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SUMMARY

Recent loss-of-function studies in mice show that the
transcription factor GATA6 is important for visceral
endoderm differentiation. It is also expressed in early
bronchial epithelium and the observation that this tissue
does not receive any contribution from Gata6 double
mutant embryonic stem (ES) cells in chimeric mice suggests
that GATA6 may play a crucial role in lung development.
The aim of this study was to determine the role of GATA6
in fetal pulmonary development. We show that Gata6
mRNA is expressed predominantly in the developing
pulmonary endoderm and epithelium, but at E15.5 also in
the pulmonary mesenchyme. Blocking or depleting GATA6
function results in diminished branching morphogenesis
both in vitro and in vivo. TTF1 expression is unaltered in

chimeric lungs whereas SPC and CC10 expression are
attenuated in abnormally branched areas of chimeric
lungs. Chimeras generated in a ROSA26 background show
that endodermal cells in these abnormally branched areas
are derived from Gata6 mutant ES cells, implicating that
the defect is intrinsic to the endoderm. Taken together,
these data demonstrate that GATAG6 is not essential for
endoderm specification, but is required for normal
branching morphogenesis and late epithelial cell
differentiation.
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INTRODUCTION

The formation of a lung requires a well organized program to
coordinate the balanced interplay between activation and
repression of gene transcription as it develops from a cluster
of cells in the floor of the primitive foregut to the highly
vascularized gas exchange organ (Hogan, 1999; Warburton et
al.,2000). Several evolutionarily conserved signaling pathways
have been implicated in the different stages of fetal pulmonary
development. In particular members of the fibroblast growth
factor, bone morphogenetic protein, hedgehog/Gli, wingless
and epidermal growth factor families have been demonstrated
to be key regulatory factors for lung morphogenesis and
epithelial differentiation, but lung endoderm specification is
less well understood (for reviews see Hogan, 1999; Warburton
et al., 2000). Recently, a member of the GATA family of
transcription factors, GATAG6, has been implicated in endoderm
specification (Morrisey et al., 1998). In vertebrates, the GATA
family of transcription factors contains a conserved zinc-finger
motif that binds to the consensus sequence A/TGATA/G
resulting in transcriptional regulation of genes in different cell

lineages (for reviews see Charron and Nemer, 1999; Evans,
1997; Jordan and Van Zant, 1998; Orkin, 2000). The GATA
transcription factors can be subdivided into two main groups.
First, GATA1, GATA2 and GATA3, which all have unique
functions in the hematopoietic system (Leonard et al., 1993;
Pandolfi et al., 1995; Pevny et al., 1991; Simon et al., 1992;
Ting et al., 1996; Tsai et al., 1994; Weiss et al., 1994; Whyatt
et al.,2000) and, in case of GATA2 and GATA3, in many other
tissues, including the nervous system and the kidneys. Second,
GATA4, GATAS and GATA6, which are mainly expressed
and involved in the formation of the extra-embryonic and
embryonic endoderm, as well as in the cardiogenic mesoderm
(Arceci et al., 1993; Koutsourakis et al., 1999; Laverriere et al.,
1994; Morrisey et al., 1996; Morrisey et al., 1997a; Morrisey
et al., 1997b; Morrisey et al., 1998).

Radioactive in situ hybridization experiments have
demonstrated that GATA6 mRNA is expressed in the
developing embryonic bronchial epithelium and in chimeric
experiments this endodermally derived tissue did not receive
any contribution from Gata6~'~ ES cells (Morrisey et al., 1996;
Morrisey et al., 1998). The conclusion of these studies was that
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GATAG6 is required for specification of lung endoderm. In
addition, the promoters of several lung specific genes, such as
the genes for human thyroid transcription factor 1, human
surfactant protein C, mouse surfactant protein A and mouse
Clara cell marker 10, contain GATA motifs (Ikeda et al., 1995;
Korfhagen et al., 1992; Ray et al., 1993; Wert et al., 1993) and
GATAG has also been shown to activate both surfactant protein
A and thyroid transcription factor 1 reporter gene transcription
in vitro (Bruno et al., 2000; Shaw-White et al., 1999). Taken
together, these data strongly suggest that GATAG6 plays an
important role during lung development.

We therefore searched to identify the specific role(s) of
GATAG in fetal pulmonary development. In order to obtain a
more detailed insight into the spatial-temporal distribution of
GATA6 mRNA, non-radioactive in situ hybridization during
fetal lung development in vivo was performed. The observed
expression patterns in early embryonic lungs suggest a role for
GATAG6 in branching morphogenesis, which we investigated
using organotypic explant cultures with antisense
oligonucleotides. To confirm and further investigate the role of
GATAG in lung development in vivo, we also generated highly
chimeric embryos by injecting wild-type blastocysts with
Gata6™'~ embryonic stem (ES) cells. The latter experiments
enabled us to overcome the early embryonic lethality in
Gata6~'~ mice, which is due to extra-embryonic defects
(Koutsourakis et al., 1999; Morrisey et al., 1998), because in
such chimeras, the extra-embryonic tissues are provided by
the wild-type host blastocyst. Highly chimeric lungs were
histologically analyzed and the expression of molecular
markers for endoderm specification and epithelial cell
differentiation (thyroid transcription factor 1, surfactant protein
C and Clara cell marker 10) was investigated using
immunohistochemistry and in situ hybridization.

Branching morphogenesis was dramatically affected in vitro
when antisense oligonucleotides for Gata6 were added to lung
cultures. In chimeric embryos, pulmonary endoderm was
formed but it branched abnormally and failed to undergo late
epithelial cell differentiation, based on diminished surfactant
protein C (SPC; Sftpc — Mouse Genome Informatics) and Clara
cell marker 10 (CC10; Utg — Mouse Genome Informatics)
expression. Using ROSA26 recipient blastocysts, we
demonstrate that this abnormal epithelium is derived from
Gata6~'~ ES cells. We conclude that GATAG is essential for the
later stages of branching morphogenesis and late epithelial cell
differentiation, but not for lung endoderm specification.

MATERIALS AND METHODS

Whole-mount in situ hybridization

Wild type embryonic day (E) 10.5 and E12.5 embryos were isolated
from pregnant FVB female mice according to standard methods
(Hogan et al., 1994) and the lungs were dissected from these embryos
using microsurgical techniques. The lungs were fixed in 4% (w/v)
paraformaldehyde in phosphate-buffered saline (PBS) at 4°C for 4 to
6 hours, dehydrated in a graded series of ethanol and kept in 100%
methanol at —20°C until used. The whole-mount in situ hybridization
protocol was adapted from the protocol described by Wilkinson
(Wilkinson, 1993). In short, following hydration, the lungs were
bleached for 1 hour in 6% (v/v) hydrogen peroxide in PBS containing
0.1% (v/v) Tween-20 (PBT) and permeabilized with proteinase K (10
ug.ml~! in PBT) for 15 minutes at room temperature. Subsequently,

the lungs were post-fixed in 4% (w/v) paraformaldehyde in PBS and
prehybridized in hybridization mixture, containing 50% formamide,
5% SSC (NaCl 0.75 mol/l, sodium citrate 0.075 mol/l, pH 4.5), 1%
sodium dodecyl sulphate, 5 ug.ml-! yeast tRNA, 50 ug.ml~! heparin
in water for 1 hour at 70°C. Hybridization was carried out for 16 to
18 hours at 70°C using the same hybridization mixture, but now
containing a digoxigenin (DIG)-labeled sense or antisense GATA6
RNA probe. A 1.5 kb fragment of the 5’ end of the mouse Gara6 gene
that was described previously (Brewer et al., 1999) was used to
generate a probe for in situ hybridization on sections. A PstI-Notl
subclone from the 5 part of this 1.5 kb fragment was used to generate
a probe for whole-mount in situ hybridization. The cDNA fragments
were DIG-labeled according to a protocol provided by the
manufacturer (Roche Diagnostics, Almere, The Netherlands). The
next day, the lungs were stringently washed and treated with RNAse
to avoid nonspecific background staining. Following a blocking step
using 10% (v/v) sheep serum in 0.14 mol/l NaCl, 2.7 mmol/l KCI, 25
mmol/l Tris/HCI pH7.5 and 0.1% (v/v) Tween-20 in water (TBST)
including 2 mmol/l levamisole, the lungs were incubated with an
alkaline phosphatase-coupled antibody (1:2000), against DIG for 16
to 18 hours at 4°C. For at least 3 days the lungs were then washed in
TBST and 2 mmol/l levamisole. The lungs were changed to 0.1 mol/l
NaCl, 0.1 mol/l Tris/HCI, pH 9.5, 0.05 mol/l MgCl> and 0.1% (v/v)
Tween-20 (NTMT) and the hybridized probe was visualized using
337.5 ug.ml~! NBT and 175 ug.ml-! BCIP mixture as a substrate.
Nonspecific labeling was removed in 95% ethanol, and the lungs were
kept at 4°C in PBT containing 1 mmol/l EDTA.

Branching morphogenesis in vitro with antisense
oligonucleotides

E11.5 and E12.5 lungs were harvested from wild-type embryos under
a dissection microscope. The lungs were transferred to porous
membranes (8 um pore size) from Nucleopore (Whatman, NY), and
incubated in 12-well culture plates from Costar (Corning, NY). The
membranes were pre-soaked in MEM (Gibco) for 1 hour before the
explants were placed on them. The explants were incubated as floating
cultures in 500 pl Dulbecco’s modified Eagle’s medium, nutrient
mixture F-12 (Gibco) supplemented with 100 pg/ml streptomycin,
100 units/ml penicillin and 0.25 mg/ml ascorbic acid. The explants
were cultured at 37°C in 95% air and 5% COz. Ten cultured
lungs were treated with 40 uM phosphorothioated oligonucleotides,
targeted against the translation initiation site of the murine Gara6
mRNA in the antisense direction with the following sequence:
GTCAGTCAAGGCCAT. Ten cultured lungs were treated with the
same concentration sense-orientated oligonucleotides with the
following sequence: ATGGCCTTGACTGAC. Ten untreated cultured
lungs served as controls. The lungs were cultured for up to 72 hours
and branching morphogenesis was monitored daily and images
captured using a dissecting microscope (Leica MZ12) and the Leica
Digital Imaging Systems.

Generation of chimeric embryos

In contrast to standard procedures, we injected more than 20 Gata6~/~,
or Gata6*'~ for the control experiment, ES cells into each blastocyst
in order to obtain highly chimeric embryos. These injections were
performed either in C57BL/6 or ROSA26 (Friedrich and Soriano,
1991) blastocysts and the ES cell lines used have been previously
described (Koutsourakis et al., 1999). Chimeric lungs were dissected
at E12.5, E13.5, E15.5 or E18.5 and either processed for explant
cultures (E13.5), as described above, or fixed and used for histological
analysis and in situ hybridization, as described above (E12.5, E15.5
and E18.5). Head or tail tissue of the embryos was used to determine
the percentage of chimerism using Glucose Phosphate Isomerase
(GPI) electrophoresis (Hogan et al., 1994).

In situ hybridization and immunohistochemistry
Non-radioactive in situ hybridization on 6 wm sections with SPC and



CC10 RNA probes was carried out essentially as described before by
Motoyama et al. (Motoyama et al., 1998). In short, tissue sections
were rehydrated and washed in PBS. Pretreatment included
postfixation in 4% paraformaldehyde for 15 minutes, followed by
proteinase K digestion (20 mg/ml) for 15 minutes at room temperature
and acetylation (0.1 mol/l triethanolamine and 0.25% acetic
anhydride) for 10 minutes at room temperature. Sections were then
dehydrated and air-dried before addition of the hybridization solution.
Digoxigenin-labeled probes were added to freshly prepared
hybridization solution (50% deionized formamide, 10% dextran
sulfate, 1.5x Denhardt’s reagent, 0.5 mg/ml of yeast tRNA, 0.3 mol/l
NaCl, 5 mmol/l EDTA and 25 mmol/l Tris, pH 7.5) at a concentration
of 1 ng/ul. Following denaturation at 80°C, the probe was added to
the tissue section and incubated for 16 to 18 hours at 55°C. After brief
washes with 5x SSC and 50% formamide at 55°C, the tissue was
treated with RNase A (10 ug/ml) for 30 minutes at 37°C. The
digoxigenin nucleic acid detection kit (Roche Diagnostics, Almere,
The Netherlands) was used for immunological detection of the
hybridized probe. Tissue was then counterstained with Methyl Green
and prepared for viewing.

Mouse specific SPC and CC10 cDNA fragments (330 and 315
bases, respectively) were DIG labeled according to a protocol
provided by the manufacturer (Roche Diagnostics, Almere, The
Netherlands). Immunohistochemistry with a monoclonal antibody
against thyroid transcription factor 1 (TTF1) (Neomarkers, CA, USA)
in a concentration of 1 in 100 was carried out as described before
(Keijzer et al., 2000).

RESULTS

Spatial-temporal expression of Gata6 mRNA during
fetal lung development

Starting from E10.5, when five primary lung buds have just
evaginated from the foregut, Gata6 mRNA was detected in
developing lung endoderm (Fig. 1A). At this stage, the Gata6
mRNA was predominantly expressed at the tips of the growing
lung buds. Two days later at E12.5, when branching
morphogenesis of the lung buds is proceeding rapidly in order
to establish the future bronchial tree, Gata6 mRNA was still
observed in the branching endoderm. However, at this stage the
signal was observed in the entire endoderm lining the
developing lung buds, instead of being limited only to the tips
of the growing buds (Fig. 1B). On sections of wild-type E15.5
lungs, in which branching morphogenesis is almost completed,
and differentiation and vascularization are beginning, Gata6
mRNA was expressed in the endoderm lining the growing
airways, as well as in parts of the mesenchyme surrounding
these airways, albeit at a lower level (Fig. 1C). At E18.5, when
the bronchial tree is complete, and the lung tissues are
differentiating into the different cell types that will constitute
the lung after birth, Gata6 mRNA was observed mainly in
epithelial cells lining the bronchioli, but also to a lesser extent
in the epithelial cells lining the sacculi (Fig. 1D). At this stage,
the signal in the mesenchyme was difficult to distinguish,
possibly because of the thinning of this tissue layer.
Hybridization with sense RNA GATAG6 probes generated no
specific signal in either whole-mount or section in situ
hybridization experiments at all stages (results not shown).

Antisense oligonucleotides against Gata6 reduce
branching morphogenesis in vitro

Based on the mRNA expression pattern of Gara6, in particular
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expression in the endoderm lining the early lung buds, an
important role for GATA6 in branching morphogenesis was
anticipated. Antisense oligonucleotides targeted against the
translation initiation site of Gata6 were used in explant cultures
of isolated fetal lungs to investigate this role. When E11.5
lungs were cultured for 72 hours in the presence of antisense
GATAG6 oligonucleotides (Fig. 2B), branching morphogenesis
of these lungs was clearly reduced when compared with the
patterns of branching morphogenesis of lungs exposed to sense
GATAG6 oligonucleotides (Fig. 2A) or to lungs cultured in
medium alone without oligonucleotides (not shown). A similar
reduction in branching morphogenesis was observed when
E12.5 lungs were cultured for 72 hours with antisense
(Fig. 2D) oligonucleotides. Again, lungs exposed to sense
oligonucleotides (Fig. 2C) and control lungs (not shown),
which were cultured without oligonucleotides, demonstrated
similar patterns of normal branching morphogenesis.

Gata6~'- chimeric lungs display diminished
branching morphogenesis in vitro

In all experiments highly chimeric (more than 50%) embryos
and lungs were selected based on GPI analysis (results not
shown). Isolated E12.5 Gata6~'~ chimeric lungs were smaller
in size and had less lung buds (Fig. 3B) when compared with
non-chimeric littermates (Fig. 3A). From a different litter,
E13.5 Gata6™'~ chimeric and non-chimeric lungs were cultured
for 4 days as organotypic explants. At the time of isolation,
both lungs were comparable in size, but the Gata6~'~ chimeric
lungs had fewer branches (Fig. 3D) than the non-chimeric
lungs (Fig. 3C). After 4 days of culture, the Gata6~'~ chimeric
lungs demonstrated diminished branching morphogenesis in
certain areas of the lung (Fig. 3F, arrow), whereas in other
areas, branching morphogenesis patterns were the same as wild
type (Fig. 3E).

Gata6-- chimeric lungs display diminished
branching morphogenesis in vivo resulting in
respiratory insufficiency

When Gata6™'~ chimeric lungs were isolated at E15.5 they
appeared similar to lungs isolated from non-chimeric
littermates. The size was comparable, the lungs had four lobes
on the right, one lobe on the left and no defect in branching
morphogenesis was observed macroscopically (Fig. 4A.B).
However, when these lungs were analyzed microscopically, a
clear defect in branching morphogenesis indicated by the large
airspaces was observed in the Gata6~'~ chimeric lungs (Fig.
4D, arrow), when compared with non-chimeric lungs (Fig. 4C).
When chimeras were generated with the parental heterozygous
ES cells, which were used to generate the double mutant lines
(Koutsourakis et al., 1999), no abnormalities were observed in
highly chimeric E15.5 lungs (results not shown). Chimeric
E18.5 lungs, generated with Gata6~'~ ES cells (Fig. 4F) were
again the same size as the non-chimeric lungs (Fig. 4E) from
their littermates. In addition, chimeric lungs had four lobes on
the right and one lobe on the left. However, at this stage a
clear defect in branching morphogenesis was observed
macroscopically in some Gata6~'~ chimeric lungs (Fig. 4F,
arrows). This defect in branching morphogenesis was
confirmed at the microscopic level (Fig. 4H).

Eight pups were delivered by Caesarian section at E18.5
following blastocyst injection. Without knowing their
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Fig. 1. Spatial-temporal distribution of Gata6 mRNA during
embryonic and fetal pulmonary development. (A) At E10.5, Gata6
mRNA is predominantly expressed at the tips of the primary lung
buds. (B) Two days later at E12.5, Gata6 mRNA expression has
expanded and is now expressed in the entire endoderm lining the
actively branching lung buds. (C) When branching morphogenesis is
almost completed at E15.5, Gata6 mRNA is observed in the
endoderm lining the growing airways, and in particular in the distal
endoderm. In the mesenchyme, Gata6 mRNA is also observed, but at
a lower level. (D) Finally, during maturation and differentiation at
E18.5, Gata6b mRNA is expressed in epithelial cells lining the
sacculi.
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Fig. 2. GATAG antisense oligonucleotides inhibit branching
morphogenesis in vitro. Representative pictures of experiments with
E11.5 (AB) or E12.5 (C,D) wild-type lungs, cultured as organotypic
explants in the presence of sense (A,C) or antisense (B,D)
oligonucleotides targeted against the translation initiation site of
Gata6. All pictures were taken at the same magnification.

chimerism, the pups were stimulated to breathe. Out of the
eight pups, two were mummified and three were born dead.
Out of the three pups that were born alive, two appeared
purplish-blue and one was pink. All three breathed normally.
GPI electrophoresis demonstrated that only the pink pup was
non-chimeric, and all other seven pups were highly chimeric
(results not shown).

Expression of SPC, CC10 and TTF1 in Gata6~-
chimeric lungs

In order to investigate if cell differentiation was altered in
Gata6~'~ chimeric lungs, non-radioactive in situ hybridization
with probes for SPC, a marker for type II cells that indicates
distal epithelial cell differentiation, and CC10, a marker
for Clara cells that indicates proximal epithelial cell

Wild type Chimeric
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Fig. 3. Gata6™'~ chimeric lungs display diminished branching
morphogenesis in vitro. When isolated at E12.5, Gata6~'~ chimeric
lungs (B) are smaller and have fewer branches than wild-type lungs
isolated from a littermate (A). E13.5 wild-type (C) and Gata6™"~
chimeric (D) lungs at day O of culture as organotypic explants. After
4 days of culture (E,F), the Gata6~'~ chimeric lungs had areas of
normal and areas of diminished branching morphogenesis (F),
whereas in the wild type lung branching morphogenesis had occurred
as normal (E). All pictures are representative of a series of
experiments, and are at the same magnification. (Arrow indicates
area with diminished branching morphogenesis.)
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Fig. 4. Branching morphogenesis in vivo is diminished in Gata6~'~
chimeric lungs when compared with wild-type lungs. At E15.5 (A-
D), lungs appeared macroscopically indistinguishable when isolated
from wild-type (A) or Gata6~'~ chimeric embryos (B). However,
when microscopic sections were analyzed, Gata6™'~ chimeric lungs
had bigger airspaces (D) that the lungs of wild-type embryos (C). At
E18.5, Gata6™'~ chimeric lungs (F,H) displayed diminished
branching morphogenesis both macroscopically (F) and
microscopically (H) when compared with lungs of wild-type
littermates (E,G). All pictures are representative for a series of
experiments and are at the same magnification. (Arrows indicate
areas with diminished branching morphogenesis.)

differentiation, was performed. The promoters of the genes for
both these proteins have previously been demonstrated to
contain GATA motifs, indicating that the transcription of these
genes may be regulated by GATA transcription factors (Ray et
al., 1993; Wert et al., 1993). Another epithelial cell marker
which has been shown to be regulated by GATA6 in vitro is
TTF1. Localization of TTF1 protein was investigated in the
Gata6™'~ chimeric lungs.

At E15.5 (Fig. 5A-C) and E18.5 (Fig. 5D-F), normal SPC
expression was observed in Gata6~'~ chimeric lungs in the
areas that appeared to have branched normally (Fig. 5B,C.E).
In contrast, no SPC expression was observed in areas with
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abnormal big sacculi (Fig. 5B,C,F). Normal SPC expression
was observed in the wild-type lungs in distal epithelium at
E15.5 (Fig. 5A) and in type II cells at E18.5 (Fig. 5D).

At E15.5, no CC10 expression was observed in either wild-
type or Gata6~'~ chimeric lungs, which was expected, because
the gene for CC10 is not expressed at that stage (results not
shown). At E18.5, CC10 was expressed in the proximal
airways of wild-type lungs, as well as in the normally branched
parts of the Gata6~'~ chimeric lungs (Fig. 5G,H). In the
abnormally branched parts of the Gata6~'~ chimeric lungs, no
CC10 expression was observed (Fig. 51).

AtE15.5 and E18.5 TTF1 protein was localized normally in
epithelial cells of both wild-type and Gata6~'~ chimeric lungs
(Fig. 6A-F). No differences were observed between areas with
normal or abnormal branching morphogenesis in the Gata6='~
chimeric lungs.

Contribution of Gata6~- ES cells in chimeric lungs

In order to identify the origin of the endoderm of the
abnormally branched areas, Gata6~'~ ES cells (white) were
injected into ROSA26 blastocysts (blue). In the targeted ES cell
clones we used for generation of the chimeras, Gata6 was
inactivated by insertion of a lacZ marker gene (Koutsourakis
et al., 1999). However, when we investigated -galactosidase
activity in early embryonic lungs, we could not detect activity
in developing airways lined with pulmonary endoderm (results
not shown). In contrast, 3-galactosidase activity was detected
in developing major vessels later during lung development
(results not shown). Therefore, we did not expect any
interference between [3-galactosidase activity in ROSA26- and
ES cell-derived endoderm.

Using this approach, a similar phenotype of E12.5 lungs was
observed upon isolation as in the previous experiments. The
Gata6~'-<>ROSA26 chimeric lungs were smaller and had
developed fewer lung buds (Fig. 7A). More interestingly,
after detection of p-galactosidase activity, completely white
endodermal buds as well as mixtures of white and blue
endodermal cells and completely blue endodermal buds were
observed in highly chimeric lungs (Fig. 7B). In E15.5
Gata6~'-<>ROSA26 chimeric lungs, the same observations
were made (Fig. 8A,B). Areas with reduced branching
morphogenesis had almost completely white endoderm derived
from Gata6'~ ES cells (Fig. 8A B, arrows), whereas areas with
normal branching morphogenesis had completely blue
endoderm, derived from the wild-type ROSA26 host blastocyst
cells (Fig. 8A,B).

DISCUSSION

Based on experiments using chimeric embryos and
extrapolation of results obtained in other organs and model
systems, GATAG6 was presumed to be essential for the
specification of foregut endoderm into pulmonary endoderm
(Kalb et al., 1998; Morrisey et al., 1998). Using experiments
with antisense oligonucleotides in organotypic explant
cultures, and (in particular) chimeric experiments with
Gata6™'= ES cells, we provide evidence for a different and
more extensive role for GATA6 in fetal pulmonary
development than the previously proposed role of endoderm
specification. In lung explants with already specified lung
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morphogenesis in vitro by culturing the explants in the
presence of antisense oligonucleotides against Gata6. In

F agreement with this, highly chimeric lungs displayed
diminished branching morphogenesis both in vitro and in vivo
at different gestational ages. Proximal and distal epithelial cell
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Fig. 6. Thyroid transcription factor 1 (TTF1) protein distribution as a
marker for pulmonary endoderm specification. In wild-type (A,C,E)
and Gata6~'- chimeric (B,DF) lungs, similar patterns of TTF1
protein distribution were observed at E15.5 (A-D) and E18.5 (E.F).
(A,B) Low-power overview of E15.5. (C-F) Same magnification.

chimeric embryos with lungs that had undergone
morphogenesis. Outgrowth of two endodermally derived
primary lung buds initiates the process of lung formation.
Thus, highly chimeric Iungs successfully completed the earliest
phase of lung development, i.e. the specification of pulmonary



endoderm. The next event in lung development, formation of
four primary lung buds on the right and one primary lung bud
on the left in mice, also occurred normally in highly chimeric
lungs, since all isolated lungs at E12.5,E13.5,E15.5 and E18.5
had four lobes on the right and one lobe on the left side. This
indicates that primary branching morphogenesis does not
require GATA6. Consequently, the observed phenotype of
reduced branching morphogenesis in lungs of highly chimeric
embryos is the result of an essential role for GATA6 in
secondary branching morphogenesis, the next stage of early
pulmonary development. Either by blocking wild-type GATA6
translation with antisense oligonucleotides, or by depleting
GATAG function in chimeric lung endoderm, we demonstrate
that absence of GATAG gives rise to reduced branching
morphogenesis. This resulted in lungs with very big airspaces.
However, these lungs appeared no smaller than wild-type
lungs, and when a marker for proliferation (Ki-67) was
investigated in chimeric and wild-type lungs, no differences
were observed (results not shown). Thus, the observed
defect in branching morphogenesis is not the result of
growth or proliferation inhibition by GATA6. For future
studies it will be very interesting to investigate expression
patterns of other molecules that have been demonstrated
to play an important role during branching
morphogenesis. Endodermally expressed markers like
sonic hedgehog (SHH) (Litingtung et al., 1998), bone
morphogenetic protein 4 (BMP4) (Bellusci et al., 1996)
and hepatocyte nuclear factor/forkhead homolog 4

A
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endoderm into pulmonary endoderm occurred normally in the
chimeric lungs. Hence, we conclude that GATA6 is not
involved in pulmonary endoderm specification, as has been
suggested before (Morrisey et al., 1998). This conclusion
corroborates with recent data obtained in experiments with
Xenopus in which both GATA4 and GATAS were demonstrated
to induce early endodermal marker genes, whereas GATA6 was
demonstrated not to induce these endodermal markers (Weber
et al., 2000).

Gata6-'- ES cells do contribute to pulmonary
endoderm

Using ROSA26 blastocysts (blue) as host blastocysts for
Gata6™~ ES cells (white), we were able to demonstrate
contribution of Gata6™'~ ES cells to pulmonary endoderm.
Abnormally branched areas in E15.5 chimeric lungs had
consistently white endoderm (Gata6~~) and normally
branched areas blue endoderm (wild type) and therefore we

ROSA26

o §
GATAG ~/-e—e ROSA26 B

(HFH4; FOXJ1 — Mouse Genome Informatics) (Chen et
al., 1998), as well as mesenchymally expressed markers
like fibroblast growth factor 10 (FGF10) (Sekine et al.,
1999) and GATAS (Morrisey et al., 1997a) are likely
candidates.

GATAG is essential for late epithelial cell
differentiation, but not endoderm specification

In highly chimeric lungs, we could not detect expression
of SPC and CC10 mRNA in abnormally branched areas,
indicating that both proximal and distal epithelial cell
differentiation is disturbed in these parts of the lungs.
In areas that had wundergone normal branching
morphogenesis SPC and CC10 were normally expressed.
These data provide evidence for a functional role of the
GATA motifs in the promoters of the genes for human
SPC and murine CC10 in vivo (Ray et al., 1993; Wert et
al., 1993). Another gene that is thought to be regulated
by GATAG on the basis of in vitro studies is TTF1 (Shaw-
White et al., 1999). In addition, TTF1 alone has been
demonstrated to regulate transcription of SPC and CC10
(Kelly et al., 1996; Zhang et al., 1997). Nevertheless, we
could not detect any differences in protein expression of
TTF1 between chimeric and wild-type lungs using
immunohistochemistry with an antibody against TTF1.
This indicates that downregulation of the expression of
the late epithelial markers SPC and CC10 does not
function through down-regulation of TTF1, which
suggests that if GATA6 and TTF1 regulate SPC and
CC10 gene transcription, they do it through different
pathways. The fact that we observed normal expression
of TTF1 protein, a marker for lung endoderm
specification, indicates that specification of foregut

Fig. 7. Distribution of Gata6~'~ ES cell contribution into ROSA26 host
lungs. (A) Gata6'~ ES cells (white) contribute to both mesenchyme and
endoderm of E12.5 chimeric lungs (right), which are smaller and have fewer
branches than lungs from wild-type littermates (left). In a section of the
chimeric lung (B), blue (wild-type ROSA26), mixed white and blue, and
white (Gata6~'-) endoderm are observed, clearly indicating that Gata6~/~ ES
cells do contribute to pulmonary endoderm (please note, as opposed to the
usual experiment, that the white areas are abnormal and the blue areas
normal). Arrows indicate white endoderm derived from Gata6~'~ ES cells.

Fig. 8. Distribution of Gata6™'~ ES cell contribution in E15.5 lungs. Both
sections of different Gata6~'~ chimeric lungs contain areas with abnormal
branching morphogenesis that have white endoderm (Gata6~'-) and areas
with normal branching morphogenesis which have blue endoderm coming
from the wild-type ROSA 26 blastocyst. (Arrows indicate white endoderm
derived from Gata6='- ES cells).
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conclude that reduced branching morphogenesis in Gata6~'~
chimeric lungs is the result of defective GATA6 mutant
endoderm. Since we observed different areas with either blue,
white or mixed white and blue endodermal cells and not lungs
or lobes that were completely white or blue, it is likely that the
lungs originate from a substantial number of cells from the
foregut. Our observations are in contrast with data presented
by another group, demonstrating that Gata6~'~ ES cells do not
contribute to the bronchial epithelium in chimeric lungs, and
concluded that GATAG is required for establishment of the
endodermally derived bronchial epithelium (Morrisey et al.,
1998). The contradiction in observations can be explained by
the different approach that we used in order to obtain animals
that were highly chimeric. Whereas regular protocols suggest
the injection of nine to 12 ES cells into blastocysts to generate
chimeric embryos (Hogan et al., 1994), we used double the
number of ES cells to obtain highly chimeric embryos. GPI
electrophoresis revealed that most chimeric embryos were
derived from at least 50% Gata6~'~ ES cells and only chimeric
embryos that were derived from more than 50% Gata6~'~ ES
cells were used in our experiments. If we assume that selection
by competition between wild-type and mutant cells occurs
during the earliest stages of lung development in favor of wild-
type cells, then the regular amount of Gata6~'~ ES cells (as
used by Morrisey et al.) may not have progeny in pulmonary
endoderm. However, by using more Gata6~'~ ES cells, mutant
cells were able to survive competition and to contribute to
pulmonary endoderm. To overcome any interference that
resulted from the percentage of wild-type cells present during
early pulmonary specification of these chimeric lungs, it will
be of interest to generate embryos exclusively derived from
Gata6~'- ES cells. However, in all our experiments we never
found embryos that were close to 100% chimeric (based on
GPI electrophoresis), although a number of implantation sites
with resorbed embryos were present. Based on the fact that
GATAG is not only expressed in extra-embryonic tissues, but
also in embryonic tissues (Koutsourakis et al., 1999; Morrisey
et al., 1996; Morrisey et al., 1998) it is likely that embryos
exclusively derived from Gata6~'~ ES cells do not survive to
later stages of gestation. Hence, it is unlikely that the use of
methods such as the generation of tetraploid embryo chimeras
would answer this question. It will probably require the
generation of conditional knockout mice.

Role for GATAG in epithelial-mesenchymal
interactions

Since branching morphogenesis is highly dependent on
epithelial-mesenchymal interactions (Hogan and Yingling,
1998), it is tempting to speculate which tissue layer causes
the defect that reduces branching morphogenesis. Since the
spatial-temporal  distribution of Gata6 mRNA was
predominantly observed in developing lung endoderm, it is
most logical to postulate defective endoderm as the site where
the primary defect is localized. Defective mutant Gata6~'~
endoderm appears unable to undergo normal branching
morphogenesis and late epithelial cell differentiation resulting
in the observed phenotype in the chimeric lungs. This would
lead to the conclusion that the observed phenotype is based on
a cell-autonomous defect in Gata6™'~ endodermal cells.
However, there is an alternative explanation. Specification of
pulmonary endoderm and primary branching morphogenesis

occurs normally in a Gata6~'~ environment, but at the initiation
of subsequent branching morphogenesis, as yet unidentified
signals produced by the endoderm are not processed normally
by the mesenchyme, which in turn sends abnormal or no
signals to the (up till that moment normal) endoderm. From
then on, the endoderm would be instructed incorrectly by the
mesenchyme, and would not undergo normal branching
morphogenesis, resulting in big airspaces and attenuated
epithelial cell differentiation. As a consequence, the observed
phenotype is based on a cell-nonautonomous defect.
Whichever scenario proves right, further investigation is
warranted, and studies using transgenic and conditional
knockout mice would be invaluable. Another important
question not addressed in this study is what the early target
genes for GATA6 in pulmonary development are. It is of
interest whether known ‘master’ genes of branching
morphogenesis such as Bmp4 (Bellusci et al., 1996), Shh
(Litingtung et al., 1998) and members of the fibroblast growth
factor family (Post et al., 1996; Sekine et al., 1999) are also
transcriptionally regulated by GATAG6. Future studies using
immunoprecipitation, yeast two-hybrid screens and DNA
microarray techniques, as well as detailed promoter analysis,
should bring more insight.

GATAG function during pulmonary development: a
hierarchical model

Based on the results of our experiments, a reconsideration of
the position of GATAG in the hierarchy of factors involved in
pulmonary development is warranted. To date Gata6 was
considered to be one of the master genes in lung development
(Whitsett and Tichelaar, 1999). Together with HNF33 (Ang
and Rossant, 1994) and TTF1 (Kimura et al., 1996), GATA6
was positioned high up in the hierarchy because all three
factors were thought to be essential for the specification of
foregut endoderm into pulmonary endoderm. However, in this
study, we provide evidence that GATAG6 is not essential for
pulmonary endoderm specification, but plays an important
role in branching morphogenesis and late epithelial cell
differentiation. Therefore, we postulate that GATA6 functions
(in concert with TTF1) in the process of branching
morphogenesis and late epithelial cell differentiation.
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