted GATA6
mutant allele. (B) (Left) Southern blot analysis of DNA prepared
from the offspring of a GATA6+/− × GATA6+/− mating. DNA
was digested with BamHI and hybridized to the radiolabeled
GATA6 genomic probe shown in Fig. 1A. The positions of the
wild-type (13 kb) and targeted (8 kb) allele are indicated with
arrows at left. (Right) Southern blot analysis of DNA prepared
from wild-type (+/+), heterozygous (+/−), and homozygous mu-
tant (−/−) ES cells demonstrating the wild-type (wt) and targeted
(t) alleles. (C) (Top) Northern blot analysis of GATA6 gene ex-
pression in wild-type (+/+), heterozygous (+/−), and homozygous
mutant (−/−) ES cells. (Bottom) Equal loading and integrity of
RNA was assessed by ethidium bromide staining of the 28S
RNA in the gel prior to transfer. (D) Western blot analysis of
protein lysates prepared from wild-type (+/+) ES cells and ho-
mozygous mutant GATA6−/− (−/−) ES cells following 12 days of
differentiation in vitro. Whole cell lysates prepared from differ-
entiated wild-type and GATA6−/− ES cells were fractionated by
SDS-PAGE, transferred to an Immobilon-P membrane, which
was incubated with rabbit a-mouse GATA6 polyclonal antise-
rum, and visualized with goat anti-mouse horseradish peroxi-
dase-coupled secondary antibody. The 56-kD marker is shown
at right and the 48-kD band corresponding to GATA6 is indi-
cated with an arrow at left. Figure 2. Morphology and ultrastructure of wild-type and

GATA6−/− embryoid bodies following 12 days of differentiation
in vitro. (A,B) Gross appearance of wild-type (+/+) (A) and ho-
mozygous mutant (−/−) (B) embryoid bodies. Magnification,
40×. (C,D) Toluidine blue-stained 1 µm cross-sections of differ-
entiated wild-type (C) and GATA6−/− mutant (D) embryoid bod-
ies. Magnification, 100×. (E,F) Representative electron micro-
scopic analysis of the surface of differentiated embryoid bodies
derived from wild-type ES cells (E) and GATA6−/− ES cells (F).
Magnification, 10,000×.
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nized interior structures (Fig. 2D). In addition, cells cov-
ering the surface of GATA6−/− embryoid bodies were
relatively large, cuboidal, and lacked phagocytic vacu-
oles (Fig. 2D). The vast majority of these cells were not
stained dark blue with toluidine blue (Fig. 2D). Ultra-
structurally, the surface of GATA6-deficient embryoid
bodies contained relatively undifferentiated cells that
lacked microvilli and phagocytic vacuoles and did not
phenotypically resemble visceral endoderm (Fig. 2F).

To determine whether embryoid bodies derived from
GATA6−/− ES cells expressed genes encoding markers of
the visceral endoderm, Northern blot analyses were per-
formed with RNA prepared from differentiated embryoid
bodies derived from GATA6+/+ and GATA6−/− ES cells.
Abundant induction of genes encoding endodermal
markers, including a-fetoprotein (AFP), HNF3b, HNF4,
and GATA4, was observed in embryoid bodies beginning
4 days after induction of differentiation with levels of
gene expression increasing over the 12-day course of dif-
ferentiation (Fig. 3, lanes 1–6). In contrast, AFP, HNF4,
and GATA4 gene expression was not induced in differ-
entiated embryoid bodies derived from GATA6−/− ES
cells, whereas a small, but detectable, induction of
HNF3b mRNA was observed in these cells (Fig. 3, lanes
7–12). Of note, HNF3b is expressed in both endoderm
and the notochord floorplate of the developing neural
tube (Lai et al. 1993; Sasaki and Hogan 1994; Weinstein
et al. 1994). The failure of GATA6−/− embryoid bodies to
express genes encoding markers of the endodermal lin-
eage(s) was observed in multiple independent GATA6−/−

ES cell clones and during multiple rounds of differentia-
tion. Taken together, these data demonstrate that em-
bryoid bodies derived from GATA6−/− ES cells exhibit a
profound defect in endoderm differentiation.

Generation of GATA6-deficient embryos

Four independently derived GATA6+/− ES cell lines were
used to generate chimeric mice, and these chimeric mice
were crossed to C57BL/6 mice to transmit the targeted

allele through the germ line as determined by Southern
blot analysis (Fig. 1B). Heterozygous GATA6+/− mice
were phenotypically normal and fertile. These mice
were outbred to the BL/6 and CD-1 background to pro-
duce heterozygotes that were intercrossed to generate
homozygous GATA6−/− mice. As shown in Figure 1B
and Table 1, among 212 live-born offspring from
GATA6+/− × GATA6+/− matings, no homozygous
GATA6−/− live-born offspring were obtained. In contrast,
137 (65%) heterozygous (GATA6+/−) and 75 (35%) homo-
zygous wild-type (GATA6+/+) offspring were identified.
To determine the date of embryonic death, embryos
were microdissected from GATA6+/− × GATA6+/− mat-
ings at different stages of gestation and were genotyped
by either Southern blot (after E8.5) or in situ hybridiza-
tion (prior to E8.5) analysis. GATA6−/− embryos were not
observed after E7.5, whereas the expected Mendelian ra-
tio was observed at E6.5 (Table 1). Thus, GATA6-defi-
cient embryos died between E6.5 (the late egg cylinder
stage) and E7.5 (the primitive streak stage) of mouse em-
bryonic development.

Because GATA6-deficient embryos died between E6.5
and E7.5, it was of interest to determine the precise
temporal and spatial pattern(s) of GATA4 and GATA6
gene expression during early embryonic development.
Therefore, in situ hybridization analyses were performed
on post-implantation mouse embryos utilizing GATA4-
and GATA6-specific riboprobes. Low level GATA4 gene
expression was detected in E5.5 embryos exclusively
within the visceral (VE) and parietal (PE) endoderm
(Fig. 4B). In contrast, in E5.5 embryos, no differences
were detected between the patterns of the hybridiza-
tion observed with the antisense and control sense
GATA6 riboprobes (Fig. 4C and data not shown). At E6.5,
the genes encoding GATA4 and GATA6 were coex-
pressed within the yolk sac endoderm (Fig. 4E,F). High
power views demonstrate hybridization of the GATA4
and GATA6 antisense riboprobes to both VE and PE
(Fig. 4F). Hybridization of the control sense GATA4
and GATA6 riboprobes to adjacent sections was not
observed. Thus, at the level of sensitivity afforded by
these analyses, GATA-4 is expressed at least 12–24 hr
prior to the expression of GATA6 in the extra-embryonic
VE and PE. Moreover, the lethality observed in GATA6-
deficient embryos occurs coincident with, or shortly af-
ter, the initiation of GATA6 gene expression in the
advanced egg cylinder/early primitive streak mouse
embryo.

Table 1. Genotype of offspring from GATA-6+/− × GATA-6+/−

matings

Age +/+ +/− −/− Resorbed

E6.5 26a 10 1
E7.5 36a 0 11
E8.5 38a 0 11
Newborn 75 (35%) 137 (65%) 0 none

aGenotype was determined by in situ hydridization that does
not distinguish between +/+ and +/− genotypes.

Figure 3. Northern blot analysis of endodermal markers in
wild-type and GATA6 null embryoid bodies. Northern blots
were prepared with RNA harvested from wild-type (+/+) and
GATA6 null (−/−) ES cells over a 12-day course of differentia-
tion and were hybridized with radiolabeled a-fetoprotein (AFP),
HNF3b, HNF4, or GATA4 probes. (Bottom) The 28S RNA band
on the ethidium-stained gel prior to membrane transfer of RNA.
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GATA6−/− embryos exhibit a specific defect in early
endoderm differentiation

The phenotype of differentiated embryoid bodies derived
from GATA6−/− ES cells suggested that GATA-6 might
play an important role in the specification and/or differ-
entiation of the extra-embryonic or embryonic endo-
derm. In E6.5 wild-type and heterozygous control em-
bryos, a single layer of VE and PE endoderm was ob-
served (Fig. 5A). Cells of the extra-embryonic region (X-
VE) were cuboidal, or columnar, with large numbers of
apical vacuoles (Fig. 5A). In contrast, the visceral endo-
derm at the embryonic pole (E-VE) was squamous in
morphology (Fig. 5A). In addition, several layers of em-
bryonic ectoderm (EC) were visualized within the epi-
blast (Fig. 5A). Mutant E6.5 GATA6−/− embryos were
consistently smaller (10%–20%) than their heterozygous
and wild-type littermates (Fig. 5, cf. A and B). These em-
bryos possessed an intact layer of extra-embryonic (X-
VE) and embryonic (E-VE) visceral endoderm, suggesting
that endoderm is specified correctly in GATA6-deficient
embryos (Fig. 5B). At E7.0, GATA6−/− embryos could be
detected, but were severely growth retarded compared
with their wild-type littermates (Fig. 6, cf. A and B).
Whereas E7.0 null embryos contained VE and PE, there
was a dramatic reduction in size of the epiblast with
frequent pyknotic nuclei observed within the embryonic

ectoderm (EC). By E7.5, all GATA6−/− embryos were ei-
ther resorbed, or undergoing resorption (Table 1).

To determine whether GATA6-deficient embryos ex-
press genes encoding early endodermal markers, in situ
hybridization analyses were performed on staged E6.5
GATA6+/+ control embryos and GATA6−/− mutant em-
bryos. As expected, GATA6 mRNA was detected exclu-
sively within the VE and PE of control embryos (Fig. 5C)
but was undetectable in the VE or PE of GATA6−/− em-
bryos (Fig. 5D). Consistent with previous reports (Mor-
risey et al. 1996; Kuo et al. 1997), GATA4 was expressed
in the VE and PE (arrowheads) of control embryos (Fig.
5E). In contrast, GATA4 gene expression (arrowheads)
was detectable, but severely attenuated, in the VE and PE
of GATA6-deficient embryos (Fig. 5F). HNF4 is a zinc
finger transcription factor in the steroid hormone recep-

Figure 5. Expression of endodermal markers in wild-type and
GATA6−/− mutant E6.5 embryos. Histological and in situ hy-
bridization analyses performed on wild-type (wt) and GATA6−/−

(−/−) mutant E6.5 embryos. (A,B) A hematoxylin and eosin-
stained section of E6.5 wild-type (A) and GATA6−/− (B) embryos.
(X-VE) Visceral endoderm at the extra-embryonic pole, (E-VE)
visceral endoderm at the embryonic pole of the embryo, (PE)
parietal endoderm, embryonic ectoderm (EC). (C,D) In situ hy-
bridization performed with a radiolabeled GATA6 antisense
riboprobe on a wild-type (C) and GATA6−/− (D) embryo. (E,F) In
situ hybridization performed with a radiolabeled GATA4 anti-
sense riboprobe on a wild-type (E) and GATA6−/− (D) embryo.
(G,H) In situ hybridization performed with a radiolabeled HNF4
antisense riboprobe on a wild-type (G) and GATA6−/− (H) em-
bryo. (Arrowheads) Extraembryonic VE. (I,J) In situ hybridiza-
tion performed with a radiolabeled Pem antisense riboprobe in
wild-type (I) and GATA6−/− (J) embryos. (EPC) Ectoplacental
cone, (VE) proximal and distal visceral endoderm.

Figure 4. Expression of the GATA4 and GATA6 genes in the
postimplantation mouse embryo. Histological and in situ hy-
bridization analyses performed on E5.5 (A–C) and E6.5 (D–F)
murine embryos. (A) A hematoxylin and eosin-stained section
through the E5.5 embryo. (B) Hybridization of the GATA4 an-
tisense riboprobe to yolk sac visceral endoderm (VE) and parietal
endoderm (PE) of E5.5 embryos. (C) Hybridization of the anti-
sense GATA6 riboprobe to the E5.5 embryo. (D) A hemotoxylin
and eosin-stained section through the E6.5 embryo. (VE) Vis-
ceral endoderm, (PE) parietal endoderm, (EC) embryonic ecto-
derm. (E) Hybridization of the GATA4 (E) and GATA6 (F) anti-
sense riboprobe to E6.5 embryos.
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tor superfamily that is expressed exclusively within the
extra-embryonic endoderm at E6.5 (Sladek et al. 1990;
Duncan et al. 1994). Although HNF4 mRNA (white ar-
rowhead) was detected within the extra-embryonic VE of
control embryos (Fig. 5G), at the level of sensitivity af-
forded by these analyses, the gene encoding HNF4 was
not expressed in GATA6−/− embryos (Fig. 5H). In con-
trast, expression of Pem, a homeobox gene expressed in
the proximal and distal VE, PE, and ectoplacental cone
(EPC) at E6.5 (Lin et al. 1994), was expressed at compa-
rable levels in control and GATA6−/− mutant embryos
(Fig. 5I,J). Hybridization of control GATA6, GATA4,
HNF4, and Pem sense riboprobes was not observed to
adjacent sections of either wild-type or GATA6-deficient
embryos (data not shown).

To confirm that the defect in expression of endoder-
mal markers did not reflect a generalized down-regula-
tion of gene expression throughout the embryo, the ex-
pression of genes that are expressed within the embry-
onic ectoderm was also examined. Otx2 is a homeobox
gene that is one of the earliest markers of the ectoderm
in vertebrate species (Simeone et al. 1992). An Otx2 an-
tisense riboprobe hybridized to the embryonic ectoderm
(arrowheads) of wild-type (GATA6+/+) and GATA6−/−

embryos (Fig. 6C,D). Similarly, ENC1, which encodes a
Kelch-related protein that is an early marker of the neu-
roectoderm within the epiblast (Hernandez et al. 1997),
was expressed in both wild-type and GATA6−/− mutant
embryos (Fig. 6E,F).

Cell death appears in the embryonic ectoderm
of GATA6-deficient embryos

To determine whether the embryonic lethality observed
in GATA6-deficient embryos was related to programmed
cell death, the TUNEL (TdT-mediated dUTP-biotin nick
end labeling) reaction was performed on sections
through E6.5 and E7.0 wild-type and GATA6−/− mutant
embryos. In all GATA6 mutant embryos examined there
was an increase in TUNEL-positive, brown-stained nu-
clei (black arrowheads) in the embryonic ectoderm com-
pared with wild-type E6.5 or E7.0 embryos (Fig. 7, cf. C
and D). In addition, rare TUNEL-positive cells were ob-
served within the PE of GATA6−/− embryos (Fig. 7D,
blue arrowhead). Of note, this pattern of cell death
within the embryonic ectoderm closely resembled that
demonstrated previously in embryos harboring a null
mutation in HNF4 (Chen et al. 1994).

GATA6 activates transcription of the HNF4 promoter
in nonendodermal cells

Analysis of the phenotype of differentiated GATA6−/− ES
cells and GATA6-deficient embryos suggested that
HNF4 might be a bona fide transcriptional target of
GATA6 within the visceral endoderm. To determine
whether forced expression of GATA6 can activate the
HNF4 promoter, mesodermally derived NIH-3T3 cells
were cotransfected with a luciferase reporter plasmid

containing the murine HNF4 promoter (pHNF4Pr.luc)
(Taraviras et al. 1994) and the pcDNAG6 expression vec-
tor encoding the murine GATA6 protein (Fig. 8). As an-
ticipated, the pHNF4Pr.luc reporter plasmid was not ac-
tivated by the control pcDNA3 eukaryotic expression
plasmid (Fig. 8, lane 1). However, cotransfection of the
pHNF4Pr.luc reporter plasmid with increasing amounts
of the pcDNAG6 expression plasmid resulted in a step-
wise increase in luciferase activity up to 60-fold above
background levels (Fig. 8, lanes 2–4). Thus, GATA6 can
transactivate the HNF4 promoter in nonendodermal
cells.

GATA6−/− ES cells fail to contribute
to the endodermally derived bronchial epithelium

The early lethality observed in GATA6 null embryos
precluded assessment of the function of GATA6 within
other tissues in which the gene is expressed. To deter-

Figure 6. Expression of ectodermal markers in wild-type and
GATA6−/− mutant E6.5 embryos. Histological and in situ hy-
bridization analysis performed on wild-type (wt) and GATA6−/−

(−/−) mutant E6.5 embryos. (A,B) Hematoxylin and eosin-
stained section of an E6.5 wild-type (A) and GATA6−/− (B) em-
bryo. (VE) Visceral endoderm, (EC) embryonic ectoderm. (C,D)
In situ hybridization performed with an Otx2 antisense ribo-
probe on the wild-type (C) and GATA6−/− (D) embryos. (Arrow-
heads) Hybridization signal. (E,F) In situ hybridization was per-
formed with an ENC1 antisense riboprobe on the wild-type (E)
and GATA6−/− (F) mutant embryos. (Arrowheads) Hybridiza-
tion. Of note, epifluorescence is also observed in red blood cells
within the yolk sac cavity. Magnification, 40×.
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mine the capacity of homozygous GATA6−/− ES cells to
contribute to other tissues during later embryonic devel-
opment, lacZ-tagged GATA6−/− ES cells were injected
into C57BL/6 blastocysts and GATA6−/−–C57BL/6 chi-
meric embryos were produced (Fig. 9A). At E10.5,
GATA6 is expressed within the primitive heart and the
endodermally derived gut epithelium. In E10.5 chimeric
embryos, blue-stained GATA6−/− cells contributed to
most tissues including the neural tube (nt), somites (s),
primitive atria (a) and ventricles (v), mesenchyme, body
wall, and the primitive gut epithelium (Fig. 9B, arrow).

At E12.5, coincident with formation of the primitive
lung bud, GATA6 is the only member of the GATA fam-
ily expressed in the endodermally derived bronchial epi-
thelium (Fig. 9C). Remarkably, in multiple independent
E13.5 chimeric embryos, lacZ+–GATA6−/− cells were
never observed within the bronchial epithelium (Fig. 9D,
E, arrowheads). In contrast, lacZ-tagged GATA6−/− cells
did contribute to the pulmonary mesenchyme in these
embryos (Fig. 9D,E). Moreover, the lacZ+–GATA6−/− ES
cells contributed to other endodermally derived cell lin-
eages in these embryos (data not shown). Of note, in
control GATA6+/−–C57BL/6 chimeric embryos, hetero-

zygous lacZ-tagged GATA6+/− ES cells participated in
formation of the embryonic bronchial epithelium (Fig.
9F). Thus, these data confirm that a cell intrinsic defect
exists in the capacity of GATA6−/− ES cells to contribute
to the bronchial epithelium. These data suggest that
GATA6 plays an important role in establishing this en-
dodermally derived cell lineage.

Discussion

The function of GATA6 in the late egg cylinder/early
primitive streak embryo

We used gene targeting to examine the function of the
GATA6 transcription factor during differentiation of ES
cells and in the developing mouse. The data presented
include the first conclusive evidence that a member of
the GATA4/GATA5/GATA6 subfamily is required for
differentiation of VE in vivo. We observed that differen-
tiated GATA6−/− mutant embryoid bodies do not de-
velop VE and fail to induce expression of genes encoding
endodermal markers including GATA4, HNF4, HNF3b,
and AFP. More importantly, GATA6 null embryos dem-
onstrated a specific block in endoderm differentiation
including attenuated expression of GATA4 and absence
of HNF4 gene expression. The defect observed within
GATA6-deficient embryos appears to represent a specific
block in the transcriptional program controlling endo-

Figure 8. GATA6-modulated transactivation of the HNF4 pro-
moter in NIH-3T3 cells. NIH-3T3 cells were transfected with
2.5 µg of the luciferase reporter plasmid (pcHNF4Pr.luc) con-
taining the murine HNF4 promoter and varying amounts (µg) of
an expression plasmid encoding GATA6 (pcDNAG6) or the con-
trol plasmid (pcDNA3). All transfection mixtures also con-
tained 1 µg of the pMSVbgal reference plasmid. Forty-eight
hours after transfection, luciferase and b-galactosidase activities
were determined. Luciferase activities corrected for differences
in transfection efficiencies were normalized to luciferase activ-
ity obtained following transfection of the pHNF4Pr.luc plasmid
with the pcDNA3 control plasmid. The data are presented as
relative luciferase activities ± S.E.M. The mean absolute light
units obtained following transfection of the pHNF4Pr.luc re-
porter plasmid and the control plasmid pcDNA3 was 353.

Figure 7. Cell death is observed in E7.0 GATA6−/− embryos.
(A,B) Histological sections of E7.0 wild-type (wt) (A) and
GATA6−/− (−/−) (B) embryos. (VE) Visceral endoderm, (PE) pari-
etal endoderm. (C,D) E7.0 wild-type (C) and GATA6−/− mutant
(D) embryos were subjected to the TUNEL reaction. Brown-
stained nuclei indicate end incorporation in DNA. Rare
TUNEL-positive nuclei were observed in red blood cells within
the yolk sac cavity in wild-type embryos (C). In contrast, mul-
tiple TUNEL-positive nuclei (black arrowheads) were observed
within the embryonic ectoderm of E7.0 GATA6−/− mutant em-
bryos (D). In addition, an occasional TUNEL-positive cell (blue
arrowhead) was observed within the parietal endoderm of
GATA6−/− mutant embryos.
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derm differentiation, as Pem, a homeobox gene ex-
pressed in all extra-embryonic tissues, including endo-
derm, was expressed at comparable levels in GATA6−/−

and wild-type embryos. Moreover, the down-regulation
in early endodermal markers does not represent general-
ized growth retardation, as equivalent expression of the
ectodermal markers, Otx2 and ENC1, were observed
within the epiblast of GATA6−/− and wild-type E6.5 em-
bryos. These data also establish that GATA-6 is critical
for survival of the early primitive streak embryo as le-
thality was observed within ∼12 hr of the onset of
GATA6 gene expression.

The defect represents a specific block in endoderm dif-
ferentiation, as opposed to endoderm specification, be-
cause (1) the primitive endoderm is recognized as early as
E4.0, whereas the gene encoding GATA6 is not ex-
pressed until ∼E6.5; (2) histological analyses of GATA6-
deficient embryos demonstrated cells phenotypically re-
sembling VE and PE; and (3) the genes encoding Pem and

GATA4 (albeit at a reduced level) are expressed in the
visceral and parietal endoderm of GATA6-deficient em-
bryos. Therefore, GATA6 and the primitive GATA fac-
tors end-1 and SERPENT/ABF share the capacity to ac-
tivate genes encoding endoderm-specific proteins re-
quired for differentiation of this cell lineage (MacMorris
et al. 1992; Stroeher et al. 1994; Rehorn et al. 1996).
However, it remains to be determined whether GATA6
(possibly in concert with GATA4 and/or GATA5) regu-
lates specification of the primitive endoderm and/or any
endodermally derived cell lineage.

HNF4 is a bona fide transcriptional target of GATA6
in the visceral endoderm

Previous studies have revealed that HNF4 is required for
the late stages of visceral endoderm formation and lies
downstream, or in an alternate pathway, from GATA4 in
a transcriptional cascade controlling differentiation of
the visceral endoderm (Duncan et al. 1997). Embryoid
bodies derived from HNF4−/− ES cells form a morpho-
logical endoderm and express early markers of the endo-
derm lineage, including GATA4, Apo-E, and vHnf-1, but
do not express later markers of visceral endoderm in-
cluding AFP, TTR, Apo-AI, Apo-AIV, Apo-B, RBP, and
TFN (Duncan et al. 1997). Consistent with these find-
ings, normal or upregulated expression of GATA-4 was
observed in E8.5 HNF4-deficient embryos, whereas ex-
pression of the genes encoding AFP, TFN, Apo-AI, Apo-
AIV, and Apo-B was almost undetectable in these mu-
tant embryos (Duncan et al. 1997). We have shown
through both loss-of-function (analysis of GATA6−/− ES
cells and GATA6−/− embryos) and gain-of-function
(transactivation of the HNF4 promoter by forced expres-
sion of GATA6) experiments that HNF4 gene expression
is regulated by GATA6. Of note, the absence of HNF4
and other markers of visceral endoderm in GATA6-defi-
cient embryos was not observed in GATA4-deficient em-
bryos (Kuo et al. 1997) demonstrating that HNF4 is dif-
ferentially regulated by GATA6 and GATA4 in the vis-
ceral endoderm of early primitive streak embryos. Taken
together, these data demonstrate that in the visceral en-
doderm of the advanced egg cylinder/early primitive
streak embryo HNF4 is a bona fide transcriptional target
of GATA6.

GATA6: a hierarchical model of visceral
endoderm formation

For many years it has been suggested that formation and
differentiation of visceral endoderm is a multistep pro-
cess (Duncan et al. 1997; Gardner et al. 1983). The data
presented in this work are consistent with a hierarchical
model and serve to place GATA6 and HNF4 within the
context of this model (Fig. 10). The absence of HNF4
gene expression in GATA6−/− ES cells and GATA6-defi-
cient embryos coupled with the finding that forced ex-
pression of GATA6 activates the HNF4 promoter,
strongly suggests that GATA6 lies upstream, and regu-
lates (directly or indirectly) the expression of HNF4 in

Figure 9. b-gal+–GATA6−/− ES cells fail to contribute to the
embryonic bronchial epithelium of GATA6−/−–C57BL/6 chi-
meric embryos. (A) X-gal staining of an E10.5 GATA6−/−–
C57BL/6 chimeric embryo. (B) Histological analysis of a section
through the thoracic region of an E10.5 GATA6−/−–C57BL/6
chimera. (v) Ventricular and (a) atrial chambers of the primitive
heart, (nt) neural tube, (s) somites, (g) primitive foregut. Magni-
fication, 10×. (C) In situ hybridization of a section through the
primitive lung bud of an E13.5 mouse embryo by use of a
GATA6 antisense riboprobe. (Arrowheads) Bronchial epithe-
lium. (D) Histological analysis of a section through the primi-
tive lung bud of an E13.5 chimeric embryo. (Arrowheads) Bron-
chial epithelium. Magnification 10×. (E) Same as D but magni-
fication, 20×. (F) Histological analysis of a section through the
primitive lung bud of a control E13.5 GATA6+/−–C57BL/6 chi-
meric embryo. b-gal+–GATA6+/− cells contribute to both the
bronchial epithelium (arrowheads) and the lung mesenchyme.
Magnification, 20×.
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the visceral endoderm at E6.5–E7.5. HNF4, in turn, is
required to activate the expression of sets of genes en-
coding secreted proteins (and late markers of endoderm
differentiation) including AFP, TTR, Apo-AI, Apo-AIV,
Apo-B, RBP and TFN. Moreover, these data demonstrate
that GATA6 is required to maintain basal levels of
GATA4 gene expression in the late egg cylinder/early
primitive streak embryo. Conversely, the finding that
GATA6 is upregulated in GATA4-deficient embryos
suggests that GATA4 may suppress expression of
GATA6 in some embryonic tissues (Kuo et al. 1997).

This model also aids in understanding the molecular
basis of the lethality observed at E7.0 in GATA6-defi-
cient embryos. Despite the fact that GATA6 is expressed
exclusively in the VE and PE at this developmental stage,
widespread programmed cell death was observed within
the embryonic ectoderm beginning at E6.5, 12–24 hr af-
ter the onset of expression of GATA6 in wild-type mice
(see Fig. 4). Cell death was also observed in the embry-
onic ectoderm of HNF4-deficient embryos beginning at
∼E6.5 (Chen et al. 1994). These data suggest that the
lethality observed in GATA6-deficient embryos may re-
sult solely from abnormal differentiation of the extra-
embryonic visceral endoderm, which, in turn, results in
abnormal expression of one, or more, factor(s) required
for survival and/or proliferation of the embryonic ecto-
derm. The severity of the phenotype exhibited in
GATA6 null embryos, which uniformly die by E7.5,
whereas HNF4-deficient embryos survive to E10.5, may
be due to the fact that GATA6 lies upstream of HNF4
and thereby controls alternative pathways regulating en-
doderm differentiation possibly including those acti-
vated directly or indirectly by GATA4.

GATA6 and development of the endodermally derived
bronchial epithelium

As the lung bud arises from the primitive foregut,
GATA6 is expressed at high levels within the embryonic
bronchial epithelium serving to identify GATA6 as a
candidate regulator of this endodermally derived cell lin-
eage (Morrisey et al. 1996). Thus, it was noteworthy that
GATA6−/− ES cells did not contribute to the embryonic
bronchial epithelium, but did contribute to other endo-
dermally derived cell lineages that coexpress GATA4,
GATA5, and GATA6 including the stomach epithelium
and the small and large intestinal epithelium. This cell-
intrinsic defect was restricted to the bronchial epithe-
lium, as lacZ-tagged GATA6−/− ES cells were observed
throughout the pulmonary mesenchyme and other tis-
sues. It is tempting to speculate that this cell-intrinsic
defect may reflect the fact that GATA6 is the only
GATA factor expressed within the embryonic bronchial
epithelium, effectively abrogating functional redundan-
cies that may exist between members of the GATA4,
GATA5, and GATA6 subfamily elsewhere. In addition,
these data demonstrate that GATA6 may be required for
the specification, survival and/or differentiation of the
bronchial epithelium. Thus, it is noteworthy that the
human surfactant protein C, rat surfactant protein A,
and mouse CC10 promoters each contain embedded
GATA motifs (Korfhagen et al. 1992; Ray et al. 1993;
Wert et al. 1993). Identification of the bona fide tran-
scriptional targets of GATA6 in the embryonic lung
should provide fundamental insights into the transcrip-
tional programs that control lung development.

Materials and methods

Plasmids

A genomic clone including the 58 end of the murine GATA6
gene was isolated from a SV129 mouse library by use of the
full-length mouse GATA6 cDNA as a probe (Morrisey et al.
1996). The targeting vector was generated in the pPNT plasmid
(Tybulewicz et al. 1991), which contains the PGK–neo–poly(A)
and PGK–tk–poly(A) cassettes for positive and negative selec-
tion, respectively. As schematically represented in Figure 1A,
the pPNTG6 targeting vector, contains the 4.5-kb NotI (58 end)–
XhoI (38 end) GATA6 genomic subfragment, which includes
sequences in exon 3 through intron 3 subcloned into NotI–XhoI-
digested pPNT, and the 2.5-kb NcoI–NcoI GATA6 genomic sub-
fragment subcloned into the BamHI site of pPNT. In pPNTG6,
exons 4 and 5 encoding the amino- and carboxy-terminal zinc
fingers, respectively, are replaced with the PGK-neo cassette.
The pEF1/4F2.lacZ eukaryotic expression vector encoding the
bacterial lacZ gene under the transcriptional control of the hu-
man EF1a promoter and the murine 4F2 heavy chain enhancer
has been described previously (Kuo et al. 1997). The pGEXG6
(amino acids 357–444) bacterial expression plasmid contains the
mouse GATA6 cDNA encoding the carboxy-terminal region of
the protein (amino acids 357–444) into SalI–XhoI-digested
pGEX4T3 (Pharmacia). The pcDNA3 control plasmid and the
pcDNAG6 eukaryotic expression plasmid encoding the murine
GATA6 protein have been described previously (Morrisey et al.
1996). The pHNF4Pr.luc plasmid contains the 581-bp murine

Figure 10. A transcriptional cascade controlling differentia-
tion of the visceral endoderm. As described in Results and pub-
lished previously (Duncan et al. 1997; Kuo et al. 1997), analysis
of the phenotypes of GATA6−/−, GATA4−/−, and HNF4−/− mu-
tant embryos has shown that GATA6 activates (directly or in-
directly) the expression of the early endodermal marker HNF4,
which in turn, activates the expression of late endodermal
markers, including a-fetoprotein (AFP), transferrin (TFN), Apo-
AI, ApoAIV, and ApoB. In addition, GATA4 gene expression is
down-regulated in GATA6-deficient embryos, whereas GATA6
gene expression is up-regulated in GATA4-deficient embryos
suggesting cross-regulation between GATA6 and GATA4.
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HNF4 promoter (Taraviras et al. 1994) subcloned into the XhoI–
KpnI sites of the pGL2-basic luciferase reporter plasmid.

Preparation of GATA6 polyclonal antiserum and Western
blot analysis

The pGEXG6 (amino acids 357–444) plasmid was transformed
into bacteria and glutathione S-transferase (GST)–GATA6
(amino acids 357–444) fusion protein was induced and purified
from bacterial extracts as described previously (Morrisey et al.
1997). Rabbits were immunized with the purified GST–GATA6
(amino acids 357–444) fusion protein as per standard protocol of
the Pocono Rabbit Farm and Laboratory (Canadensis, PA) for
fusion proteins. Preimmune and immune IgG were isolated
from the serum by protein A-Sepharose chromatography. West-
ern blot analysis was performed with polyclonal antisera raised
against the carboxyl terminus of the murine GATA6 protein
and in vitro translated murine GATA4, GATA5, and GATA6
protein, as described previously (Morrisey et al. 1997). A 48-kD
band, corresponding to the expected size of GATA6 protein, was
identified with the GATA6 polyclonal antisera, but not with
preimmune serum (data not shown). This antisera did not rec-
ognize GATA4 or GATA5 protein (data not shown).

Generation of GATA6+/− and GATA6−/− ES cells and mice

The GATA6 targeting construct was linearized with NotI and
electroporated into RW ES cells as described previously (Soudais
et al. 1995). After 24 hr, neomycin-resistant transfectants were
selected in 250 µg/ml G418 and 1 µM gancyclovir for 8–10 days.
DNA from resistant ES cell clones was analyzed by Southern
blot analysis after BamHI digestion with a radiolabeled probe
derived from genomic sequences located 38 of the targeting vec-
tor (see Fig. 1A). GATA6−/− ES cells were obtained by subjecting
independently derived GATA6+/− clones to selection in G418 at
a concentration of 750 µg/ml as described previously (Soudais et
al. 1995).

To generate GATA6-deficient mice, ES cells from four inde-
pendently derived GATA6+/− clones were microinjected into
C57BL/6 donor blastocysts that were implanted into pseudo-
pregnant CD1 females (Bradley 1987; Hogan et al. 1994). The
resulting male chimeras were mated with C57BL/6 females and
agouti offspring were genotyped by Southern blot analysis as
described previously (Kuo et al. 1997). GATA6+/− mice were
then outbred with C57BL/6 and CD1 mice to generate hetero-
zygous GATA6+/− mice that were interbred for phenotypic
analysis. All animal experimentation was performed according
to National Institutes of Health (NIH) guidelines in the Univer-
sity of Chicago Animal Care Facility.

Northern blot analyses of embryoid bodies derived
from wild-type and GATA6−/− ES cells

ES cells were differentiated into embryoid bodies in suspension
culture as described (Doetschman et al. 1985). Embryoid bodies
were collected after 0, 2, 4, 6, 8, and 12 days of liquid culture,
RNA was isolated, and Northern blot analysis performed as
described previously (Parmacek and Leiden 1989; Soudais et al.
1995). Probes included the mouse GATA6 cDNA (basepairs
1138–1450) (Morrisey et al. 1996) and the mouse GATA4 cDNA
(basepairs 1678–1907). The mouse HNF4, mouse HNF3b, and
mouse AFP cDNA probes have been described previously (Kuo
et al. 1997).

Generation of lacZ-tagged GATA6−/− ES cells
and GATA6−/−/C57/BL-6 chimeric mice

The pEF1/4F2.lacZ expression vector was linearized with BsaI
and electroporated into GATA6+/− and GATA6−/− ES cells as
described previously (Kuo et al. 1997). At 8 day postselection in
175 µg/ml hygromycin, resistant colonies were stained for b-ga-
lactosidase expression. Three independently derived GATA6−/−

and GATA6+/− lacZ cell lines were microinjected into C57BL/6
blastocysts and implanted into pseudopregnant CD1 females as
described (Bradley 1987). GATA6+/−–C57BL/6 and GATA6−/−–
C57BL/6 chimeric embryos were microdissected from pregnant
females and stained for b-galactosidase activity as described pre-
viously (Chang et al. 1995).

Histological and in situ hybridization analysis

Pregnant females from GATA6+/− × GATA6+/− matings were
anesthetized and perfused through the descending aorta with
4% paraformaldehyde in PBS to fix embryos in utero as de-
scribed previously (Kuo et al. 1997). For electron microscopy,
differentiated embryoid bodies were fixed in 2.5% gluteralde-
hyde in PBS, postfixed with 1% osmium tetraoxide, and stained
with 1% uranyl acetate as described previously (Soudais et al.
1995). Electron micrographs were produced with a JEOL-CXII
electron microscope. In situ hybridization with 35S-labeled
cRNA probes was performed essentially as described by Eichele
and coworkers (Kuratani et al. 1994). The cRNA probes used for
in situ hybridizations were generated from the following cDNA
templates subcloned into pGEM7Z or pGEM11Z; GATA6 (bp
1138–1450) (Morrisey et al. 1996), Otx2 (bp 212–509) (Simeone
et al. 1992), ENC1 (bp 1412–1739) (Hernandez et al. 1997), Pem
(bp 142–449) (Lin et al. 1994). The HNF4, HNF3b, and GATA4
cRNA probes were generated as described previously Kuo et al.
(1997). Histological sections and dark-field micrographs were
made with a Zeiss Axiophot microscope.

Transfections and luciferase assays

NIH-3T3 cells (1 × 108) were transfected with 2.5 µg of lucifer-
ase reporter plasmid, between 0 and 25 µg of the pcDNAG6
expression plasmid or the control pcDNA3 plasmid, and 1 µg of
the pMSVbgal reference plasmid with Lipofectin Reagent as de-
scribed previously (Ip et al. 1994). Of note, in these experiments
the total amount of plasmid DNA transfected was held con-
stant. Forty-eight hours following transfection, cell lysates were
prepared and normalized for protein content by a commercially
available kit (Bio-Rad, Hercules, CA). Luciferase and b-galacto-
sidase assays were performed as described previously (Solway et
al. 1995). All experiments were repeated at least three times to
ensure reproducibility. Luciferase activities were corrected for
variations in transfection efficiencies as determined by assaying
cell extracts for b-galactosidase activities.

TUNEL analysis

Embryos for TUNEL assays were fixed, embedded, and sec-
tioned in the same manner as for the in situ hybridization stud-
ies. TUNEL reaction to detect incorporation of biotinylated
dUTP mediated by terminal deoxytransferase was performed as
described on sections of E6.5 and E7.0 mouse GATA6+/+ and
GATA6−/− embryos (Gavrieli et al. 1992).
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